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            Abstract
Differences between female and male brains exist across the animal kingdom and extend from molecular to anatomical features. Here we show that sexually dimorphic anatomy, gene expression and function in the nervous system can be modulated by past experiences. In the nematode Caenorhabditis elegans, sexual differentiation entails the sex-specific pruning of synaptic connections between neurons that are shared by both sexes, giving rise to sexually dimorphic circuits in adult animals1. We discovered that starvation during juvenile stages is memorized in males to suppress the emergence of sexually dimorphic synaptic connectivity. These circuit changes result in increased chemosensory responsiveness in adult males following juvenile starvation. We find that an octopamine-mediated starvation signal dampens the production of serotonin (5-HT) to convey the memory of starvation. Serotonin production is monitored by a 5-HT1A serotonin receptor homologue that acts cell-autonomously to promote the pruning of sexually dimorphic synaptic connectivity under well-fed conditions. Our studies demonstrate how life history shapes neurotransmitter production, synaptic connectivity and behavioural output in a sexually dimorphic circuit.
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                    Fig. 1: Starvation inhibits male-specific synaptic pruning.[image: ]


Fig. 2: Juvenile starvation in males results in aberrant maintenance of juvenile behaviour.[image: ]


Fig. 3: Serotonin and octopamine convey feeding and starvation signals via the ADF neurons.[image: ]


Fig. 4: The ser-4/5-HT1A serotonin receptor acts downstream of the feeding signal.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Trans-synaptic labelling by GRASP.
a, The normally hermaphrodite-specific PHBâ€‰>â€‰AVA and PHAâ€‰>â€‰AVG synaptic connections fail to prune in post-dauer adult males, and the normally male-specific PHBâ€‰>â€‰AVG and AVGâ€‰>â€‰DA9 connections are pruned in post-dauer adult hermaphrodites. Top, red cytoplasmic axon label; middle, GRASP (PHBâ€‰>â€‰AVA, PHBâ€‰>â€‰AVG, AVGâ€‰>â€‰DA9) or iBLINC signal (PHAâ€‰>â€‰AVG); bottom, magnified inset of colour-inverted synaptic puncta with arrowheads to indicate puncta. Intestinal auto-fluorescence is labelled â€˜gutâ€™. Representative images shown; for quantification and replication, see Fig. 1b, c and Methods. b, Starvation does not affect expression of the cell-specific promoters used for GRASP, and thus the effects on synaptic pruning are not an artefact of changes in promoter expression. Representative maximum intensity projection images of control animals and animals recovered from 24 h of L1 starvation are shown. mu, muscle (srg-13p is variably expressed in some muscle cells in addition to PHA). c, Neither L1 heat shock (30 min at 35â€‰Â°C) nor L1 osmotic stress (24 h on plates with 200mM NaCl) affects male-specific pruning of the PHBâ€‰>â€‰AVA connection. Each dot represents one animal (nâ€‰=â€‰number of animals, shown in each column), blue bars show median, black boxes represent quartiles and vertical black lines show range. c, d, P values calculated by two-sided Wilcoxon rank-sum test with Bonferroni corrections for multiple testing (where applicable; see Methods). d, L1 starvation does not affect the normally male-specific PHBâ€‰>â€‰AVG and AVGâ€‰>â€‰DA9 synapses. Control animals are the progeny of starved animals.


Extended Data Fig. 2 Behaviours unaffected by starvation or additional adult development.
a, SDS avoidance response is unchanged in day 2 adults. Left, predicted synaptic input into avoidance behaviour by relevant amphid and phasmid neurons1,5. Each dot represents the average reversal index of one animal over ten experimental trials, median shown with vertical magenta bar. P values calculated by two-sided Wilcoxon rank-sum test. b, Male mate-searching behaviour is unaffected by L1 starvation. Each dot represents the average distance one male travelled away from a bacterial lawn at four time points over 12 h (nâ€‰=â€‰48 animals control, 20 animals L1 starved), in the absence of hermaphrodites. Magenta bars indicate median, black boxes indicate quartiles. P values calculated by two-tailed t-test. By contrast, we did find mate-searching defects in adult males following recovery from dauer, suggesting that these males may have additional changes to the nervous system (data not shown).


Extended Data Fig. 3 Effects of starvation and exogenous or endogenous monoamine signalling on synaptic connectivity.
a, The normally hermaphrodite-specific PHBâ€‰>â€‰AVA and PHAâ€‰>â€‰AVG synaptic connections fail to prune in adult males following L1 starvation or treatment with exogenous octopamine during L1, but can be rescued by exogenous serotonin during L1 starvation. Top, red cytoplasmic axon label; middle, GRASP (PHBâ€‰>â€‰AVA) or iBLINC signal (PHAâ€‰>â€‰AVG); bottom, magnified inset of colour-inverted synaptic puncta with arrowheads to indicate puncta. Scale bars, 10â€‰Âµm, all panels. Representative images shown; for quantification and replication, see Fig. 3a and Methods. b, Increases in extrasynaptic 5-HT through fluoxetine suppresses the failure to prune synapses. Quantification of PHBâ€‰>â€‰AVA synaptic connectivity in adults following exposure to fluoxetine during L1 (on food), L1 starvation without fluoxetine, or L1 starvation in the presence of exogenous fluoxetine (0.1 mg mlâ€“1). Each dot represents one animal (nâ€‰=â€‰number of animals, shown in each column), blue bars show median, black boxes represent quartiles, vertical black lines show range (b, d). P values calculated by two-sided Wilcoxon rank-sum test with Bonferroni corrections for multiple testing (where applicable; see Methods). c, The effect of L1 starvation on male-specific synaptic pruning is rescued in the mod-5 mutant background. Representative images shown; for quantification and replication, see Fig. 3b and Methods. d, Loss of dopamine production (in a mutant for the cat-2 tyrosine hydroxylase) has no effect on the pruning of the PHBâ€‰>â€‰AVA and PHAâ€‰>â€‰AVG connections in males.


Extended Data Fig. 4 Effects of starvation on transcription of tbh-1 and tph-1.
a, Time-course of tbh-1 transcriptional levels in fed (solid lines) and L1-starved (dashed lines) animals. tbh-1 levels are even higher after 24 h of starvation than after 12 h of starvation, providing a molecular correlate for our observation that 12 h of starvation is insufficient to affect male-specific synaptic pruning (Fig. 1d). Larval stages (and hours post-hatching for fed animals or post-transfer to food for starved animals at which imaging took place) shown on x-axis. Centre indicates median, error bars indicate quartiles (a, e). P values calculated by two-sided Wilcoxon rank-sum test (aâ€“e). nâ€‰=â€‰number of animals (shown below data points for fed, above for L1-starved) (a, e). b, Expression of a tph-1 transcriptional fosmid in NSM in fed L1 animals, starved L1 animals or L1 animals fed in the presence of 20 mg mlâ€“1 exogenous octopamine. Each grey dot represents averaged expression level in one animal. Magenta bar indicates median, black box represents quartiles (bâ€“d). nâ€‰=â€‰number of animals (shown in each column) (bâ€“d). c, Expression of a tph-1 transcriptional fosmid is not affected in ADF or NSM neurons (NSM data not shown) by exogenous tyramine in fed L1 hermaphrodites and males. TA, tyramine. d, tph-1 transcript levels quantified by smFISH. Maximum intensity projection images of one half of animal to show one NSM and one ADF neuron. Merge, overlay of tph-1 smFISH puncta onto DAPI. Number of tph-1 smFISH puncta was normalized to number of ric-4/SNAP-25 synaptic protein smFISH puncta in the same neuron to control for staining fluctuations, each dot (nâ€‰=â€‰) one neuron, shown in each column. e, Time-course of tph-1 transcriptional levels in fed (solid lines) and L1-starved (dashed lines) animals. Larval stages (and hours post-hatching for fed animals or post-transfer to food for starved animals at which imaging took place) shown on x-axis. Asterisks (fed L3 animals) indicate that animals were imaged at different laser settings (60% of all other time points) to prevent pixel oversaturation in images: thus, we under-estimate the magnitude of the L3 serotonin spike here.


Extended Data Fig. 5 Serotonin is downregulated by starvation and functions downstream, but not upstream, of tbh-1 transcription.
a, tbh-1 is not required for the initial downregulation of tph-1 transcription in ADF upon L1 starvation, but is required for the persistence of this downregulation into the L3 stage. Neither initial tph-1 downregulation nor a starvation memory were apparent in NSM in a tbh-1 null mutant. In well-fed conditions, there is no significant difference between control and tbh-1 mutant animals. Centre indicates median, error bars indicate quartiles. Solid lines indicate continuously fed animals, dashed lines indicate L1-starved animals. nâ€‰=â€‰number of animals, shown in each column (aâ€“c). P values calculated by two-sided Wilcoxon rank-sum test (aâ€“c). b, The ser-6 octopamine receptor is required during sexual maturation to maintain tph-1 transcription levels in ADF but not NSM under well-fed conditions, and upon starvation tph-1 transcription levels in the ser-6 mutant do not further decrease, supporting the necessity of ser-6 for proper ADF starvation response. Magenta bar indicates median, black box represents quartiles (b, c). c, Upregulation of tbh-1 transcription upon L1 starvation is unaffected by the addition of exogenous serotonin (5 mM), suggesting that serotonin does not act upstream of tbh-1 upregulation (and subsequent octopamine production).


Extended Data Fig. 6 Regulation and neuronal migration effects of serotonin signalling.
a, Effects of L1 starvation on male-specific synaptic pruning can also be rescued by exogenous serotonin during L3 (while animals are feeding). Each dot represents one adult male animal (nâ€‰=â€‰number of animals, shown in each column), blue bar represents median, black box represents quartiles, vertical black bars represent range (a, b, e). P values calculated by two-sided Wilcoxon rank-sum test (a, b, e). b, tph-1 overexpression in NSM does not rescue starvation effects on pruning. Quantification of PHBâ€‰>â€‰AVA and PHAâ€‰>â€‰AVG synaptic connectivity in L1-starved adult males overexpressing tph-1 in NSM. Two independent transgenic lines were tested for each experiment; L1-starved animals without transgenic lines are siblings of transgenic animals; controls are non-starved adult males with transgenic arrays. None of the transgenic lines resulted in partial or complete rescue. c, Overexpression of tph-1 under an ADF-specific promoter during L1 starvation rescues the male-specific pruning of the PHBâ€‰>â€‰AVA and PHAâ€‰>â€‰AVG synaptic connections. Representative images shown; for quantification and replication, see Fig. 3e and Methods. d, tph-1 (n4622) and ttx-3 (ot22); unc-86 (n846) mutants (in which the NSM neuron does not express tph-1 or produce serotonin29) have cell body displacement, dendrite, and axon fasciculation defects in the phasmids. Overexpression of tph-1 under an NSM-specific promoter in the tph-1 (n4622) mutant background rescues the severity and penetrance of these defects. Representative images of defects in the PHB neuron are shown here as inverted black and white fluorescence images. Asterisk indicates dendrite defect, arrow shows anteriorly shifted cell body, arrowhead shows fasciculation defect. Scale bars, 10â€‰Âµm. Per cent of animals with visible defects categorized and quantified to the right, nâ€‰=â€‰number of animals, shown in each column. P values calculated by Freemanâ€“Halton extension of one-sided Fisher exact test. e, Overexpression of tph-1 under an NSM-specific promoter in the tph-1 (n4622) mutant background (essentially, an ADF-specific tph-1 null) results in male-specific PHBâ€‰>â€‰AVA pruning defects. Of two independent NSM::tph-1 transgenic lines, one resulted in a slight but insignificant defect in pruning, and one resulted in a substantial defect in pruning.


Extended Data Fig. 7 ser-4 expression in PHB is permissive for synaptic pruning.
a, The normally hermaphrodite-specific PHBâ€‰>â€‰AVA and PHAâ€‰>â€‰AVG synaptic connections fail to prune in ser-4 mutant males, but pruning can be rescued by cell-specific expression of ser-4 cDNA in PHB or PHA. Top, red cytoplasmic axon label; middle, GRASP (PHBâ€‰>â€‰AVA) or iBLINC signal (PHAâ€‰>â€‰AVG); bottom, magnified inset of colour-inverted synaptic puncta with arrowheads to indicate puncta. Scale bars, 10â€‰Âµm, all panels. Representative images shown; for quantification and replication, see Fig. 4c and Methods. b, ser-4 smFISH puncta are present in PHB in both sexes at L1. Three consecutive individual z-slices taken from the maximum intensity projections in Fig. 4b are shown, moving laterally through each animal from top to bottom rows. Dotted circles outline the PHB nuclei (DAPI) identified using osm-6::gfp (see Fig. 4b). Arrowheads in the top row indicate the locations of ser-4 puncta, which fade out of focus as the slices progress laterally. For quantification and replication, see Fig. 4b and Methods.


Extended Data Fig. 8 ser-4 is necessary for PHBâ€‰>â€‰AVA and PHAâ€‰>â€‰AVG synaptic pruning and acts downstream of the ADF serotonin signal.
a, Starvation does not enhance the male synaptic pruning defect in ser-4 mutants, and the ser-4 mutant phenotype cannot be rescued by exogenous serotonin. Each dot represents one animal (nâ€‰=â€‰number of animals, shown in each column), blue bar represents median, black box represents quartiles, vertical black bars represent range. P values calculated by two-sided Wilcoxon rank-sum test (a, b). b, Expression of a tph-1 transcriptional fosmid in NSM and ADF does not significantly differ between wild-type and ser-4 mutant L1 animals. Each dot represents the expression level of one animal, nâ€‰=â€‰number of animals, shown in each column. Magenta bar indicates median, black box represents quartiles.
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