INVESTIGATION

Stress-Induced Neuron Remodeling Reveals
Differential Interplay Between Neurexin and
Environmental Factors in Caenorhabditis elegans
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ABSTRACT Neurexins are neuronal adhesion molecules important for synapse maturation, function, and plasticity. Neurexins have
been genetically associated with neurodevelopmental disorders, including autism spectrum disorders (ASDs) and schizophrenia, but
can have variable penetrance and phenotypic severity. Heritability studies indicate that a significant percentage of risk for ASD and
schizophrenia includes environmental factors, highlighting a poorly understood interplay between genetic and environmental factors.
The singular Caenorhabditis elegans ortholog of human neurexins, nrx-1, controls experience-dependent morphologic remodeling of a
GABAergic neuron in adult males. Here, | show remodeling of this neuron’s morphology in response to each of three environmental
stressors (nutritional, heat, or genotoxic stress) when applied specifically during sexual maturation. Increased outgrowth of axon-like
neurites following adolescent stress is the result of an altered morphologic plasticity in adulthood. Despite remodeling being induced
by each of the three stressors, only nutritional stress affects downstream behavior and is dependent on neurexin/nrx-1. Heat or
genotoxic stress in adolescence does not alter behavior despite inducing GABAergic neuron remodeling, in a neurexin/nrx-1 indepen-
dent fashion. Starvation-induced remodeling is also dependent on neuroligin/nig-1, the canonical binding partner for neurexin/nrx-1,
and the transcription factors FOXO/daf-16 and HSF1/hsf-1. hsf-1 and daf-16, in addition, each have unigue roles in remodeling
induced by heat and UV stress. The differential molecular mechanisms underlying GABAergic neuron remodeling in response to
different stressors, and the disparate effects of stressors on downstream behavior, are a paradigm for understanding how genetics,
environmental exposures, and plasticity may contribute to brain dysfunction in ASDs and schizophrenia.
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UTISM and schizophrenia are neurodevelopmental dis-

orders characterized by social and cognitive phenotypes
that can be extremely heterogeneous in makeup and severity.
Their complex etiology is a consequence of pathogenic roles of
both genetic and environmental risk factors (Hallmayer et al.
2011; Chaste and Leboyer 2012; Sandin et al. 2014; Schmitt
et al. 2014; Tick et al. 2016; Cattane et al. 2018; Hertz-
Picciotto et al. 2018). Exposure to stress is a specific environ-
mental risk factor for autism and schizophrenia, and may
influence the course of these disorders (Schmitt et al. 2014;
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Bishop-Fitzpatrick et al. 2015; Fuld 2018). Recent work on
the genetics of autism spectrum disorders (ASDs) and schizo-
phrenia has implicated genes involved in overlapping path-
ways to be associated with both disorders, including many
neuronal/synaptic genes (Waltereit et al. 2014; Autism
Spectrum Disorders Working Group of The Psychiatric
Genomics Consortium 2017). However, the potentially im-
portant interplay between variants in these genes and envi-
ronmental exposures, including stress, is still not clearly
defined at the cellular and molecular level.

Stress exposure affects the brain in many ways that might
explain the connection between stress and neurodevelopmen-
tal disorders. For example, changes in neuron morphology
(especially of the dendrites and axons), which are known to be
induced by stress, can mediate changes in neuron and circuit
function by dictating connectivity potential. More than a
decade of work has characterized the effect of stress on neuron
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morphology in the vertebrate brain, specifically with regard to
atrophy and/or hypertrophy of excitatory dendrites in the
hippocampus, amygdala, and cortex in response to stress
(Vyas et al. 2002; Cook and Wellman 2004; McEwen et al.
2016). Recent work has also identified stress-induced den-
dritic remodeling in GABAergic inhibitory interneurons in the
same brain regions, in some cases mirroring the direction of
dendrite remodeling of excitatory neurons (Gilabert-Juan
et al. 2011, 2013, 2017).

However, much less is known about remodeling of neuro-
nal axons in response to stress, in large part due to the tech-
nical difficulty of performing such studies in the vertebrate
brain. Stress has been found to alter the presynaptic dynam-
ics of inhibitory neurons, indicating that inhibitory axons can
be affected by stress (McKlveen et al. 2016; Czéh et al. 2018).
Studies have attempted to connect stress-induced changes in
neuron morphology with changes in the functional output of
neurons, namely relevant behavioral changes. While stress-
induced dendritic hypertrophy of neurons in the rodent hip-
pocampus have been shown to correlate with changes in
spatial learning tasks, there is also evidence that behavioral
changes following stress can be experimentally separated
from the neuron remodeling events (Conrad et al. 1999,
2017; Vyas et al. 2002; Conrad 2006). Thus, a direct connec-
tion between stress-induced remodeling and behavior has
been difficult to fully define. The majority of vertebrate stud-
ies also lack the temporal resolution to analyze the dynamics
of neuron morphologic changes following stress, and while
the mechanisms controlling excitatory dendrite remodeling
in response to stress have been studied (McEwen et al. 2016),
those controlling remodeling in inhibitory neurons are still
relatively unknown.

Caenorhabditis elegans has been utilized as a powerful
and simple model for neuronal response to stress, including
various environmental, internal/developmental, and aging
stressors (Kagias et al. 2012). We recently described expe-
rience-dependent morphologic plasticity in the nematode
C. elegans, where the GABAergic DVB neuron undergoes
progressive experience-dependent outgrowth of axon-like
neurites in adult males. This plasticity alters circuit connec-
tivity to cause changes in male mating and defecation be-
haviors (Hart and Hobert 2018). We identified the singular
C. elegans ortholog of neurexins, nrx-1, to be required in the
DVB neuron for this neurite outgrowth. Neurexins are syn-
aptic adhesion molecules with diverse functions in synaptic
formation, maturation, maintenance, function, and plastic-
ity (Siidhof 2017), and have been genetically associated
with both ASDs and schizophrenia (Kirov et al. 2009;
Gauthier et al. 2011; Reichelt et al. 2012). Therefore, neu-
rexins are strong candidates for mediating changes in neu-
ron morphology and behavior in response to environmental
stress.

This C. elegans model of GABAergic morphologic plastic-
ity provides a platform to investigate the effect of stress
on GABAergic axonal morphology, including the tempo-
ral dynamics of remodeling. The results presented here
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demonstrate that stress, specifically during sexual matura-
tion of the male nervous system (fourth larval stage, “adoles-
cence;” Snoek et al. 2014), alters the morphology of the DVB
GABAergic neuron, with outgrowth of axon-like neurites be-
coming more elaborate in early adulthood. Each of three
distinct stressors—nutritional (4- or 18-hr fasting/starva-
tion), heat (30 min at 37°), or genotoxic (254 nm light set
to 200 X 100 pJ/cm?)—affect GABAergic neuron morphol-
ogy, resulting in lasting morphologic changes. Despite this,
each stressor differentially affects downstream functional
output and behavior with disparate dependence on nrx-1,
its canonical binding partner neuroligin/nlg-1 (also an
ASD-associated gene), and two conserved stress-responsive
transcription factors (FOXO/daf-16 and HSF1/hsf-1). These
findings demonstrate that different stressors alter axonal
morphology and morphologic dynamics in GABAergic neu-
rons with disparate functional effect, and provide an example
of how underlying genetic defects (nrx-1 or nlg-1 mutation)
can interact with environmental stressors to affect distinct
neuronal and behavioral responses. These results provide a
platform for understanding the combinatorial effect of genet-
ics and environment on risk for pathogenesis of neuropsychi-
atric disorders.

Materials and Methods
C. elegans strains

Wild-type strains were C. elegans variety Bristol, strain N2.
Worms were grown at 23° on nematode growth media
(NGM) plates seeded with bacteria (Escherichia coli OP50)
as a food source. All males contained either him-8(e1489) IV
or him-5(e1490) V as indicated by strain. Mutant alleles used
in this study were as follows: him-8(e1489) IV, him-5(e1490) V,
unc-119(ed3) IIl; nr-1(wy778[unc-119(+)]) V, nix-1(gk246237)
V, nlg-1(0k259) X, daf-16(mu86) I, hsf-1(sy441) I.

All transgenic strains used in this study are listed in Table 1,
ordered by figures. All plasmids were injected at 25 ng 1!
with co-injection marker myo-3::gfp at 25 ng pl~! to generate
extrachromosomal arrays.

Cloning and constructs

To generate lim-61"*#::cla-1::gfp (pMPH21), a 291 bp frag-
ment of the [im-6 fourth intron was amplified with primers
(forward: GATTACGCCAAGCTTGCATGCGGATCCTTAGC
CAGTTGCATAA; reverse: GAGGCGCGCCAATCCCGGG
GATCCCCTGAAAATGTTCTATG) and cloned into PK0O68 (a
gift from Peri Kurshan; Kurshan et al. 2018) to replace the
unc-17 promoter, using restriction-free cloning.

To generate ric-19P7°m6::BirA::nrx-1 (pMPH24), a 147 bp
fragment of the ric-19 promoter was PCR amplified from
genomic DNA using primers (forward:GAAATGAAATAAA
GCTTGCATGCATTAAAGAGTGTGCTCCAGC; reverse: CTTTGGG
TCCTTTGGCCAATCCCGGGTTCAAAGTGAAGAGCTCTCTC
GAQ), and cloned into pMH27 (lim-6"#::BirA::nrx-1) to re-
place the lim-6"# promoter, using restriction-free cloning.
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Table 1 Strain table

Figure Strain Mutant background Array DNA on array
1 OH15098 him-8(e1489) otls525 lim-6t::gfp
4 MPH1 him-5(e1490) otls541 lim-6"t::wCherry
hpmEx1 lim-6"t::cla-1::gfp; myo-3::gfp
5 OH15099 him-5(e1490) otls541 see above
otls659 lim-6::gfp::rab-3; ttx-3::gfp
6 OH15111 unc-119(ed3); nrx-1(wy778[unc-119(+))); otls525 see above
him-8(e1489)
6 OH15116 nrx-1(gk246237), him-8(e1489) otls525 see above
8 OH15112 unc-119(ed3); nrx-1(wy778[unc-119(+)]); otls525 see above
him-8(e1489) otEx7013 lim-6"t4::birA::nrx-1
8 MPH2 unc-119(ed3); nrx-1(wy778[unc-119(+)]); otls525 see above
him-8(e1489) hpmEx2 ric-19Pom6::birA::nrx-1
9 MPH3 nlg-1(0k259); him-8(e1489) otls525 see above
9 OH15114 unc-119(ed3); nrx-1(wy778[unc-119(+)]); otls525 see above
nlg-1(0k259); him-8(e1489)
10 MPH4 daf-16(mu86); him-8(e1489) otls525 see above
10 MPH5 hsf-1(sy441); him-8(e1489) otls525 see above

Stress induction

Male worms were picked at early L4, mid-L4, or following L4
molt (adults), onto plates described below, as indicated in
figures. Nonstressed males were placed onto NGM plates with
OP50 as a food source at 23°. Starved and fasted males were
placed onto NGM plates lacking peptone and any food source
at times indicated and for duration indicated (18 or 4 hr),
then analyzed or returned to NGM plates with OP50 as a food
source. Heat stress was performed by placing males onto
NGM plates with OP50 as a food source, setting the plate in
a 37° incubator for 30 min, then returning plate to 23°. For
genotoxic stress, or ultraviolet (UV) exposure, males were
placed on NGM plates with a thin layer of OP50 as a food
source to minimize blocking UV rays, which was set uncov-
ered in a Spectrolinker XI.-1500 (Spectroline) and irradiated
with 254 nm light using the energy input function that varies
the exposure time (DeBardeleben et al. 2017), set to 200 X
100 pJ/cm?. In all nonstress and stress conditions, males
were subjected to image analysis or behavioral assays at
times indicated in figures.

Microscopy

Worms were anesthetized using 5 pl of 100 mM of sodium
azide on a pad of 5% agarose on glass slides, and covered
with a glass coverslip. Worms were analyzed by fluorescence
microscopy, using an upright stand Leica TCS SP8 laser-scanning
confocal microscope operated by LAS X software. Confocal
laser and photomultiplier tube settings were set at identical
levels for image acquisition of all experimental conditions.
Confocal z-stacks were reconstructed as maximum intensity
projections in FIJI. Figures were prepared using Adobe Pho-
toshop CS6 and Adobe Illustrator CS6.

Neurite tracing

Neurite tracing was performed as previously described (Hart
and Hobert 2018). Briefly, confocal z-stacks were opened in

FLJI, and analyzed using the Simple Neurite Tracer plugin
(Longair et al. 2011). The primary neurite of DVB was traced
from the center of the cell soma to where the axon projects
ventrally and turns anteriorly into the ventral nerve cord.
Neurite branches were added by tracing off the primary neu-
rite, including all neurites emanating posterior of the last
branch point. The simple neurite tracer plugin was used to
analyze the skeletons for neurite length, which were summed
to calculate total neurite length, and the number of neurite
junctions (a proxy for the number of neurite branches).

Aldicarb spicule protraction assay

Aldicarb solution was added on the top of NGM agar plates and
allowed to dry for 1 hr with a plate lid on. For a concentration
of 0.8 mM aldicarb, 80 pl of a 100 mM in 70% ethanol stock
solution was added onto 10 ml NGM plates and spread evenly
onto the surface (Locke et al. 2008). Ten male worms were
placed onto the aldicarb plates and observed for spicule pro-
traction longer than 3 s, when the time was recorded for each
worm. Aldicarb assay was performed on two technical repli-
cates and at least three independent replicates. Investigator
was blinded to experimental conditions before aldicarb assay
was performed.

Quantification of CLA-1::GFP puncta and particle
analysis of GFP::RAB-3 synaptic puncta

Confocal z-stacks were opened in FIJI and CLA-1::GFP puncta
overlapping with DVB neurites (labeled with mCherry) were
counted by scanning through the stack for distinct puncta.
Puncta were included for quantification on any DVB
neurites, minus the DVB cell body, up to the last branch point
before the DVB projection turns anteriorly along ventral
nerve cord, the same as the cutoff for neurite tracing. Confo-
cal z-stacks of GFP::RAB-3 micrographs were opened and
turned into maximum projections in FIJI. A region of interest
was drawn around all of the neurites of DVB, defined the
same way as for neurite tracing. Particles, representing
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synaptic puncta, were defined by manual thresholding of
projections (top slider 20, bottom slider 255) and subsequent
particle analysis to outline particles. Without applying
threshold, these regions were then analyzed using Analyze
Particle tool. Particle number, particle area, and mean parti-
cle intensity were determined for each particle and used to
determine total particle number, mean particle area, and
mean particle intensity for each worm.

Statistics and reproducibility

One-way ANOVA with post hoc Tukey’s test tests were per-
formed using RStudio, with P-values shown on each graph.
Beeswarm and boxplot graphs were created in RStudio.

Data availability

All data that supports the findings of this study are represented
in the article, tables, and figures. All plasmids and strains are
available from the corresponding author upon request.

Results

Adolescent stress alters GABAergic neuron morphology
by altering morphologic plasticity in adulthood

The GABAergic DVB neuron is present in both male and
hermaphrodite C. elegans, but undergoes experience-dependent
morphologic plasticity only in males (Hart and Hobert 2018).
In studying morphologic plasticity of the GABAergic DVB
neuron in adult male C. elegans (Figure 1A), I noted that
dietary history (fed vs. starved) appeared to affect DVB neurite
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outgrowth. To confirm this observation, I compared DVB
neurite outgrowth between well-fed males and males culti-
vated without food for 18 hr beginning in the mid-L4 stage
(Figure 1B). DVB in males “starved” for 18 hr had increased
total neurite length and neurite junctions (a proxy for the
number of neurite branches) compared to fed males (Figure
1, C-E). To determine if this effect was starvation-specific or a
more general neuronal response to stress, fed males were
subjected to heat or genotoxic stress (UV light exposure)
at mid-L4 (Figure 1B). At 18 hr after stress induction, both
heat- and UV-stressed males had increases in DVB neurite
outgrowth compared to unstressed animals (Figure 1, C-E).
Thus, three different stressors applied during the mid-L4
stage affected DVB neuron morphology in a similar manner.

The L4 stage, which is analogous to vertebrate adolescence,
is when sexual maturation of the nervous system and other
sexual tissues occurs, followed by the L4 molt, a period of
behavioral quiescence before adulthood. Previous work dem-
onstrates that transient fasting of a few hours has similar effect
to 18-20 hr of starvation on male muscle and neuron excit-
ability (LeBoeuf et al. 2011). To test the effect of timing
during L4/L4 molt and the duration of starvation stress on
DVB neuron neurite outgrowth, males were stressed early in
the L4 stage (Figure 2A). Early L4 heat stress or 4-hr fast each
resulted in increases in DVB neurite outgrowth in day 1 adult
males (Figure 2, B-D, last panel). UV exposure at early L4
resulted in the majority of males arresting before or during
the L4 molt, precluding analysis of this stressor at the early L4
time point.
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Two explanations could account for these stress-induced
morphologic changes in DVB neurite outgrowth. One possi-
bility is that neurite outgrowth begins earlier in response to
stress, such that by the first day of adulthood males have more
DVB neurites. Alternatively, DVB neurite outgrowth may start
at the same time as in unstressed males, but occur with
different dynamics, resulting in adult males with increased
neurites. To distinguish between these possibilities, I moni-
tored DVB morphology in unstressed and in early L4 stressed
males at different time points from mid L4 into day 1 of
adulthood (Figure 2, A and D). Strikingly, despite stress being
applied during early L4, DVB morphology was not different
between nonstressed and stressed males until after the L4
molt and entry into adulthood (Figure 2D). At late-L4 and
L4 molt, males had either no neurites or a single short neu-
rite, regardless of stress exposure. Only after 1.4 molt did
differences in neurite outgrowth appear (Figure 2D), with
stressed males having increased DVB neurites. This result
demonstrates that adolescent stress does not change the tim-
ing of DVB neurite outgrowth, but rather changes the degree
of neurite outgrowth occurring in adult males. Therefore,
adolescent stress exposure changes the dynamics of DVB
morphologic plasticity in adulthood, and demonstrate that

even a 4-hr fast during adolescence can alter adult GABAergic
neuron morphology.

To test if stress-induced DVB remodeling were specific to
the adolescent stage, I exposed males to stress shortly after
entry into adulthood (Figure 3A). Surprisingly, stress in early
adulthood did not increase DVB neurite outgrowth (Figure 3,
A-C). In contrast to the effects of starvation during adoles-
cence, 18-hr starvation during adulthood resulted in a small,
but significant, decrease in DVB total neurite length (Figure
3, A-C). These results suggest that the increase in DVB neu-
rite outgrowth in response to stress is specific to the L4 ado-
lescent stage. Are stress-induced DVB morphologic changes
long-lasting or a temporary and reversible stress response?
DVB morphology was analyzed at day 3 of adulthood follow-
ing mid-L4 stress (Figure 3A). Day 3 of adulthood corre-
sponds to the end of peak male C. elegans reproductive
capability (Guo et al. 2012). Remarkably, all three stressors
resulted in increases in at least one parameter of DVB neurite
outgrowth >60 hr after stress (Figure 3, D and E). In
UV-exposed males both neurite length and junctions were
increased, while in heat-stressed males only neurite length
was increased, and in starved males only neurite junctions
were increased (Figure 3, D and E). These results
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demonstrate that although all stressors increase neurite out-
growth at day 1, different stresses have unique long-term
effects on DVB morphology (Figure 3, D and E). Thus,
adult DVB morphology is altered by adolescent stress as a
consequence of enhanced morphologic plasticity in adult-
hood, producing long-lasting changes to GABAergic neuron
morphology.

Adolescent stressors differentially affect DVB function
in male spicule protraction behavior and DVB
presynaptic number and morphology

The functional effect of DVB morphologic plasticity in adult-
hood was previously characterized on a number of behaviors,
including male spicule protraction behavior (Hart and Hobert
2018). The spicules (Figure 4A) protract out of the male tail
to penetrate the hermaphrodite vulva during copulation, and
are therefore required for successful sperm transfer (Garcia
et al. 2001). Males exposed to aldicarb, an acetylcholinester-
ase inhibitor, protract their spicules due to acetylcholine
buildup at the neuromuscular synapses between the cholin-
ergic SPC neuron and the spicule protraction muscles (Figure
4B) (Garcia et al. 2001). The GABAergic DVB neuron synap-
ses onto the SPC neuron as well as onto the spicule protractor
muscles, to inhibit spicule protraction (Figure 4B). Therefore,
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DVB neurite elaboration, which adds synapses specifically
onto these targets (Hart and Hobert 2018), results in in-
creased SPC and spicule protractor inhibition, and a delay
in the time to aldicarb-induced spicule protraction. This in-
creased time to spicule protraction serves as a readout for the
amount of DVB GABAergic input (Hart and Hobert 2018).

To test if the outgrowth of DVB neurites induced by
adolescent stress affects the function of DVB and the down-
stream spicule protraction behavior, unstressed and mid-L4
stressed males (from this point, “stress” exposure is at mid-1L4,
with scoring done on day 1 of adulthood) were exposed to
aldicarb immediately following starvation stress (Figure 4C).
Starved males had increased time to spicule protraction on
aldicarb compared to fed males (Figure 4C), suggesting that
the elaborated DVB neurites result in functionally enhanced
GABAergic tone. In contrast, males exposed to either heat
stress or UV had no change in time to spicule protraction in
comparison to unstressed males (Figure 4C). These results
suggest that although all of the stressors result in increased
outgrowth of DVB neurites, the functional effect of these
neurites is different between stressors.

The above data demonstrate that elaborated DVB neurites
induced by stress may not have the same effect on circuit
connectivity, potentially explaining the disparate behavioral
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Figure 4 Adolescent stress differentially affects adult
spicule protraction behavior and number of DVB pre-
synaptic active zone sites. (A) Cartoon of C. elegans
male tail with DVB and spicules depicted in retracted
and protracted positions. (B) Logic diagram of the male
C. elegans spicule protraction circuit involving DVB
GABAergic and SPC cholinergic signaling, showing lo-
cation of action of the acetylcholinesterase inhibitor
aldicarb. (C) Time to protraction of spicules in control
and mid-L4 stressed males on aldicarb plates at day
1 of adulthood. (D) Confocal z-stack maximum projec-
tions of DVB neuron and DVB presynaptic puncta (/im-

6"::cla-1::gfp) in control and mid-L4 stressed males
at day 1 of adulthood (arrowheads indicate DVB neu-
rites with no GFP signal). Bar, 10 wm. (E) Number of
GFP puncta in DVB neurites in control and mid-L4
stressed males at day 1.
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phenotypes. To explore this possibility, I compared DVB pre-
synaptic puncta in unstressed and stressed males. GFP-tagged
Clarinet1 (CLA-1), a piccolo/bassoon-like protein involved in
synaptic vesicle release, localizes to presynaptic active zones
(Xuan et al. 2017; Kurshan et al. 2018). GFP-tagged RAB-3, a
presynaptic GTPase that marks vesicle clusters, shows over-
lapping localization with CLA-1 in the synaptic bouton
(Kurshan et al. 2018). DVB-specific expression of CLA-
1::GFP localized to bright distinct puncta on DVB processes,
allowing visualization and quantification of presynaptic sites
by counting puncta (Figure 4D). Males exposed to starvation
stress had more CLA-1::GFP puncta on DVB neurites com-
pared with nonstressed controls and heat- or UV-stressed

males (Figure 4, D and E). Localization of puncta within
neurites did not appear different between conditions, except
with some heat- and UV-stressed males having neurites with-
out any discernible GFP signal, which never occurred in non-
stressed or starvation-stressed males (Figure 4D).
GFP:RAB-3 expression in DVB was more diffuse, as
expected, with fewer distinct puncta. Overall, the distribution
mimicked that of CLA-1::GFP, with starved males having
brighter puncta on all DVB neurites, compared with dimmer
and more diffuse puncta in nonstressed males. This could
indicate more mature synaptic structures following starva-
tion that correspond to the increased number of CLA-
1::GFP puncta (Figure 5A). Heat- or UV-stressed males had
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Figure 5 Adolescent stress differentially affects
DVB presynaptic vesicle cluster morphology. (A)
Confocal z-stack maximum projections of
DVB neuron and DVB presynaptic puncta
(lim-6::gfp::rab-3) in fed control and mid-L4

stressed males at day 1 of adulthood (arrow-
heads indicate DVB neurites with little/no gfp
or diffuse gfp). Bar, 10 pwm. Identically thresh-
olded z-stack maximum projections of the
gfp:rab-3 channel created particle outlines of
synaptic puncta on DVB neurites for analysis

of intensity and other measures. Quantification
of lim-6"t::gfp::rab-3 (B) average particle area

and (C) average mean intensity in control and
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dimmer and more diffuse puncta, with some neurites lacking
GFP signal (arrowheads, Figure 5A). To quantify the poten-
tial differences, I outlined “puncta” by applying consistent
thresholding on confocal z-stack maximum projections using
the particle analysis feature in FIJI. I drew a region of interest
around DVB neurites, and analyzed particles (puncta). While
there was no difference in the number of puncta between
unstressed and any of the stressed males (data not shown),
the average area of puncta in starved males was significantly
increased compared to controls, while heat-stressed or
UV-exposed males showed no difference from controls (Fig-
ure 5B). Additionally, the mean intensity of puncta was also
increased in starved males compared to controls, but not
males exposed to heat or UV (Figure 5C). Considering the
results of both presynaptic markers, starved males have more
presynaptic active zones with larger and brighter vesicle clus-
ters than controls, a difference not observed in males exposed
to heat or UV stress. These differences in presynaptic mor-
phology may begin to explain the functional differences ob-
served in spicule protraction behavior between the stressors.

The C. elegans neurexin ortholog nrx-1 is required for
starvation-induced DVB neurite outgrowth

DVB neurite outgrowth in early adulthood is dependent on the
ortholog of the synaptic adhesion molecule neurexin, nrx-1
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(Hart and Hobert 2018). To determine if stress-induced DVB
neurite outgrowth is also dependent on nrx-1, I analyzed
neurite outgrowth in nrx-1 mutant males. I used two nrx-1
alleles that strongly reduce gene function but differ in their
effects. Allele wy778 harbors a large deletion that removes
the entire short isoform as well as the transmembrane and
intracellular portion of the long isoform (which was recently
described to have phenotypes indistinguishable from those
of worms with a deletion covering the entire nrx-1 locus;
Kurshan et al. 2018). Allele gk246237 contains a point mu-
tation resulting in a premature stop codon affecting only the
long isoform (Figure 6A). As previously observed, loss of nrx-
1 did not affect DVB neurite outgrowth under fed conditions
at day 1 of adulthood (Figure 6, B-G) (Hart and Hobert
2018). However, the increase in DVB neurite outgrowth ob-
served in wild-type males following starvation did not occur
in males with either nrx-1 loss-of-function allele; DVB neu-
rites were similar in starved nrx-1 mutant males and fed wild-
type males (Figure 6, B-G). Remarkably, following either
heat or UV stress, animals harboring either nrx-1 loss-of-function
allele showed increases in DVB neurite outgrowth com-
pared to wild-type nonstressed males, similar to levels of
outgrowth seen in heat-stressed or UV-exposed wild-type an-
imals (Figure 6, B-G). These results imply that while DVB
neurite outgrowth and morphologic plasticity in response to
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starvation is dependent on nrx-1, heat- and UV-induced DVB
neurite outgrowth is not. Despite all three stressors resulting
in increased DVB neurite outgrowth, a role for nrx-1 is
uniquely required for DVB response to starvation.

To test if nrx-1 also has an effect on the functional output
of DVB neurite outgrowth following adolescent stress, I ex-
posed males with nrx-1 deletion to stress and then per-
formed the aldicarb spicule protraction assay. Nonstressed
nrx-1 mutants were not different from nonstressed wild-
type animals in time to protraction on aldicarb (Figure 7).
Starved wild-type animals were slower to protract spicules
on aldicarb than fed wild-type animals; however, there was
no difference in time to spicule protraction between fed and
starved nrx-1 mutants (Figure 7), thus implicating nrx-1
in both the underlying mechanism responsible for DVB neu-
rite outgrowth and the downstream behavioral response to

starvation. nrx-1 males exposed to UV stress had no differ-
ence in the time to protraction compared to nonstressed
nrx-1 males (Figure 7), similar to UV stress not affecting
time to protraction in wild-type animals. Unexpectedly,
nrx-1 males exposed to heat stress had an increase in the
time to protraction on aldicarb compared to nonstressed
nrx-1 males (Figure 7), a difference not observed in wild-
type males exposed to heat stress (Figure 4C). This suggests
that even though nrx-1 plays no role in heat stress-induced
DVB morphologic changes, it may play a role in modifying
the functional output of DVB or the spicule protraction cir-
cuit in response to heat stress, although how and where this
occurs will require further investigation. Together, these
results show that both the morphologic and functional plas-
ticity of DVB in response to starvation are dependent on nrx-
1, and demonstrate that different types of stress can have
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Figure 7 Neurexin/nrx-1 is required for adolescent starvation-induced
changes in adult spicule protraction behavior. Time to protraction of
spicules in fed control, starved control (repeated data from Figure 3C,
for comparison), and mid-L4 control and stressed nrx-1(wy778) males on
aldicarb plates at day 1 of adulthood.

unique behavioral outcomes and depend on different un-
derlying molecular mechanisms.

I previously found that neurexin controls experience-
dependent DVB neurite outgrowth in adult males in a
cell-autonomous manner (Hart and Hobert 2018). Sur-
prisingly, NRX-1 expression in DVB was unable to restore
starvation-induced neurite outgrowth in nrx-1 mutants fol-
lowing starvation (also observed for a GFP-tagged NRX-1,
data not shown) (Figure 8, A-C). NRX-1 is expressed in all
neurons and some muscles in C. elegans and recent work has
described cell-nonautonomous functions of NRX-1 (Tong

et al. 2017; Philbrook et al. 2018). NRX-1 expression in
all neurons using a pan-neuronal promoter (ric-19p;
Stefanakis et al. 2015) did not significantly alter DVB neu-
rite outgrowth in nonstressed males, but restored starva-
tion-induced neurite outgrowth in nrx-1 mutants (Figure
8, A-C). Thus, NRX-1 expression in DVB alone cannot re-
store starvation-induced neurite outgrowth, while NRX-1
expression in additional neurons is sufficient to promote
neurite outgrowth following starvation.

Neuroligin/nlg-1 promotes starvation-induced DVB
neurite outgrowth

Neuroligins are synaptic adhesion molecules that interact
with neurexins at synapses, commonly serving as the post-
synaptic ligands for neurexins (Maro et al. 2015; Tong et al.
2015; Tu et al. 2015). DVB experience-dependent neurite
outgrowth in adult males requires NRX-1 in DVB to promote
neurite outgrowth, while the C. elegans singular ortholog of
neuroligins, NLG-1, restricts DVB neurite outgrowth from
postsynaptic targets (Hart and Hobert 2018). Does NLG-1
play a role in adolescent stress-induced DVB neurite out-
growth? DVB neurite outgrowth was not increased in nlg-1
mutant males following starvation or heat stress, but did in-
crease after UV exposure (Figure 9, A-C), suggesting that
NLG-1 is required for DVB neurite outgrowth induced by
starvation and heat stress. In males mutant for both nrx-1
and nlg-1, starvation did not induce DVB neurite outgrowth
(Figure 9, A-C). The similar double and single mutant phe-
notypes suggest that, in contrast to their later antagonistic
roles (Hart and Hobert 2018), NRX-1 and NLG-1 function
together to promote adolescent starvation-induced DVB neu-
rite outgrowth.
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Stress-responsive transcription factors daf-16 and hsf-1
are required for starvation-induced DVB
neurite outgrowth

How is adolescent stress signaled to the DVB neuron to
induce neurite outgrowth at day 1 of adulthood? In C. ele-
gans, stress resistance, stress response, and the interplay
between longevity and stress are signaled through two con-
served transcription factors, FOXO/daf-16 and HSF1/hsf-1,
both with roles in conserved insulin signaling pathways
(Hsu et al. 2003; Baumeister et al. 2006). To test if these
factors play a role in signaling stress to DVB, males mutant
for daf-16 or hsf-1 were exposed to stress. Starvation stress
partially induced DVB neurite outgrowth in daf-16 mutant
males, but did not in hsf-1 mutant males (Figure 10, A-F).
Conversely, heat stress did not induce DVB neurite out-
growth in daf-16 mutant males, but did in hsf-1 mutant
males (Figure 10, A-F). Finally, DVB neurite outgrowth
was induced by UV exposure in daf-16 mutant males, but
not in hsf-1 mutant males (Figure 10, A-F). Thus, daf-16
and hsf-1 are differentially involved in stress signaling and
DVB neurite outgrowth, further highlighting the complexity
of molecular mechanisms underlying neuronal remodeling
in response to different stressors. The role of daf-16 and hsf-
1 in DVB neurite outgrowth are unique to stress response, as
in the absence of stress, neither affected experience-dependent
DVB neurite outgrowth analyzed at day 3 of adulthood
(Figure 11, A-C).

Discussion

Neurons can respond to stress by altering the morphology of
their dendritic trees, altering their connectivity with other
neurons within circuits, and thus contributing to alterations
in behavioral output (McEwen et al. 2016). Utilizing a re-

nlg-1{ok259)

nrx-1(wy778);
nlg-1(ok259)

cently-discovered form of experience-dependent morpho-
logic plasticity in adult male C. elegans, I report that stress
induces morphologic remodeling of axon-like neurites of a
GABAergic neuron and directly affects behavior. In this
study, I find that three stressors during adolescence result
in altered morphologic plasticity of a GABAergic neuron
upon entry into adulthood. Remarkably, although each
stressor increased neurite outgrowth, their effects on a spe-
cific behavior (i.e., spicule protraction) were different,
which was further reflected in slight differences between
stressors on long-term morphologic changes. Interestingly,
it is only stressors with a functional effect on behavior that
were found to be dependent on nrx-1 (Figure 12); only
nutritional stress resulted in both morphologic and func-
tional changes dependent on neurexin. In contrast, geno-
toxic stress resulted in morphologic changes without any
effect on behavior and was not dependent on nrx-1 (Figure
12), while heat stress also resulted in morphologic changes
not dependent on nrx-1 and without any effect on behavior.
Further, when analyzing the role of neuroligin/nlg-1 and
stress-responsive transcription factors FOXO/daf-16 and
HSF1/hsf-1, it appears that in response to each stressor, a
unique combination of molecular mechanisms controls
remodeling (Figure 12). Together, these findings provide
evidence that neuronal morphologic changes in response
to stress are dynamic, and that different types of stress
can have different functional effects and underlying molec-
ular mechanisms. Furthermore, neuronal stress response at
the functional and behavioral level is more complex than a
readout of morphologic changes, even in a simple nervous
system.

Further work will be required to identify the specific
neurons/tissues in which this network of genes is required
to signal stress and induce DVB neurite outgrowth. Given the
cell-autonomous function of NRX-1 in DVB neurite outgrowth
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in adulthood (Hart and Hobert 2018), NRX-1 may be re-
quired in both DVB and other neurons. However, NRX-1 func-
tion in starvation-induced DVB neurite outgrowth may be
completely cell-nonautonomous. NRX-1 and NLG-1 may be
required in neurons upstream of DVB to signal starvation
stress, contribute to normal synaptic transmission required
for activity-dependent signaling/outgrowth, or a combi-
nation of both. It is also possible that NRX-1/NLG-1 have
cell-nonautonomous functions, although previous exam-
ples of cell-nonautonomous functions of NRX-1 were found
to be independent of NLG-1 (Philbrook et al. 2018). The re-
quirement for NRX-1 and NLG-1 in promoting DVB neurite
outgrowth is in striking contrast to their antagonistic rela-
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tionship during later adulthood (Hart and Hobert 2018).
Perhaps at day 1, NRX-1 and NLG-1 provide adhesive con-
nection required for early outgrowth and/or synapse stability,
emphasized by stress, which later becomes antagonistic to
balance outgrowth and synaptic strength. Stress signaling
by daf-16 and hsf-1 involves many genes in many tissues,
and downstream gene expression for each factor is extremely
complex, including distinct and overlapping target genes
regulated in a tissue-specific manner (Hsu et al. 2003;
Baumeister et al. 2006; Volovik et al. 2014). One intriguing
possibility is that nrx-1/nlg-1 are regulated by daf-16 and
hsf-1 in neurons in response to stress, and there is some
limited evidence insulin signaling pathways regulate nrx-1
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and nlg-1 under certain circumstances (Shen et al. 2007;
Staab et al. 2014). Future work will include testing the
mechanisms of this stress signaling, the location of action
of each gene, and the interplay between these genes to reg-
ulate DVB stress-induced remodeling.

It was recently reported that past life experience, specif-
ically starvation stress, affects the development of male-
specific nervous system wiring in C. elegans through
monoamine signaling (Bayer and Hobert 2018). Starv-
ation during development before (L1-L3), but not during
adolescence (1L4), blocks synaptic pruning events that are
required for male-specific circuit wiring and behavior
(Oren-Suissa et al. 2016; Bayer and Hobert 2018). Preado-
lescent starvation stress produced a “memory” of starvation
in the form of sex-specific connections not being pruned.
Interestingly, the results reported here demonstrate that
starvation stress during adolescence produces changes in
male-specific connectivity through a different mechanism,
as a result of altering GABAergic morphologic plasticity. In
combination, these results show that early life and adoles-
cent stress both influence the connectivity and behavioral
output of sexually dimorphic circuits;, the former by affect-
ing the development of sex-specific neuronal connectivity,
and the latter by altering the dynamics of an adult form of
morphologic plasticity.

Early life and adolescence are important periods in brain
development and maturation marked by reorganization of
neurons and circuits in the brain, thereby making these
periods sensitive to stress disruption. In adolescence, stress
hasbeen shown to affect dendritic morphology of neurons in
a number of brain regions, in some cases having a unique
effect on morphology and behavior compared to the same
stress during adulthood (Tsai et al. 2014; Tzanoulinou et al.

2014), with stresses during critical periods in brain devel-
opment linked to neuropsychiatric disorders. A two-hit
model has been proposed where stress inflicted on a genet-
ically predisposed individual during critical brain develop-
ment windows (early brain development and adolescent
maturation) plays a role in the emergence of symptoms.
Interestingly, there is evidence that neuron morphology
and relevant behavioral phenotypes are affected differently
in animals stressed during both early life and adolescent
critical periods of brain development compared to stress
during one critical period or only in adulthood (Eiland
and McEwen 2012). The results reported here demonstrate
that even in the nematode C. elegans, adolescence and sex-
ual maturation of the nervous system are a period of partic-
ular sensitivity to stress.

It has been proposed that to develop models of severe
psychiatric disorders, studies should combine genetic var-
iants in susceptibility genes with several stressors during
critical periods (Schmitt et al. 2014). Recent work has iden-
tified many genetic risk factors for autism and schizophre-
nia that converge on shared pathways, some of which could
potentially enhance sensitivity of the nervous system to
stress. Neurexin and neuroligin have been associated ge-
netically with ASDs and schizophrenia, but their relation-
ships to neuronal stress response have not been studied.
The results reported here indicate that neurexin/neuroli-
gin play a role in neuronal stress response. Additional ad-
hesion molecules have roles in stress-induced neuronal
remodeling, suggesting that cellular adhesion molecules
and partners may be important in this process (Gilabert-
Juan et al. 2011; McCall et al. 2013; Yang et al. 2019). The
pathogenic role of NRXN1 in ASDs and schizophrenia has
been complicated by the presence of deletions/mutations
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16 and HSF-1. (D) Adolescent exposure to heat stress increases DVB neurite outgrowth at day 1, dependent on NLG-1 and partly on DAF-16, but not
NRX-1. This outgrowth does not increase presynaptic sites or alter spicule protraction behavior. (E) Adolescent exposure to UV increases DVB neurite
outgrowth at day 1 without increasing presynaptic sites or altering spicule protraction behavior. UV-induced DVB neurite outgrowth is not dependent

on NRX-1, NLG-1, but is partly dependent on HSF-1.

in unaffected parents and siblings, suggesting variable pen-
etrance or involvement in these disorders (Todarello et al.
2014; Lowther et al. 2017; Woodbury-Smith et al. 2017).
The results reported here in C. elegans describe the effect
of alteration in a single gene on the morphologic and be-
havioral consequences of different stress exposures on a
single neuron, and suggest that some phenotypic hetero-
geneity may potentially be explained by the requirement
for a genetic risk to be uncovered by a specifically timed
stress. In terms of neuropsychiatric disease, perhaps mul-
tiple genetic risk factors, in combination with different en-
vironmental exposures, act together to affect the complex
human brain, but with varying phenotypic consequences
depending on the specific genetic/environmental combina-
tion. In fact, a recent study suggests that variation in
genetic background in combination with defects in de-
velopmental susceptibility genes could explain phenotypic
variability (Pizzo et al. 2019), and perhaps stress could also
be added to this model. Underlying genetic differences,
including defects in susceptibility genes, may only affect
some neuronal responses to stress during certain critical
periods, which may differ for each stress/genetic risk,
adding further complexity and variability to relevant
phenotypes.
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