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SUMMARY

The effect of the detailed connectivity of a neural circuit on its function and the resulting behavior of the
organism is a key question in many neural systems. Here, we study the circuit for nociception in
C. elegans, which is composed of the same neurons in the two sexes that are wired differently. We show
that the nociceptive sensory neurons respond similarly in the two sexes, yet the animals display sexually
dimorphic behaviors to the same aversive stimuli. To uncover the role of the downstream network topology
in shaping behavior, we learn and simulate network models that replicate the observed dimorphic behaviors
and use them to predict simple network rewirings that would switch behavior between the sexes. We then
show experimentally that these subtle synaptic rewirings indeed flip behavior. Interestingly, when presented
with aversive cues, rewired males were compromised in finding mating partners, suggesting that network to-
pologies that enable efficient avoidance of noxious cues have a reproductive “cost.” Our results present a

deconstruction of the design of a neural circuit that controls sexual behavior and how to reprogram it.

INTRODUCTION

Sexual identity is an obvious source of variation in phenotypic traits.
In sexually reproducing species, for example, females and males
often respond to sensory cues in sexually dimorphic ways,
reflected in their foraging, courtship, mating, and aggressive behav-
iors.”® Such behavioral differences may originate from multiple
sources or their combination: (1) sex-specific neurons, such as
the courtship-related male-specific P1 neuronal cluster in
Drosophila® or the hermaphrodite-specific cholinergic VC and sero-
tonergic HSN neurons in C. elegans.” (2) Differences in the response
properties of sensory neurons, as in auditory tuning in frogs,>° sex-
specific expression levels of G protein-coupled receptors (GPCRs)
inthe AWA sensory neuronin C. elegans,'®"" or the activation of the
mouse vomeronasal organ (VNO) in response to female and male
urine."®" (3) Different topologies of neural circuits over the same
neurons, as reported in C. elegans'* and in the pre-optic area of
rats.'®'® In mice, complex social behaviors are shaped by adaptive
modulatory changes, althoughit is unclear whether these behaviors
are a result of dimorphic connectivity or of dimorphic gene expres-
sion."”'° (4) Differences in synaptic strengths over the same topol-
ogy.?° (5) Different neuromodulatory effects on the circuit.”’

To delineate the role of these potential sources in shaping
dimorphic behaviors, we explored the universal trait of the noxious
stimulus response. C. elegans present a unique opportunity
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to disentangle the design and function of neuronal circuits
that generate dimorphic behaviors, as differences in synaptic con-
nectivity maps between the sexes have been mapped,”'**? the
nervous system is accessible at the resolution of single identified
neurons and connections, and the behavioral repertoire is well
characterized.?®> Moreover, the small size of functional sub-net-
works allows circuit design to be explored computationally.>*~2°

Pain tolerance and dimorphic responses in females and males
have been well documented,?”~>' whereas the underlying mecha-
nisms have only recently been addressed.®>*? In C. elegans, many
noxious cues are sensed and transduced by a single pair of gluta-
matergic neurons, the ASHs®* (Figure 1A), and their output is then
processed by a small downstream circuit. We explored the rela-
tionship between sex-specific connectivity of the circuit (i.e., the
network’s topology) and the resulting behavioral output by manip-
ulating the circuits in silico and in vivo.

We show that sensory transduction is similar between the two
sexes and that differences in the topology of the circuit are suf-
ficient to explain the observed behavioral differences. By simu-
lating the dimorphic networks, we found a small range of circuit
and neuronal parameters for which the behavioral output of the
simulation matched the experimentally measured behavior. We
then used our model to identify critical rewirings of the hermaph-
rodite and male circuits that would reshape behavior. We vali-
dated these predictions experimentally and showed that while
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Figure 1. C. elegans exhibit sexually dimorphic behaviors in response to nociceptive stimuli

(A) ASH senses aversive cues through a variety of receptors and signaling molecules.

(B) Tail-drop test: as the animal moves forward (-9 s), a glass micropipette delivers a noxious cue (1 s), causing the animal to pause and initiate a reversal
response (9 s). Once in contact with the tail, the drop surrounds the entire animal by capillary action.

(C-E) Dose-dependent behavioral responses to aversive stimuli: (C) glycerol, (D) SDS, and (E) copper (tail-drop assay; STAR Methods). The avoidance index
represents an average of the fraction of reversal responses in 10 trials of each single animal. n = 9-15 worms per group.

(F) Phylogeny of the Caenorhabditis genus, where two alternative mating strategies exist.*>*® F = female, M = male, H = hermaphrodite.

(G and H) Dimorphic behavioral responses are also present in the female-male species C. remanei (G) and C. afra (H) (tail-drop assay). n = 8-13 worms per group.
Error bars are standard error of the mean (SEM). We performed a Mann-Whitney test for all comparisons. In all figures, numbers above graphs denote p values.

See Figures S1 and S2.

the hermaphrodite circuit is robust to perturbations, the male cir-
cuit could be manipulated to generate the responses of the
opposite sex—even by changing as little as a single connection.
Moreover, males with feminized avoidance behavior were
compromised in finding mates when simultaneously presented
with aversive cues. Our results suggest that sexual identity
sculpts neuronal circuits for the sex-specific needs of the organ-
ism, even for traits beneficial for one’s survival.

RESULTS

C. elegans display sexually dimorphic behaviors in
response to nociceptive stimuli

To explore the nociceptive responses of the two sexes, we pre-
sented C. elegans hermaphrodites and males with aversive stimuli

(Figure 1B; STAR Methods). We found that the responses of the
two sexes differed for diverse types of noxious stimuli: SDS (chem-
ical), glycerol (high osmolarity), quinine (alkaloid), and copper
(heavy metal) (Figures 1C-1E, S1A-S1C, and S2A-S2D). Overall,
hermaphrodites showed a stronger dose-dependent avoidance
behavior compared with males. These differences were also
observed in gonochoric (female-male) species of the Caenorhab-
ditis genus, C. remanei and C. afra (Figures 1F-1H, S1D, S1E, and
S2E), suggesting that dimorphic avoidance behavior is conserved
among Caenorhabditis, regardless of the reproductive mode.

Similar activation of sensory neurons induces dimorphic
avoidance behaviors

Having established dimorphic nociceptive behavior, we turned
to explore the underlying circuits in both sexes (Figure 2A).
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Figure 2. Sexually dimorphic behavioral choices are not encoded at the sensory level
(A) Hermaphrodite (left) versus male (right) predicted connectivity.*'* Chemical synapses are represented as arrows, gap junctions as dashed lines, and sex-
specific connections as red arrows and dashed lines. Line width represents synaptic strength (STAR Methods)."
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Downstream of the key sensory neuron ASH are the interneurons
AVA and AVD, which mediate backward movement (and are
excited by ASH),*”*® and the interneurons AVB and PVC, which
mediate forward movement.>>*? The difference in activation
between downstream A-type and B-type motor neurons deter-
mines the direction of movement.“® Notably, the nociceptive cir-
cuits in hermaphrodites and males consist of the same set of
neurons, which exhibit sexually dimorphic topologies.*'#22

We first ascertained that the dimorphic behavior can be
reproduced by optogenetically activating ASH directly using
channelrhodopsin-2 (ChR2 levels do not vary between the
sexes; Figure 2B). This bypasses any ASH endogenous recep-
tors and emulates the response of ASH to arbitrary stimuli.
Optogenetic activation of ASH was sufficient to elicit sexually
dimorphic responses (Figure 2C). Moreover, a gradual increase
in illumination intensities reproduced the dimorphic nociceptive
threshold and dose-dependent response curve that was
observed in the behavioral chemorepellent assays (Figures 2D
and S3A).

Next, we sought to determine whether ASH displays dimor-
phism inits intrinsic properties. We first measured protein expres-
sion levels and subcellular localization of different receptors and
signaling molecules in the two sexes. As ASH is a polymodal sen-
sory neuron,>****8 we tested the protein expression levels of
several ASH receptors and signal transduction molecules (using
fosmid reporters): GPA-3, OSM-10, QUI-1, OCR-2, and OSM-9.
All proteins examined displayed non-dimorphic expression levels
and subcellular localization, except OCR-2 levels that were
slightly higher in males (Figure S3B). We then imaged the activity
of ASH neurons using transgenic worms expressing GCaMP6s.
For the same glycerol concentration that elicits dimorphic behav-
ioral responses (0.5 M glycerol; Figure 1C), the calcium response
of the ASH neurons was similar in the two sexes (Figures 2E, 2F,
and S3C). To test whether the synaptic vesicle machinery is
scaled in sex-specific manner,*® we measured the intensity of a
fosmid-based reporter for the vesicular glutamate transporter
eat-4/NVGLUT in ASH and found that it was also nondimorphic
(Figures S3D-S3F). To monitor synaptic vesicle exocytosis and
retrieval, we used the VGLUT-pHIuorin sensor.”® We measured
glutamate secretion from ASH axons following three repeated
stimulations (Figures 2G and 2H). Delivery of 0.5 M glycerol to
the head to activate ASH resulted in a nondimorphic increase in
VGLUT-pHIluorin fluorescence (Figures 21 and 2J).

¢ CellP’ress

Thus, multiple lines of evidence pertaining to morphology, re-
ceptor and signal transduction, calcium response, vesicle pack-
aging, and neurotransmitter secretion suggest that sensory
transduction is non-dimorphic in this circuit.

Simulating the circuit for nociception suggests a critical
role for network topology in dimorphic behavior

As sensory inputs to the circuit are nondimorphic, we turned to
ask how the different connectivity patterns of the networks of
hermaphrodites and males (Figure 2A) shape the dimorphic noci-
ceptive behavior. As experimental manipulation of all possible
network configurations simultaneously is impractical, we simu-
lated the response of the two circuits to activation of the sensory
neuron (Figure 2A, neuron types: ASH, AVA, AVB, AVD, PVC, A,
and B). We used the difference in activations between the motor
neurons (A and B) to determine the predicted direction of move-
ment (STAR Methods).*® As similar network activity may arise
from very different sets of neuronal and network parameters,®’
and as the biophysical parameters of neurons in this circuit
have not been measured simultaneously over large populations,
we explored a wide range of biologically plausible values®®°>~58
(Figure 3A). For each of the seven chosen parameters, we used
seven different values; overall, we simulated 77 = 823,543
different parameter combinations (Figures 3A and 3B).

The neurotransmitters that play a role in the modeled circuit
are glutamate and acetylcholine, usually assumed to indicate
excitatory connections.®® However, cholinergic and glutamater-
gic inhibiton has been previously demonstrated,®®®" and
expression data report both excitatory and inhibitory receptors
for all the neurons in the circuit.® Exploring all combinations of
excitation and inhibition in our circuit combined with the bio-
physical parameters is infeasible (2'® polarity options, 77 param-
eter options = 10"" combinations). We therefore explored the
possibility of one inhibitory connection at a time, with all biophys-
ical parameter combinations (keeping all other 17 connections
excitatory). To account for variability in connection strength
between individuals, we randomly changed the synaptic
strength value of each synapse by +20% in each simulated
set. For each combination of biophysical parameters, polarity,
and synaptic strength, we then asked whether the activity of
the simulated motor neurons will match the worms’ actual
behavior in response to a strong sensory stimulus (“behavioral
conditions”; STAR Methods). For the hermaphrodites, we added

(B) Quantification and comparison of ChR2 expression levels in ASH. n = 20 per sex.
(C) Representative avoidance responses of five hermaphrodites and males to five consecutive ASH optogenetic activations (blue-light stimuli, dashed lines).

Plotted boxes represent reversals.

(D) ASH activation with different LED intensities. n = 37-40 hermaphrodites, 30-40 males. See control groups without ATR in Figure S3A.
(E) Normalized and color-coded GCaMP6s calcium responses of ASH to 0.5 M glycerol. Heatmaps represent the calcium levels of individual worms. The stimulus

is applied at 20-40 s.

(F) Average and SEM traces of ASH calcium responses of hermaphrodites and males. Gray background, time of stimulus delivery. See Figure S3C for a statistical

comparison of peak responses.

(G) The GFP signal of the pHIluorin reporter increases upon vesicular exocytosis due to change in pH.*

(H) Representative confocal micrograph of an ASH axon, with a visible fluorescent signal of sra-6p::EAT-4::pHluorin. Scale bar, 10 um.

(I) Average and SEM traces of glutamatergic secretion from ASH axons of the two sexes, in response to three stimuli (gray background).

(J) Quantification of peak responses. Each dot is a median of three peak responses of a single worm. n = 35 hermaphrodite trials (12 animals), 38 male trials (14

animals).

(B) and (J) are box and whiskers plots, vertical line represents the median, and “+” is the mean. Same for all the following figures. We performed a Mann-Whitney

test for all comparisons.
See Figure S3.
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Figure 3. Simulation of the circuit for nociceptive behaviors recapitulates the behavioral differences between the sexes

(A) Summary of the biophysical and polarity parameters. A schematic representation of the seven neuron types used in our model is shown to the right. The
different colors represent different parameter categories.

(B) Representative simulation of the membrane potential of the cells in the circuit, for the hermaphrodite (left) and the male (right). The detection of an aversive
stimulus was simulated using input current to the sensory neuron ASH (5-10 s). Constant basal input was given to the interneurons, such that it increased their
membrane potentials as follows: 4.2 mV AVA, 1 mV PVC, and 8.7 mV AVB (STAR Methods). Biophysical parameters used: 150 kQ-cm? resistance, 0.46 %
capacitance, 1 pS chemical conductance, and 3.2 pS gap conductance. Noise was not simulated.

(C) The number of parameter sets that met two types of conditions: behavioral and physiological (STAR Methods), divided into polarity configurations. Each row
represents the number of sets that met the requirements with a different chemical connection simulated as inhibitory. Physiological conditions were tested only

(legend continued on next page)
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physiological requirements, based on measurements of anticor-
related activity between A and B motor neurons and between the
AVA and AVB neurons®® (“physiological conditions”; STAR
Methods). The "appropriate sets" were combinations of bio-
physical parameters and polarity that met the behavioral
conditions for both sexes and the physiological conditions for
the hermaphrodites (Figure 3C). We found that while almost all
polarity configurations had a set of biophysical parameters that
could adhere by the behavioral conditions, the inhibitory con-
nection between ASH-AVB was essential for meeting the
physiological conditions (Figure 3C). We further explored polarity
configurations that had other inhibitory connections in addition
to the ASH-AVB one and found that they had a minor effect on
the number of appropriate sets (Figure S4A). We therefore
continued to explore the topology with inhibition only in the
ASH-AVB connection (Figures 3B and 3C). We note that the
range of values explored for the biophysical parameters was vali-
dated by the fact that most potential values were represented in
at least one appropriate set (Figure 3D).

Importantly, the average response curves predicted by the
model over the appropriate sets (which were the same for the
two sexes) replicated the distinct behavior of each sex observed
experimentally (Figure 3E). Again, adding inhibitory connections
to that of ASH-AVB did not change the model’s predictions (Fig-
ure 3F). We conclude that the differences in topology alone are suf-
ficient to reproduce the dimorphic behavior between the sexes.

Sexually dimorphic interneuron activation in response
to a nociceptive cue

We next turned to the network downstream to ASH. ASH con-
nections to the interneurons are dimorphic (Figure 2A), and the
simulated networks predict clear dimorphic activation of the in-
terneurons (Figure 4A). We therefore used calcium imaging to
measure the activity of the AVA interneurons. We found distinct
sex-biased responses to 0.5 M glycerol in AVA: (1) the peak cal-
cium levels were higher in hermaphrodites than in males
(Figures 4B—-4D). (2) While the calcium signals in hermaphrodites
decayed at a slow pace and varied in time, those in the male AVA
lasted only while the stimulus was delivered, but dropped imme-
diately upon its withdrawal (Figures 4B, 4C, and 4E). As we found
the behavioral responses of the two sexes to be similar for strong
stimuli (Figure 1C), we also measured AVA activity in response to
a higher glycerol concentration. Indeed, at 1 M glycerol, the ac-
tivity pattern of male AVA better resembled that of the hermaph-
rodite (Figures 4F and 4G)—marked by a comparable peak
intensity—but the response duration remained dimorphic
(Figures 4H and 4l). Taken together, the predictions of our simu-
lations and the experimental measurements of AVA suggest that
sensory-to-interneuron connectivity plays a key role in the
dimorphic behavior.

¢ CellP’ress
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Rewiring of specific neurons switches behavior in a
sexually dimorphic manner

We used our model to identify critical rewiring of the network’s
connections that would suffice to switch behavior between the
sexes. We first simulated “feminization” and “masculinization”
of individual neurons in the network, namely, replacing all the
connections of a specific neuron in one sex with the connections
of the same neuron in the other sex (STAR Methods). For ASH,
both masculinization and feminization resulted in behavior that
resembled that of the opposite sex (Figure 5A, middle panel),
and similar results were found for manipulation of the B motor
neuron (Figure S5E). Simulating AVA feminization in males
resulted in a response curve that resembled the predicted
wild-type hermaphrodite response, whereas simulating AVA
masculinization in hermaphrodite had only a minor effect on
the predicted behavior (Figure 5A, right panel). Similar results
were found for AVB and AVD neuron manipulations
(Figures S5A and S5B). The predicted effects of feminizing or
masculinizing ASH and AVA were similar with additional polarity
combinations, including the inhibitory ASH-AVB connection
(Figures S4B and S4C). Thus, our model predicts that changing
the connectivity of individual neurons to that of the opposite sex
can be sufficient to switch the behavioral response of the worm.

We then tested these predictions experimentally and explored
whether manipulating the sex-determination pathway of the
worm to genetically feminize (fra-2 expression) or masculinize
(fem-3 expression) specific neurons®° (STAR Methods) will
affect connectivity and behavior. To verify that the genetic sex
reversal manipulations resulted in the desired synaptic connec-
tivity changes, we trans-synaptically labeled the connection be-
tween ASH and AVA using in vivo biotin labeling of intracellular
contact (iBLINC; Figures 5B-5D).°® First, we analyzed GFP
puncta of the ASH-AVA connection temporally in wild-type ani-
mals, confirming that the connection is hermaphrodite specific
in adults (Figure S6A). Second, we quantified the synaptic con-
nections in sex-reversed animals and found, surprisingly, that
in hermaphrodites, genetic sex reversals did not result in
changes to ASH-AVA connectivity. However, in males, pan-sen-
sory feminization resulted in the formation of ectopic ASH-AVA
synapses (Figure 5E).

We then tested whether the sex reversal of single neurons
changed the behavior induced by optogenetic stimulation of an-
imals expressing ASH-ChR2. We found that, indeed, pan-sen-
sory feminization resulted in sex reversal of the male behavior
(Figure 5F), in agreement with our model’s prediction. Pan-sen-
sory or AVA masculinization, however, was not sufficient to
change the hermaphrodite’s behavior (Figures 5F and 5G), in
line with the unchanged synaptic connectivity (Figure 5E).

Our transsynaptic labeling between ASH and AVA enabled
us to assess the developmental aspect of these dimorphic

for the hermaphrodites’ connectivity. Purple connections are hermaphrodite specific; green connections are male specific. For the sex-specific connections, the

opposite sex remained in the all-excitatory state.

(D) Distribution of the biophysical parameters’ values in the sets that met all behavioral conditions for both sexes and all physiological conditions for the her-
maphrodites (ASH-AVB inhibitory). x axis, seven values per parameter; y axis, number of appropriate sets.

(E) Networks using the same set of parameters for both sexes capture the behavioral differences between them. x axis, voltage increase in the sensory neuron
following the stimulus (STAR Methods). y axis, predicted avoidance averaged over all appropriate sets (667 sets).

(F) The dimorphic behavior is maintained throughout different polarity configurations. We tested all of the combinations of excitation and inhibition in the following
connections: ASH-AVB, AVB-AVA, A-B, and B-A (overall 16 options; see Figure S4A).
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Figure 4. Sexually dimorphic interneuron responses to aversive cues

(A) The simulated change in membrane potential induced by the sensory stimulus in the interneurons directly downstream to ASH in at least one sex (AVA, AVB,
AVD, left to right). x axis, change in the hermaphrodites (mV); y axis, change in the males (mV). Each point represents a different parameters’ set.

(B-1) GCaMP®6s calcium responses of AVA interneurons to 0.5 M (B-E, n = 15 animals per sex) and 1 M (F-I, n = 20 animals per sex) glycerol. (B and F) Heatmaps of
individual animals representing the normalized calcium levels (color coded). Stimulus is applied at 20-40 s. (C and G) Average and SEM traces of AVA calcium levels.
Response intensity (in C) and duration (in C and G) are sexually dimorphic. (D and H) Quantification of peak responses. (E and I) Quantification of response duration.
We performed a Mann-Whitney test.
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Figure 5. The sexual identity of the sensory neurons shapes the avoidance behavior in a sexually dimorphic manner

(A) Model predictions of the escape response in wild-type worms (left), worms with feminized or masculinized ASH (middle), and AVA (right). Predicted avoidance
at each voltage point is calculated by averaging the movement direction results of the appropriate parameters’ sets.

(B) Schematic of iBLINC.%*

(legend continued on next page)
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connections. Synapses are first observed at the third larval stage
in both sexes, but then are sex-specifically removed in males
(Figure S6A). In line with the non-dimorphic synaptic connectivity
at this stage, juvenile animals (L3) respond in a nondimorphic
manner to the nociceptive 0.5 M glycerol stimulus (Figure S6B),
suggesting that the sexually dimorphic response to aversive
stimuli is unique to the adult nervous system. Taken together,
our results suggest that the hermaphrodites’ connectivity map
and resulting nociceptive behavior are more robust compared
with those of males.

Rewiring a single synapse is sufficient to flip behavior to
that of the opposite sex

Given the success of changing behavior by sex reversal at the
neuronal level, we turned to ask what would be the behavioral ef-
fect of rewiring individual synapses. We used our simulated net-
works to explore the potential effect of flipping a single synapse,
or pairs of synaptic connections simultaneously. Our simulations
predict that removing a single hermaphrodite-specific connec-
tion would not induce a male-like response (Figures 6A and
S7). However, it predicts that the addition of hermaphrodite-spe-
cific connections to males can induce a behavioral switch
(Figures 6B and S7). These results are not affected by switching
additional connections to be inhibitory (Figures S4D and S4E).
Neither sex is predicted to be affected by the removal or addition
of male-specific connections (Figure S7). We then manipulated
the ASH-AVA connection experimentally and generated a trans-
genic strain carrying a mammalian connexin36-mediated syn-
thetic gap junction®” between both neurons (Figure 6C). To verify
that the synthetic gap junction is expressed and localized prop-
erly, we imaged the fluorescent connexin36 tags. ASH-con-
nexin36 puncta coincided with AVA-connexin36 puncta and
localized along the overlapping region between the two neurons
at the nerve ring, as expected (Figure 6D). We measured the
behavior of these males in comparison with wild type ones and
found that the specific rewiring increased the frequency of rever-
sals, close to the values measured in wild-type hermaphrodites
(Figure 6E), in agreement with the model’'s predictions
(Figures 1C and 6B).

Rewired males are less successful in finding a mate

Our rewiring experiments enabled us to explore an even wider
behavioral implication of the network’s topology, and ask how
rewiring might affect male behavior under more natural envi-
ronmental conditions. We therefore tested single males in a
compound environment containing a confined group of her-
maphrodites, serving as an attractive sensory cue, while
receiving repeated nociceptive stimuli, delivered optogenetically

Current Biology

(Figure 7A). We compared the behavior of wild-type males to that
of pan-sensory feminized males (in which the ASH-AVA synaptic
connection exists), both expressing ChR2 in ASH. We recall that
in wild-type males ASH activation generates a significantly
reduced escape response compared with hermaphrodites (Fig-
ure 2D), whereas the pan-sensory feminized ones respond in a
hermaphrodite-like manner (Figure 5F). We found that activating
ASH in these males significantly prolonged the time required for
them to reach the hermaphrodites (Figures 7B and 7C). Pan-sen-
sory feminized males without all-trans-retinal (ATR) showed
normal attraction toward hermaphrodites, indicating that the ge-
netic manipulation did not alter their sensory attraction to her-
maphrodites. These results suggest that having a topology that
enables a low nociceptive threshold and a hermaphrodite-like
avoidance of noxious cues in males would incur a “cost” in terms
of finding mates.

DISCUSSION

We explored the design of a neural circuit composed of sex-
shared neurons that control the fundamental trait of response
to pain sensation. We extensively analyzed the sensory re-
sponses to stimuli, which have been mostly neglected in studies
deciphering sexually dimorphic behaviors,®°® and consequently
focused on differences downstream to the sensory level.®*""
We found that C. elegans exhibit sexually dimorphic nociceptive
behaviors that do not originate from the sensory neurons but are
instead mediated by the downstream circuits that are connected
in a dimorphic manner.

We simulated the nociceptive circuits and identified a small
number of biophysical parameter sets that replicated the behav-
ioral results measured experimentally. Capturing the dimorphic
behavior using the same biophysical parameters for both sexes
showed that topology alone may be enough to explain the
behavioral differences. We acknowledge, however, that our
models did not consider biophysical noise in the neurons or syn-
apses, neuropeptide signaling, asymmetry in the activity of elec-
trical synapses, or differences in the parameters of the neurons
within the same circuit. Extending the models to include these
features might reveal the contributions of nontopological sour-
ces to the dimorphic behavior. Similarly, while we have focused
on the nociceptive circuit itself, its member neurons are con-
nected to neurons outside the circuit,”> which in turn may also
contribute to behavioral differences. Nonetheless, the accuracy
of our simple model and the validation of its predictions experi-
mentally suggest that we indeed identified which dimorphic con-
nectivity structures shape behavior and how to reprogram
behavior by changing connectivity.

(C) lllustration of the contact area (dashed rectangle) between ASH (left and right, orange) and AVA (left and right, blue) at the nerve ring along the ASH axon.
(D) Representative confocal micrographs of an adult hermaphrodite and male, showing iBLINC GFP puncta only in hermaphrodites at the contact areas of ASH-
AVA (dashed rectangles). AVA neurons are labeled with cytoplasmic mCherry. Scale bars, 10 um.

(E) Quantification of ASH-AVA iBLINC GFP puncta in hermaphrodites and males: wild-type and sex-reversed animals. osm-5 promoter drives expression in all

ciliated neurons (“pan-sensory”). n = 15-18 animals per group.

(F) Avoidance index for ASH optogenetic activation in wild-type or pan-sensory sex-reversed animals. LED intensity is ~1.47 mW/mm?2. n = 33-37 animals per

group.

(G) ASH optogenetic activation in wild-type worms and worms with masculinized or feminized AVA. LED intensity is ~1.47 mW/mm?. n = 34-36 animals per group.
In (E), we performed a Kruskal-Wallis test followed by Dunn’s multiple comparison test; in (F) and (G), we performed a Mann-Whitney test.

See Figures S4-S6.
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Figure 6. Rewiring of a single connection in the circuit is sufficient to feminize male avoidance behavior

(A) Model predictions of the escape response in wild-type worms and hermaphrodites without the ASH-AVA connection (chemical, electrical, or both).

(B) Model predictions of the escape response in wild-type worms and males with an additional connection between ASH and AVA (chemical, electrical, or both).
The predicted avoidance at each voltage point is calculated by averaging the movement results of the appropriate parameters’ sets of the model.

(C) A fluorescently tagged codon-optimized mouse connexin Cx36 is expressed under the ASH (YFP) and AVA (mCherry) promoters.®”

(D) Representative confocal micrographs of a male expressing a synthetic ASH-AVA electrical synapse. ASHp::Cx36::YFP and AVAp::Cx36::mCherry puncta
(white arrowheads) colocalize along the contact area of ASH and AVA. Scale bar, 10 um.

(E) Tail-drop assay with a 0.5 M glycerol stimulus, males with a gap junction (n = 14) between ASH and AVA compared with wild-type males (n = 12).

We performed a Mann-Whitney test.
See Figures S4 and S7.

The models predicted that hermaphrodite behavior would be
more robust to connectivity perturbations than the male
behavior. The experimental results support this notion—sex
reversal of individual neurons was not sufficient to change the
synaptic connectivity and behavior of hermaphrodites, while

for the males, sensory sex reversal flipped synaptic connectiv-
ity and the resulting behavior. Thus, the sexual identity of ASH
dictates the connectivity in males but not in hermaphrodites.
This surprising result is in contrast to previous studies that
used reciprocal sex reversals to demonstrate that neuronal
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Figure 7. Feminized avoidance behavior impedes males’ ability to reach a mate
(A) Repetitive optogenetic stimulations of ASH are applied while the male is searching for the immobilized hermaphrodites. The time it takes the male to contact a

hermaphrodite is quantified (STAR Methods).

(B) Representative traces of a WT male +ATR (left), a pan-sensory feminized male —ATR (middle), and a pan-sensory feminized male +ATR (right).
(C) Quantification of the time to contact of WT males with ATR, pan-sensory feminized males without ATR, and pan-sensory feminized males with ATR. n=11-12

males per group.

We performed a Kruskal-Wallis test followed by Dunn’s multiple comparison test.

sexual identity functions cell autonomously.*%:6:€%:7%74 Qyr re-

sults may point to non-autonomous effects that are mediated
either by suppressive signals from the hermaphrodite body or
the absence of positive signals coming from the male body.
Alternatively, a cell-autonomous signal independent of the
known sex-determination pathway could control hermaphro-
dite connectivity. Another possibility is an involvement of a third
cell that instructs whether the ASH-AVA synapse should be
pruned only in hermaphrodites. The presence of mechanisms
that maintain the hermaphrodite robustness to changes sug-
gests that the low nociceptive threshold in hermaphrodites is
an important property.

The imaging of interneurons in response to aversive stimuli re-
vealed variability in their activity across individuals, where some
males exhibited hermaphrodite-like neuronal activity levels (Fig-
ure 4B). Such inter-individual and sex-dependent differences
have been reported for different organisms,”>~"® but the underly-
ing mechanisms generating individuality are unclear. The her-
maphrodite-like activity of this neuron in some of the males
may arise from variability in connectivity between individual
males (e.g., a weak connection between ASH-AVA) and could
also reflect developmental and evolutionary implications. The
differences between adult worms reported in Witvliet et al.,®°
and in comparison with White et al.* and Cook et al.,’* reflect
that such variability is probably prevalent.

Sexual selection and natural selection are viewed as evolu-
tionary forces that occasionally act in a contradictory manner

4382 Current Biology 32, 4372-4385, October 24, 2022

in cases where sexual selection selects for phenotypes that
are not favored by natural selection.®’*? The fact that the reprog-
rammed sensory-feminized males demonstrate increased
sensitivity to aversive stimuli, as well as decreased efficiency in
making contact with hermaphrodites in the presence of nocicep-
tive cues, shows that there is a trade-off between these two be-
haviors. The Darwinian notion that most sex differences are the
result of sexual selection suggests here that the natural topology
of males makes them less pain sensitive and therefore more risk
takers. Thus, males would suffer a reproductive “cost” for a to-
pology that enables a more efficient avoidance of noxious cues.
This is further supported by the behavioral experiments in fe-
male-male Caenorhabditis species, which demonstrate that
the sexually dimorphic response to nociceptive cues is
conserved regardless of mating strategy.
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unc-122p::GFP] (LG unknown)
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etyEx71; etyEx121; him-5(e1490)
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Ezcurra et al.®®

This paper
This paper
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Ventimiglia and Bargmann®’

Katz et al.®*
This paper
This paper
This paper

This paper

Fagan et al.”®

This paper
This paper

This paper
This paper

Caenorhabditis Genetics Center
This paper
Caenorhabditis Genetics Center
This paper
This paper
This paper
This paper
This paper

This paper
This paper
This paper
This paper
Caenorhabditis Genetics Center
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AQ2235

MOS52
MOS88
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0s10227

MOS198
MOS134
MOS279

MOS280

UR754
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UR1094

MOS370
MOS374

WormBase ID: WBStrain00000003

MOS100
HA3
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MOS334
MOS380
MOS192
MOS435
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Oligonucleotides

CCCAGCTTTCTTGTACAAAGTGGGAATGGTTGATT ASH-specific GCaMP6s GCaMP3_F1
CAAGTAGAAGA

CACCATGGTGGCGGCCGCGGGTTTAGCCGTCAT ASH-specific GCaMP6s GCaMP3_R1
CATCTGAACG

CGTTCAGATGATGACGGCTAAACCCGCGGCCG ASH-specific GCaMP6s sra-6bb_F1
CCACCATGGTG

TCTTCTACTTGAATCAACCATTCCCACTTTGTA ASH-specific GCaMP6s sra-6bb_R1

CAAGAAAGC
TAAAGAATTCCAACTGAGCGC

TCCCACTTTGTACAAGAAAGCTG

CAGCTTTCTTGTACAAAGTGGGAatggaattctcaatcaaacgatc

GCGCTCAGTTGGAATTCTTTAtcagttggaattcgaagcttg

CAGCTTTCTTGTACAAAGTGGGAatggaggtggatccgggttca

AACTTTGTATAGAAAAGTTGAAATCTGTCACA
TACTGCTCGAATCG

GCTTTTTTGTACAAACTTGTTTCGGGGGTAG
ATTTCAAATAGATTGG

ATTTGAAATCTACCCCCGAAACAAGTTTGTA
CAAAAAAGCAG

GAGCAGTATGTGACAGATTTCAACTTTTCTA
TACAAAGTTGATAGC

ttattatttcagattttgccGGATCCCCGGGATTGGCCAA
cgatttattatatctaaaagATTTCATTTCCAAGTTGTTAGCGTATCC

CTAACAACTTGGAAATGAAATC ttttagatataataaatcgaaattgaaatgt
TTGGCCAATCCCGGGGATCCggcaaaatctgaaataataaatattaaattc

ggaggacccttggctagcATGGTTGATTCAAGTAGAAGAAAATG
ggcgctcagttggaattct TTAGCCGTCATCATCTGAAC
GCTAGCCAAGGGTCCTCCTGAA
GAATTCCAACTGAGCGCCGGTCG

Masculinization and
feminization of ASH

Masculinization and
feminization of ASH

Masculinization and
feminization of ASH

Masculinization and
feminization of ASH

Masculinization and
feminization of ASH

AVA-specific Cx36 construct

AVA-specific Cx36 construct

AVA-specific Cx36 construct

AVA-specific Cx36 construct

ASH-specific iBlinc construct
ASH-specific iBlinc construct
ASH-specific iBlinc construct
ASH-specific iBlinc construct
AVA-specific GCaMP6s
AVA-specific GCaMP6s
AVA-specific GCaMP6s
AVA-specific GCaMP6s

PTNZ109 F3u

pTNZ109 R3u

tra-21C_SL2tagRFP_F1

tra-2IC_SL2tagRFP_R1

fem-3_SL2tagRFP_F1

MVC12_F

MVC12_R

pIR204_Fwd

plR204_Rev

pMO22_Fwd
pMO22_Rev
Psra-6_Fwd
Psra-6_Rev
Lada7F

Lada7R
GRASPbb _R1u
GRASPbb_F1u

Software and algorithms

MATLAB

FlJI

BioRender
GraphPad Prism

Adobe lllustrator

MathWorks

Schindelin et al.?®

BioRender
GraphPad by Dotmatics

Adobe

https://www.mathworks.com/
products/matlab.html

https://imagej.net/software/fiji/;
https://doi.org/10.1038/nmeth.2019

https://biorender.com/

https://www.graphpad.com/
scientific-software/prism/

https://www.adobe.com

WormLab MBF Bioscience https://www.mbfbioscience.com/
wormlab

ZEN ZEISS https://www.zeiss.com/microscopy/
int/products/microscope-software/
zen.html

Python — Spyder Spyder IDE https://www.spyder-ide.org/

Other

Whole-animal connectomes of both Caenorhabditis Cook et al. https://doi.org/10.1038/s41586-

elegans sexes

019-1352-7
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Meital
Oren-Suissa (meital.oren@weizmann.ac.il).

Materials availability
Unique strains generated in this study have been deposited at the Caenorhabditis Genetics Center. Requests for other strains and
plasmids should be directed to the lead contact.

Data and code availability

® This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key resources
table.

@ All original code has been deposited at Mendeley Data [https://doi.org/10.17632/kn7c893m62.1] and is publicly available as of
the date of publication. DOl is listed in the key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wild-type strains were C. elegans variety Bristol, strain N2. Worms were maintained according to standard methods. Worms were
grown at 20°C on nematode growth media (NGM) plates seeded with bacteria (E. coli OP50) as a food source. Sex and age of animals
used for each experiment are indicated in the corresponding figures and legends. All transgenic strains used in this study are listed in
the key resources table.

METHOD DETAILS

Repellent assay - tail-drop

Tail-drop avoidance assay was described previously.®®®° All assays were done on 1-day adults. Briefly, worms were given ten
minutes to habituate on a foodless NGM experiment plate, and then underwent 8-10 repellent stimulations with at least 2 minutes
intervals between stimuli. A small drop of the repellent (glycerol in S basal, SDS or copper (CuSO4) in M13 buffer (30 mM Tris-
HCI (pH 7.0), 100 mM NaCl, 10 mM KCI) was placed on the agar near the tail of a forward-moving animal, using a 10 ul glass-cali-
brated pipette (VWR International), pulled by hand on a flame to create two needles with reduced diameter. The pipette was mounted
in a holder with a rubber tube, operated by mouth. A day before the experiment, unseeded NGM plates were taken out of storage at
4°C, dried for 2 h at 37°C, and then left on the bench. Scoring for each trial was binary (1 for reversal, O for no reversal) in a 4 s window.
The avoidance index represents an average of the fraction of reversal responses (scored as reversing or not reversing) in 10 trials of
each single animal. For the tail-drop assay of L3 animals, worms were kept separately following the assay until their sex was
identifiable.

Repellent assay - head-drop

The head-drop assay was performed for the repellents glycerol, SDS, copper and quinine, in M13 buffer following the protocol
described by Hilliard et al.®®®” In each experiment, ~15 young adult worms were placed on a dry unseeded NGM plate and given
ten minutes to habituate before each worm was subjected to one head-drop test. Namely, a small drop of stimulus was placed in
front of a forward-moving worm, which was then scored according to its movement direction during a 4 sec window. The drop
was placed with a fresh capillary pulled on a flame. Each assay plate received a score according to the calculation: (Number of worms
reversed) - 100/(Total number of worms tested on the plate). For each experiment, assays were repeated on at least 3 independent
days.

Microfluidic chip fabrication and calcium imaging
Olfactory chips were fabricated according to Chronis et al.?® with the help of the Nanofabrication Unit at the Weizmann Institute of
Science. In short, a polydimethylsiloxane (PDMS) mixture was cast into premade 0.5-cm-high chip molds and allowed to solidify at
65°C for 3 h. Individual chips were cut by hand with a scalpel and then punctured to create fluidic inlets using a PDMS biopsy punch
(Elveflow) 0.5 mm in diameter. The chips were attached to glass coverslips by exposing them to plasma for 30 s, then manually at-
taching them together and drying them on a hot plate for 1 h at 65°C. The tunnel height was 28 uM and the width at the worm’s nose
space was 24 uM.

The microfluidic chip was operated using two pumps that control the flow of buffer and stimulus into the microfluidic chip. The
solutions were pushed through PVC tubes and stainless-steel connectors into the tunnels of the chip, and with a manual switch,
we determined the arrival of the stimulus to the worm. Tubes were replaced between experiments and connectors cleaned with
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ethanol. The pumping rate during experiments was ~0.005 ml/min. Loading the worm into the chip was done by placing the wormina
drop of S basal buffer, sucking the drop with a 1 ml syringe and inserting it into the relevant inlet of the chip. After proper worm posi-
tioning, 2 minutes were given for habituation prior to imaging with the lasers on. To prevent movement, 10 mM Levamisole was added
to all solutions (except for the S basal solution used to load the worm). To visualize proper delivery of the stimulus to the worm, 50 uM
rhodamine B was added only to the stimulus. If the worm moved or the flow was incorrect, the file was discarded and a second trial
was performed with the same worm. No more than two trials were done with the same worm. Imaging was done with a Zeiss LSM 880
confocal microscope using a 40x magnification water objective. Imaging rate was 6.667 Hz, total imaging duration was 2 min, and
stimulus duration was 20 sec. Stimulus was given at 20 to 40 sec from imaging initiation. For analysis, the GCaMP6s fluorescence
intensity was measured using FIJI. All files were exported as tiff files, ROIs (regions of interest) of the somas were drawn manually to
best represent the signal, and their mean gray values were exported. Downstream data processing was performed using MATLAB.
For each worm, the baseline fluorescent level (Fp) was calculated by averaging the mean gray values of 100 frames (15 sec) before
stimulus delivery. Then, for each frame, the AF was calculated by subtracting Fy from the value of that time point, and the result was
divided by Fq, to normalize differences in fluorescence baseline levels between individuals (AF/F).

All statistical comparisons were done on the normalized data. For peak response comparisons, the maximal values of each worm
from 20 to 60 sec of imaging were used. Response duration comparisons were done as in Pradhan et al.®? In short, first, the response
range was calculated for each worm (subtraction of the minimum value from the maximum value obtained in the time window of 20 to
60 sec of imaging). Then, the number of frames with above-threshold values were quantified for each worm (if value; > minimum
value; + threshold - range;), using a 5% threshold, and converted into percentages.

pHluorin imaging

1-day adult worms expressing sra-6::eat-4::pHluorin®® were imaged in a microfluidic chip and a 40X magnification water objective of
a confocal microscope, similarly to the calcium imaging procedure. Each animal was imaged with a z-stack of 28 slices, 14.78 um
thick. The duration of imaging was 210 sec or 35 frames, at an imaging rate of 0.1666 Hz, and the 0.5 M glycerol stimuli were given at
36-60 sec / 6-10 frame, 96-120 sec / 16-20 frame and 156-180 sec / 26-30 frame. The analysis was partially automated; all images
were first processed to delete z-slices that did not contain any relevant signal, and then, all the remaining z-slices were summed and
cropped in FIJI to retain only the axon of ASHL/ASHR. To resolve any movements of the worms, the movies were registered with the
StackReg plugin® using a rigid body transformation. The ROIs were then drawn manually, and mean gray values were extracted. The
AF/Fq normalization was performed with MATLAB, and the baseline fluorescent level (Fg) was calculated for each stimulus separately
using the four frames before each stimulus. For the comparison of peak responses between the sexes, using the normalized data, the
maximum value during each stimulus was found, and from that value was subtracted the maximum value during baseline (the base-
line before that specific stimulus). Then, a median was calculated over the three technical repeats for each worm, and that value was
used for the statistical comparison.

Optogenetics

We used worms that only express ChR2 in ASH neurons, using the intersectional approach (gpa-13p::FLPase, sra-
6p::FTF::ChR2::YFP), and mutated in the lite-1 gene, to ensure the measured behavioral responses are not due to the activity of
the endogenous blue-light receptors, but due to ChR2 activity. Worms at the L4 developmental stage were selected a day before
the experiment and separated into hermaphrodite and male control and experiment groups. They were transferred to newly seeded
plates with 300 pl OP50 that was concentrated at 1:10. ATR was added only to the experiment groups’ plates, to a final concentration
of 100 uM ATR. As ATRis sensitive to light, all the plates were handled in the dark. Tracking and optogenetics were done on unseeded
NGM plates. The day before the experiment, the plates were taken out of storage at 4°C, dried for 2 h in 37°C, and left on the bench
overnight. On the experiment day, these plates were seeded with 30 ul OP50 (and ATR, only for the experiment group’s plates).
Experiments were performed at 24°C. The MBF bioscience WormLab tracking system was used to image and deliver the blue
LED stimulations. To keep the worms in the camera’s field of view, a plastic ring was placed on the agar and five worms were placed
inside it. After 10 minutes of habituation, the worms were tracked for 69 sec with five 2-sec LED activations each, and 10 sec inter-
stimulus interval (ISl). Recording started with 10 sec without LED. Analysis was performed manually. If the worm reversed during a
3 sec window (2 sec LED duration + one additional second), it received a score of one, otherwise a score of zero. The five results of
each worm were averaged to a number between zero and one. If the worm touched the ring or was moving backwards while the LED
turned on, the trial was not counted.

DiO/DiD staining
Worms were washed with M9 buffer and incubated for 1 h in 1 ml M9 and 5 pl DiO/DiD dye in ~25 rpm tilt. The worms were then
transferred to a fresh plate and let to crawl on a bacterial lawn.

Imaging

Prior to imaging, worms were mounted on a 5 % agarose pad on a glass slide, on a drop of M9 containing 100 mM sodium azide,
which was used as an anesthetic. A Zeiss LSM 880 confocal microscope was used with 63x magnification, and all imaging param-
eters were kept identical in each imaging experiment. The thickness of the z-plane was different for each worm, to capture all the
fluorescence present in the head (~40 pm for hermaphrodites, ~31 um for males).

Current Biology 32, 4372-4385.e1-e7, October 24, 2022 e4




¢ CellPress Current Biology

For the EAT-4/VGLUT expression measurement, ASH was identified based on its morphological position relative to all the stained
DiO neurons, and the single z-plane with the strongest signal was exported for each worm to measure fluorescence intensity using
FIJI. ROIs were manually drawn.

For the ASHp::ChR2::YFP expression measurement, maximum intensity projections were produced and the tif files were exported
to FIJI. The images were converted to 16-bit black and white, and a threshold was applied to remove background noise (threshold
settings - minimum threshold of 14, dark background and over/under). Manual ROIs were drawn around the somas and gray mean
values were extracted for statistical quantification.

For the quantification of signaling molecules and receptors expressed in ASH (Figure S3B), the red channel (DiD imaging) was used
to identify which slices of the z-stack of the whole head contain ASH soma (about 11 slices). The rest of the slices were removed from
the z-stack of the GFP reporter channel. The slices that now contain specifically ASH soma were converted to a maximum intensity
projection image, on which an ROl was drawn manually around ASH soma, and without containing signals from other neurons. The
mean gray value was extracted and used for statistical comparisons.

Attraction assay and optogenetics

All preparations for the attraction assay were identical to the preparations of the optogenetic experiments. 2 pl of 10 mM sodium azide
were placed on a dried, unseeded NGM plate and allowed to dry for ~5 minutes. Then, a plastic ring ~5 mm in diameter was placed
on the plate, and 15 unc-31 hermaphrodites were placed in the area with the absorbed sodium azide. A single male was placed each
time inside the ring on the side opposite to the location of the hermaphrodites, and immediately a recording started with blue LED
activations (1.47 mW/mm? LED intensity, 2 sec duration, 10 sec ISI). When the male touched a hermaphrodite, the recording and
optogenetic activations were terminated, the male was removed from the plate, and a new male was added for the next trial. The
time it took the male to reach the hermaphrodite served as its score for the statistical comparison. If the male did not reach a her-
maphrodite within 20 minutes, the trial was terminated and discarded from the statistics.

Molecular cloning

The intersectional approach was employed to achieve ASH-specific expression.®® pTNZ141 (gpa-13p::FLPase) was injected with a
version of pTNZ109 (sra-6p::FTF::ChR2::YFP) in which the ChR2::YFP cassette was replaced with the transgene of interest. For cal-
cium imaging of ASH, ChR2::YFP was replaced with GCaMP6s, amplified from p45.641 (mec-4p-nis-RSET-GCaMP3(CEopt)-SL2-
nis-TagRFP-unc-54utr, a kind gift from Doug Kim).

Pan-sensory masculinization and feminization were achieved in a set of ciliated neurons by expressing tra-2fintracellular]”® or
fem-3 under the osm-5p.

For calcium imaging of AVA, the GCaMP#6s fragment was amplified from p45.641 and inserted into a backbone containing the fip-
18p promoter by Gibson assembly. See key resources table for primers.

To create the iBlinc synaptic labeling between ASH and AVA, a sra-6p promoter fragment (for the ASH side) was linked to the
birA::nrx-1 backbone by Gibson assembly. The resulting plasmid was injected with the plasmid pMO26 (flp-18p::AP::NLG-1) for
the AVA side.

To generate an artificial gap junction between ASH and AVA, a flp-18p promoter fragment (for the AVA side) was inserted
instead of the gpa-171p promoter in plasmid plR204 (gpa-11p::Cx36::mCherry) by Gibson assembly. The resulting plasmid was
injected with the plasmid pIR111 encoding for ASH-specific Cx36, sra-6p::Cx36::YFP (pIR111 and plR204 were a kind gift from
Ithai Rabinowitch).

Extracting connectivity data

Connectivity data was taken from Cook et al.'* The strength of connectivity between each pair of neurons was described as the
total number of electron-microscopy sections containing that connection. For the simulation, we used the average of the corre-
sponding synaptic connections of the neurons in the left side and right side of the worm (ASH, AVA, AVB, AVD, PVC neurons) from
Cook et al.,"* and each neuronal group (A and B neurons), and they were treated as a single cell.>®> Connections within a neuronal
class were ignored. Chemical synapses between neural groups or pairs were simulated if they appeared in more than 10 serial
sections. We note that these criteria neglect possible asymmetry between the right and left side of the worm, as well as differ-
ences between the ventral and dorsal side, and that lumping together all neurons of the same class, does neglect possible struc-
ture within the class.

Simulating membrane potential of neurons

The membrane potential of the neurons in the circuit was calculated according to Varshney et al.”’

and Gerstner et al.:’

dV,- ) Zj <ngap _ V,) 95%. Sgap+zj0 _(Vjchem _ erest) ,sm,s;;hem _ (\/I _ Virest) + R/

avi _ am
dt Tm 9

where V; is the voltage of the postsynaptic neuron, V; is that of its presynaptic partners, and the sums are over all neurons in the
circuit. rest denotes the membrane potential at the resting state, chem and gap denote chemical synapses and gap junctions,
respectively. g denotes conductance, and g, is the membrane conductance of neuron i. S is the strength of connection between
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neuron/and neuronj. R is the input resistance of the neuron (R;,), / is the external current, and 7,,, is the membrane time constant. 6 is
an indicator of the activity of chemical synapses:

S 1rer (verem — vpe=t) >0 |
0 for (VI_chem _ erest) <0

such that chemical synapses are active only when the presynaptic cell is activated (i.e., above its resting potential). The neurons in
this circuit are assumed to release neurotransmitters tonically and to not use action potentials.®” We, therefore, simulated the effect of
achemical synapse as proportional to the strength of activation of the presynaptic cell (voltage above its rest value). We simulated the
membrane potential of the neurons for 15 seconds, with time steps At = 0.2 ms. The sensory stimulus was presented as an external
input current to the head sensory neuron ASH for 5 sec, starting from the 5th second of the simulation. To replicate the spontaneous
forward movement of the worms, we assumed a basal activation of interneurons AVA, AVB, PVC - as these neurons’ spontaneous
activity correlated with the direction of the movement.’®°>%® The basal inputs to the interneurons were “on” throughout the
simulation.

As the values of different biophysical parameters of the neurons in this circuit are unknown, we used 7 different parameters for the
simulations. For each parameter, we used 7 different values that were equally spaced on a logarithmic scale from a biologically
reasonable range.*®°2-°% Specific membrane resistance (Rm) values were within 15 kQ-cm? -1500 kQ-cm?. This range was chosen
around the 150 kQ-cm? value, used in multiple studies.®***>°® To maintain a relationship between Rm and Rin, we chose to fix the
surface area of the neurons and set it to be 15-10° cm? as was observed in Rakowski et al.,*® Roehrig,®® and Wicks et al.*® R;, was
calculated separately for each set of parameters, using the changing value of R, and the fixed value of the surface area. This calcu-
lation resulted in values which match R;, values previously reported, ranging from ~2 GQ,*** to ~11 GQ.5*°%:56:58 gpecific capac-
itance values (Cm) were 0.1 XE; -10 U, 55%5¢ We chose a range around the value of 1 £ which is a standard value for membrane
capacitance.”® Values of conductance of gap junctions and chemical synapses were 1 pS-1 nS.%>°® Basal input values of the inter-
neurons triggered a voltage change of 1 mV-75 mV. We chose the upper bound to be the strength of a strong sensory stimulus, and
the minimal value as such that would only trigger a small change (1 mV). Overall, we explored 77=823,543 parameter combinations.
The specific parameters of all the neurons in the circuit were assumed to be the same. To induce a voltage-change of a desired
magnitude, we calculated the currents to the sensory neurons and to the interneurons, using the values of each parameter set.

Exploring different polarity combinations

In the circuits of both sexes there are 18 chemical synapses combined: 15 sex-shared, 2 hermaphrodite-specific, and 1 male-spe-
cific. For each parameter set we simulated all options of a single inhibitory synapse, on top of an all-excitatory state. This resulted in
823,543 - 19 = 15,647,317 combinations. In addition, for each parameter set we simulated all options of inhibitory and excitatory
connections in the following connections: AVB-AVA, A-B, B-A, ASH-AVB (16 polarity options).

Manipulation of synaptic strength values
For each parameter and polarity set, the synaptic strength values were randomly and independently strengthened in 20%, weakened
in 20%, or left unchanged.

Assessing the validity of each parameter set

All combinations of the parameter values and polarity options were evaluated to determine whether they would result in behavior that
matched that of the experimentally observed one. To qualify, the parameter set had to meet the following behavioral conditions: First,
the membrane potential of all the neurons had to remain lower than 100 mV throughout the simulation, and the time constant had to
be lower than 500 ms. Second, the membrane potential of all the neurons had to move back toward the resting potential once the
stimulus was over. Namely, the difference between the average membrane potential of each neuron at the last second of the simu-
lation (4 seconds after the termination of the sensory stimulus) and the second before the sensory stimulus, had to be smaller than the
difference between the termination time of the sensory stimulus, and the second before it began. Since in the absence of external
stimuli worms typically move forward, we required the membrane potential of motor neuron B in the absence of a sensory stimulus
to be higher than that of motor neuron A, which would result in a forward movement. Accordingly, we required backward movement in
our simulation (A higher than B), after a strong sensory input. Those conditions were tested by comparing the average membrane
potential of those cells in the second before the sensory stimulus began and at the last second the stimulus was given. The same
conditions were applied for both the male’s circuit and the hermaphrodite’s circuit. Overlapping sets were defined as parameter
sets that met the conditions for both sexes. On top of the behavioral conditions, we added additional physiological conditions,
that were applied only for the hermaphrodites’ circuitry: anticorrelated activity between the interneurons AVA and AVB (namely,
AVB is higher before the stimulus begins, during the forward movement, and AVA is higher following the sensory stimulus during
the backward movement). Moreover, we required an increase in activation of the neurons AVA and A following the sensory stimulus,
alongside with a decrease in the activation of AVB and B. Appropriate sets, that were used in the rest of the model analyses, met all
behavioral conditions for both sexes, and the physiological conditions for the hermaphrodites.
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Assessing the simulated response of the interneurons

For the sets of parameters and polarity (ASH-AVB inhibitory) that met all conditions, we focused on stimuli that induced specific
changes to the membrane potential of the sensory neurons (756mV, 45mV, 15mV, 1mV). For each set and stimulus value, we
measured the resulting change in membrane potential in the interneurons AVA, AVB, AVD. The change was measured as the differ-
ence between the average membrane potential value at the last second of the sensory stimulus and the average membrane potential
at the second before the stimulus began.

Perturbations to the circuit’s connectivity

For each appropriate set, we simulated three kinds of perturbations: removing or adding a single dimorphic connection, removing or
adding two dimorphic connections simultaneously, or replacing the connectivity of an individual neuron (here all connections of a
specific cell were copied from the opposite sex - incoming and outgoing synapses and gap junctions); non-dimorphic connections
were altered as well, and received the strength of the connection in the opposite sex. For each perturbation, we examined the
response of the simulated circuits to multiple strengths of sensory stimuli.

QUANTIFICATION AND STATISTICAL ANALYSIS
Significance was computed using the GraphPad Prism software (version 9). Bar graphs are a box-and-whiskers type of graph, min to
max showing all points. The vertical bars represent the median and “+’’ represents the mean. Hermaphrodite data is shown in or-

ange, male in cyan. Statistical test parameters, outcomes and reporting on number of animals used in each experiment are indicated
in figure legends.

e7 Current Biology 32, 4372-4385.e1-e7, October 24, 2022



	Reprogramming the topology of the nociceptive circuit in C. elegans reshapes sexual behavior
	Introduction
	Results
	C. elegans display sexually dimorphic behaviors in response to nociceptive stimuli
	Similar activation of sensory neurons induces dimorphic avoidance behaviors
	Simulating the circuit for nociception suggests a critical role for network topology in dimorphic behavior
	Sexually dimorphic interneuron activation in response to a nociceptive cue
	Rewiring of specific neurons switches behavior in a sexually dimorphic manner
	Rewiring a single synapse is sufficient to flip behavior to that of the opposite sex
	Rewired males are less successful in finding a mate

	Discussion
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Acknowledgments
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	Repellent assay – tail-drop
	Repellent assay – head-drop
	Microfluidic chip fabrication and calcium imaging
	pHluorin imaging
	Optogenetics
	DiO/DiD staining
	Imaging
	Attraction assay and optogenetics
	Molecular cloning
	Extracting connectivity data
	Simulating membrane potential of neurons
	Exploring different polarity combinations
	Manipulation of synaptic strength values
	Assessing the validity of each parameter set
	Assessing the simulated response of the interneurons
	Perturbations to the circuit’s connectivity

	Quantification and statistical analysis



