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Neurons coordinate inter-tissue protein homeostasis to systemically manage
cytotoxic stress. In response to neuronal mitochondrial stress, specific neu-

ronal signals coordinate the systemic mitochondrial unfolded protein
response (UPR™) to promote organismal survival. Yet, whether chemical
neurotransmitters are sufficient to control the UPR™ in physiological condi-
tions is not well understood. Here, we show that gamma-aminobutyric acid
(GABA) inhibits, and acetylcholine (ACh) promotes the UPR™ in the Cae-
norhabditis elegans intestine. GABA controls the UPR™ by regulating extra-
synaptic ACh release through metabotropic GABAg receptors GBB-1/2. We find
that elevated ACh levels in animals that are GABA-deficient or lack ACh-
degradative enzymes induce the UPR™ through ACR-11, an intestinal nicotinic
a7 receptor. This neuro-intestinal circuit is critical for non-autonomously
regulating organismal survival of oxidative stress. These findings establish
chemical neurotransmission as a crucial regulatory layer for nervous system
control of systemic protein homeostasis and stress responses.

Maintaining systemic mitochondrial function is crucial for orga-
nismal health and survival. Mitochondrial stress responses are
essential molecular mechanisms that maintain metabolic home-
ostasis. Local stress responses can be communicated to distal tis-
sues to systemically combat challenges, and thereby increase the
chance of organismal survival. The nervous system is critical for
coordinating stress responses across multiple tissues. Previous
studies have revealed multiple neuronal signals that coordinate the
systemic mitochondrial unfolded protein response (UPR™) when
the nervous system is exposed to mitochondrial stress encountered
in disease states'”’. In unstressed conditions, optimizing mito-
chondrial function in response to metabolic and physiological
fluctuations is a continual process. However, whether the nervous
system tonically regulates the UPR™ in unstressed, physiological
conditions is unclear. In this study, we aimed to better understand
how the nervous system maintains systemic mitochondrial function
and health.

Results

GABA Signalling Inhibits the Intestinal UPR™

Neurotransmission is a core communication mechanism of the ner-
vous system. To identify neurotransmitters that mediate systemic
mitochondrial health, we screened neurotransmitter synthesis and
transport mutants for changes to intestinal expression of the hsp-
6p:gfp reporter, a well-established readout for the UPR™®'% We
screened loss-of-function mutations affecting dopamine (cat-2),
octopamine and tyramine (tdc-1), serotonin (tph-I), glutamate (eat-4),
gamma-aminobutyric acid (GABA) (unc-25) and acetylcholine (ACh)
(cha-1) signalling (Fig. 1a, b)", We found that loss of UNC-25/GAD, a
glutamic acid decarboxylase required for GABA synthesis (Fig. 1c),
induced intestinal hsp-6p:gfp expression (Fig. 1a, b). UNC-25 is
expressed in 26 GABAergic neurons: 19 D-type motor neurons, 4 RME
motor neurons, and 3 other neurons (AVL, DVB and RIS) (Fig. 1d)".
Resupplying unc-25 cDNA to all GABA expressing neurons using the
unc-25 promoter rescued intestinal hsp-6p::gfp expression levels in
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Fig. 1| Gamma-aminobutyric acid (GABA) non-cell-autonomously inhibits the
mitochondrial unfolded protein response (UPR™). a, b Quantification (a) and
DIC/fluorescent micrographs (b) of UPR™ reporter (hsp-6p::gfp) expression in L4
larvae of wild-type and mutant animals affecting neurotransmitter synthesis and
transport. ¢ Schematic of GABA synthesis (UNC-25/GAD), transport (UNC-47/
VGAT), and release. d Schematic of GABA expressing neurons in C. elegans.
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unc-47(n2409), unc-25(e156), unc-25(e156); unc-25p::unc-25 DNA, unc-25(el56); unc-

30p::unc-25 DNA and unc-25(e156); unc-47puuncatea-unc-25 DNA animals. n =30 ani-
mals. The hash symbol (#) refers to independent transgenic rescue lines. P values
assessed by one-way analysis of variance (ANOVA) with Tukey’s post hoc test. Error
bars indicate SEM. Scale bar, 250 um. Source data are provided as a Source Data file.

unc-25(-) animals (Fig. 1e), confirming a role for UNC-25 in non-
autonomous regulation of the intestinal UPR™. Furthermore, induced
hsp-6p::gfp expression in unc-25(-) mutant animals was rescued by unc-
25 cDNA expression under the D-type motor neuron unc-30 promoter,
but not under the truncated unc-47 promoter that drives expression in
the RMEs, AVL, RIS and DVB neurons (Fig. 1€)".

Animals lacking UNC-25 also showed increased intestinal expres-
sion of another mitochondrial stress marker; hsp-60p:gfp (Supple-
mentary Fig. 1a, b). Similarly, sod-3p.:gfp expression—a DAF-16/FOXO
transcription factor regulated gene with roles in combatting oxidative
stress in mitochondria—was also induced in wunc-25() animals

(Supplementary Fig. 1c, d), consistent with previously published
data’®?. We found that UNC-25 loss did not affect hsp-16.2p::gfp, a
reporter for cytosolic heat stress, suggesting that disrupted GABA
signalling does not induce a general stress response (Supplementary
Fig. 1e, f). UPR™ induction is regulated by ATFS-1, a mitochondrial
unfolded protein response transcription factor, and the chromatin
remodelling proteins DVE-1 and UBL-5'%*. Using RNA-mediated inter-
ference (RNAI), we silenced atfs-1, ubl-5 and dve-1 in unc-25(-) animals
and found that intestinal hsp-6p:.gfp induction was suppressed (Sup-
plementary Fig. 1g, h). Therefore, GABA signalling requires canonical
transcriptional regulators to activate the intestinal UPR™,
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To corroborate the role of GABA signalling in controlling the
intestinal UPR™, we analysed other components of the GABA signalling
pathway (Fig. 1c, e and Supplementary Fig. 1li-k). The vesicular GABA
transporter UNC-47/VGAT is required for packaging GABA into pre-
synaptic vesicles for synaptic release?**. We found that loss of unc-47
induces hsp-6p:gfp expression (Fig. 1e and Supplementary Fig. 1i). The
UNC-30/Pitx2 transcription factor is a terminal selector of D-type
motor neuron identity, where it directly promotes unc-25 and unc-47
expression (Supplementary Fig. 1j)**. We found that unc-30 loss also
induced hsp-6p::gfp expression and that expressing unc-30 DNA under
the D-type motor neuron specific unc-30 promoter rescued this phe-
notype (Supplementary Fig. 1k). In contrast, expressing unc-30 in the
intestine using the ges-1 promoter did not affect hAsp-6p.;gfp expression
(Supplementary Fig. 1k). Taken together, these data reveal that GABA
signalling specifically from the D-type motor neurons represses the
UPR™ in the C. elegans intestine.

We next sought to determine how GABA influences mitochondria
in distal tissues. Several GABA related processes regulate life and
health-span, which are concepts closely related to mitochondrial
health”?, In C. elegans, GABA signalling transmits longevity signals
through DAF-16/FOX0. An intermediate component in this pathway
is the PLCP homologue, EGL-8%°. We found that loss of egl-8 did not
induce intestinal hsp-6p:;gfp expression (Supplementary Fig. 2a, c),
suggesting that GABA signalling regulates the intestinal UPR™ and
longevity through different mechanisms. We wondered if GABA was
acting as a metabolite to influence mitochondrial health through the
GABA shunt, where GABA is degraded to succinic semialdehyde (SSA)
by GABA-transaminase (GTA-1) and then joins the TCA cycle®. How-
ever, loss of the C. elegans GABA transaminase, GTA-1, did not influ-
ence intestinal hsp-6p::gfp expression (Supplementary Fig. 2b, c).

Regulation of acetylcholine release by GABAg receptors controls
the intestinal UPR™

We speculated that GABA signalling mediates the UPR™ from the D-type
motor neurons by signalling to downstream GABA receptors. We
therefore screened available GABA receptor mutants for hsp-6p:gfp
induction, focusing on those receptors previously implicated in life and
health-span®. We found that loss of the inhibitory UNC-49 and excita-
tory EXP-1 ionotropic GABA, receptors did not influence the intestinal
UPR™ (Fig. 2a-c)**.. However, loss of both components of the meta-
botropic GABAg receptor—GBB-1 and GBB-2—induced intestinal hsp-
6p:gfp expression (Fig. 2a—c). Intestinal hsp-6p..gfp expression in the
gbb-2(-); gbb-1(-) compound mutant was not significantly different to
either single mutant, indicating that both components of the GABAg
receptor are required in the same pathway to control the UPR™
(Fig. 2a—c). Likewise, intestinal hsp-6p:.gfp expression in the unc-25(-);
gbb-2(-); gbb-1(-) triple mutant was not additive compared the unc-25(-)
single mutant, showing that GABA synthesis and the metabotropic
GABA receptors act within the same genetic pathway to control the
systemic UPR™ (Fig. 2d). Mutant strains containing the unc-25(e156)
mutation, however, exhibited slightly stronger hsp-6p::gfp expression
than gbb-1(-) and gbb-2(-) mutants, suggesting that GABA signalling may
also have roles outside of metabotropic signalling in controlling sys-
temic UPR™ activation. Canonically, GBB-1 and GBB-2 act in concert to
reduce neuronal excitability, however, previous studies found that GBB-
1can actindependently to influence longevity through DAF-16/FOX0.
This is supported by our data, where sod-3p:gfp expression—a readout
for DAF-16 activity—is regulated by GBB-1, and not GBB-2 (Supplemen-
tary Fig. 3). These data support a role for GABA in UPR™ activation
independent to its role in longevity. Single cell sequencing data shows
that gbb-1 and gbb-2 are expressed primarily in neurons®. Therefore, we
resupplied gbb-1 cDNA under the pan-neuronal rgef-I promoter in gbb-
1(-) animals and found that this rescued the increased intestinal hsp-
6p:gfp levels (Fig. 2e), confirming that the GABAg receptor complex acts
in neurons to influence intestinal UPR™ activation.

Within the C. elegans ventral nerve cord, D-type GABAergic motor
neurons synapse with body wall muscle and adjacent cholinergic
neurons, which are the only motor neurons that express gbb-1 and gbb-
2 (Fig. 3a)***. To determine whether the metabotropic receptor
complex acts in cholinergic motor neurons to mediate the intestinal
UPR™, we resupplied gbb-1 cDNA specifically to cholinergic ventral
nerve cord motor neurons using a 1882bp acr-2(s) promoter**. We
found that gbb-1 expression in these cholinergic motor neurons res-
cued the increased intestinal hsp-6p:gfp levels of gbb-1(-) animals
(Fig. 2e), confirming that the GABAg receptor complex acts in choli-
nergic motor neurons to influence intestinal UPR™ activation. As GABA
is generally an inhibitory neurotransmitter, and ACh is the primary
excitatory neurotransmitter, these neurons work in a negative feed-
back loop to regulate each other and the muscles they innervate®.
When the inhibitory GABA signal is lost, cholinergic neurons are
overactive, leading to increased ACh release®. We therefore specu-
lated that GABA regulates the intestinal UPR™ through downstream
ACh signalling. Our initial screening data showed that loss of the
choline acetyltransferase CHA-1/ChAT, which is required for ACh
production, significantly reduced intestinal hsp-6p::gfp expression
(Fig. 1a). Likewise, loss of the ACh vesicular transporter UNC-17/VAChT
also reduced intestinal hAsp-6p.:gfp expression (Fig. 3b, c). Importantly,
loss of unc-17 rescued the increased hsp-6:.gfp observed in unc-25(-)
and gbb-1(-) animals (Fig. 3b, ¢ and Supplementary Fig. 4). These data
support the concept that ACh levels can influence the systemic UPR™,
and that increased ACh release in animals lacking GABA signalling
would increase the intestinal UPR™. To test this hypothesis, we
examined animals lacking two acetylcholinesterases, ACE-1/2, which
have an approximately two-fold increase in systemic ACh*®, We found
that, as with loss of GABA signalling, increased ACh in ace-2(-); ace-1(-)
animals induced intestinal hsp-6p:.gfp expression (Fig. 3d, e).

The intestinal ACR-11 nicotinic a7 receptor regulates
mitochondrial health

We theorized that excess ACh acts directly on intestinal cells to
induce the UPR™. Therefore, we used RNAi to knock down
intestinally-expressed ACh receptors (ACR-6, ACR-7 and ACR-11) in
the ace-2(-); ace-1(-) compound mutant, screening for inhibition of
hsp-6p:gfp induction (Fig. 3f). This analysis revealed that only
knockdown of the nicotinic a7 receptor (a7 nAChR) ACR-11, an
ortholog of human CHRNA7, abrogated intestinal hsp-6p::gfp induc-
tion in ace-2(-); ace-1(-) animals (Fig. 3f). Importantly, ACR-11
knockdown also prevented hsp-6p::gfp induction in unc-25(-) ani-
mals (Fig. 3g). To corroborate our RNAi results, we used CRISPR/Cas9
to generate independent acr-11 deletions in wild type and ace-2(-);
ace-1(-) mutant animals (Fig. 4a). As acr-11 and ace-2 are tightly linked
on chromosome I, the acr-11 deletions were generated separately.
Confirming our RNAI data, the acr-11(rp192) deletion prevented hsp-
6p::gfp induction in ace-2(=); ace-1(-) animals (Fig. 4b). However, loss
of acr-11 alone was not sufficient to lower hsp-6p::gfp expression, as
observed in unc-17 mutant animals (Fig. 4b, c, e). We wondered
whether other intestinal a7 nAChR may support optimal UPR™ acti-
vation in conditions of physiological ACh levels. We therefore used
CRISPR/Cas9 to generate acr-6 and acr-7 deletions (Fig. 4a) and
measured hsp-6p:gfp levels in single, double and triple mutant
combinations with acr-11(rp191) animals. We found that hsp-6p:gfp
was only reduced when all three intestinally expressed a7 nAChR
were deleted (Fig. 4c). This implies a small but significant role for
ACR-6 and ACR-7 in UPR™ activation under basal ACh conditions,
with ACR-11 the main responder to elevated ACh.

To examine the expression pattern of acr-11, we generated
transgenic animals expressing green fluorescent protein (GFP)
under control of the 2024 bp acr-11 promoter and detected
expression in the intestine and pharynx, and not in neurons or body
wall muscle (Supplementary Fig. 5). To determine whether ACR-11 is
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Fig. 2| Metabotropic GABA receptors coordinate non-cell-autonomous UPR™.
a Schematic of ionotropic GABA, (UNC-49 (inhibitory) and EXP-1 (excitatory)) and
metabotropic (GBB-1and GBB-2) GABAg receptors in C. elegans. b, ¢ Quantification
(b) and DIC/fluorescent micrographs (c) of UPR™ reporter (hsp-6p:gfp) expression
in L4 larvae of wild-type, gbb-1(tm1406), gbb-2(tm1165), gbb-2(tm1165); gbb-
1(tm1406), unc-49(e407) and exp-1(ok1131) animals. d Quantification of UPR™
reporter (hsp-6p::gfp) expression in L4 larvae of wild-type, gbb-1(tmi1406),
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SEM. Scale bar, 250 um. Source data are provided as a Source Data file.
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preventing ACh release using an unc-17 mutation (Fig. 4f, g). These
data reveal that ACh acts through ACR-11 in the intestine to regulate
the UPR™.

Calcium plays key roles in mitochondrial signalling, function and
health, including in stress response activation®**°, As ACR-11 is an a7
nAChR, which are highly permeable to calcium ions", we investigated
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Fig. 3 | Acetylcholine promotes non-cell-autonomous UPR™ through the
intestinal ACR-11/nicotinic a7 receptor. a Schematic of the C. elegans motor
circuit. Orange = inhibitory GABAergic motor neurons; blue = excitatory choliner-
gic motor neurons; Pink = body wall muscle. b, ¢ Quantification (b) and DIC/fluor-
escent micrographs (c) of UPR™ reporter (hsp-6p:gfp) expression in L4 larvae of
wild-type, unc-25(e156), unc-17(e113), and unc-25(e156); unc-17(e113) animals.

d, e Quantification (d) and DIC/fluorescent micrographs (e) of UPR™ reporter (hsp-
6p::gfp) expression in L4 larvae of wild-type and ace-2(g72); ace-1(p1000) animals.

f Quantification of UPR™ reporter (hsp-6p:gfp) expression in L4 larvae of wild-type
and ace-2(g72); ace-1(p1000) animals grown on empty vector (EV), acr-6, acr-7 or
acr-11 RNAi from the mother’s L4 stage. g Quantification of UPR™ reporter (hsp-
6p::gfp) expression in L4 larvae of wild-type and unc-25(e156) animals grown on
empty vector (EV) or acr-11 RNAi from the mother’s L4 stage. n =30 animals.

P values assessed by one-way analysis of variance (ANOVA) Tukey’s post hoc test
(b, f, g) and two-way unpaired ¢ test with Welch’s correction (d). Error bars indicate
SEM. Scale bars, 250 um. Source data are provided as a Source Data file.

intracellular calcium storage using an intestine-specific fluorescence
resonance energy transfer (FRET)-based calcium indicator*>** in ani-
mals with perturbed GABA and ACh signalling (Fig. 5a-b). We found
that both unc-25(-) and ace-2(-); ace-1(-) animals had increased intra-
cellular calcium levels (Fig. 5a, b). Furthermore, animals lacking ACR-11,
either alone or when combined with the ace-2(-); ace-1(-) compound
mutant, had wild-type calcium levels (Fig. 5a, b). These data mirror hsp-
6p:gfp reporter levels in these mutants, supporting our hypothesis
that ACR-11 responds to ACh release by increasing intracellular calcium
levels in the intestine, which likely activates the UPR™.

UPR™ activation can have a positive or negative effect on mito-
chondrial health**. An overactive stress response in the absence of
stressors may prime mitochondria to manage subsequent stress
exposure. Conversely, UPR™ induction due to poor mitochondrial
health may cause sensitivity to mitochondrial stressors. To assess
whether perturbed GABA/ACh signalling influences mitochondrial
stress resistance, we examined acute paraquat sensitivity. Paraquat
exposure induces mitochondrial stress by disrupting complex I of the
electron transport chain and increases superoxide levels*. We found
that loss of GABA biosynthesis (unc-25 mutant) or metabotropic GABA
receptors (gbb-1 and gbb-2 mutants) were sensitive to paraquat (Fig. 5¢
and Supplementary Fig. 6a). Paraquat sensitivity was rescued in the
gbb-1(tm1406) mutant by resupplying gbb-1 cDNA in neurons (Fig. 5¢).
Further, we found that ace-2(-); ace-1(-) animals were sensitive to
paraquat exposure (Fig. 5d). Thus, two conditions where ACh signal-
ling is amplified cause sensitivity to a mitochondrial stressor. In con-
trast, acr-11(-) single and ace-2(-) acr-11(-); ace-1(-) triple mutant
animals exhibited increased paraquat resistance (Fig. 5d). Neither acr-
6(-) nor acr-7(-) caused changes to paraquat survival (Supplementary
Fig. 6b), highlighting the specific importance of ACR-11. Furthermore,
reduced ACh signalling in unc-17(-) animals conferred paraquat resis-
tance, and was sufficient to rescue paraquat sensitivity induced by loss
of unc-25 (Fig. 5e). We found that intestinal acr-11 cDNA overexpression
severely impeded paraquat survival (Fig. 5f), mirroring the dramatic
increase in hsp-6p:gfp expression observed when acr-11 is over-
expressed in the intestine. This sensitivity to paraquat was rescued by
reducing ACh signalling via loss of unc-17 (Fig. 5f). Therefore, increased
UPR™ activation via increased ACh signalling to ACR-11 is associated
with mitochondrial damage and paraquat sensitivity, whilst decreased
ACh signalling to ACR-11 is associated with increased mitochondrial
fitness, leading to increased paraquat survival.

Another indicator of mitochondrial health is mitochondrial
morphology. In general, more mitochondrial fusion indicates
increased OXPHOS functionality, whereas more mitochondrial frag-
mentation indicates increased autophagy and/or biogenesis*®. Based
on our paraquat data, we hypothesized that unc-25(-) and ace-2(-);
ace-1(-) animals would have more fragmented mitochondria, and
that acr-11(-) single and ace-2(-) acr-11(-); ace-1(-) triple mutants
would have increased mitochondrial fusion. Using a mitochondrial-
targeted GFP reporter expressed in the intestine (ges-Ip:;gfp™)"’, we
found that unc-25(-) and the ace-2(-); ace-1(-) animals had increased
mitochondrial fragmentation in the intestine compared to wild type
animals, as predicted (Supplementary Fig. 7a). This phenotype was
intestine-specific, as we did not detect mitochondrial morphology
changes in body wall muscle using a ubiquitously expressed reporter

(cox-4p:gfp™) in unc-25(-) animals (Supplementary Fig. 7c, d)*.
Unexpectedly, the acr-11(-) single mutant also displayed a frag-
mented mitochondria phenotype (Supplementary Fig. 7a). Further,
the ace-2(-) acr-11(-); ace-1(-) triple mutant exhibited more mito-
chondrial fragmentation than the acr-11(-) single and ace-2(-); ace-
1(-) double mutants (Supplementary Fig. 7a). These data imply that,
in the context of mitochondrial morphology, ACh signalling and the
ACR-11 receptor act in distinct pathways.

We wondered how similar mitochondrial fragmentation pheno-
types observed in unc-25(-), ace-2(-); ace-1(-) and acr-11(-) animals
could lead to opposing mitochondrial fitness in terms of paraquat
resistance. We posited that, in a pathway separate from GABA/ACh
signalling, ACR-11 may repress autophagy and thus mitochondrial
turnover, perhaps as an energy conservation mechanism. This means
that ACR-11 loss would induce fragmentation as mitochondria are
excessively cleared from the system. Using an mCherry:gfp:lgg-1
reporter to measure autophagy*’, we indeed found that the number of
intestinal autophagosomes and autolysosomes in acr-11(-) L4 larvae is
higher compared to control animals (Fig. 5g-i). This suggests that
animals lacking ACR-11 exhibit elevated mitochondrial turn-over in
unstressed conditions that conveys a survival advantage when
exposed to oxidative stress.

Discussion

In summary, we discovered a neuro-intestinal circuit that regulates the
UPR™ and organismal survival. By screening animals lacking specific
neurotransmitters, we found that balanced GABAergic and cholinergic
signalling is essential for non-cell-autonomous UPR™ regulation. We
found that GABA released from ventral nerve cord motor neurons
controls the UPR™ through two metabotropic GABAg receptor sub-
units that are expressed on, and inhibit, cholinergic motor neurons.
Appropriate control of ACh levels is critical for UPR™ regulation, as
animals lacking the ACh-degradative enzymes exhibit a two-fold
induction of the UPR™. Further, we discovered that UPR™ induction
by increased systemic ACh is dependent on ACR-11, an a7 nAChR
receptor acting in the intestine. Other intestinally expressed a7 nAChR
receptors—ACR-6 and ACR-7—also play a minor role, in that all three
receptors are required for mediating basal intestinal UPR™ levels when
systemic ACh is within a normal range. In addition to regulating the
UPR™, elevated ACh induces mitochondrial fragmentation and redu-
ces survival of oxidative stress. Interestingly, we found that the ACR-
11 o7 nAChR receptor can act independently to ACh, with animals
lacking ACR-11 exhibiting more intestinal mitochondrial fragmentation
and autophagy irrespective of ACh levels. These distinctions likely
provide animals lacking ACR-11 a survival advantage in oxidative stress
conditions. In vertebrates, nicotinic a7 receptors can act in the liver
(some functions of which are performed by the C. elegans intestine) to
promote cell survival®’, suggesting that mechanisms we describe here
are phylogenetically conserved.

Methods

C. elegans culture

All C. elegans strains were grown at 20 °C on NGM agar seeded with
Escherichia coli OP50, unless otherwise stated. All mutant strains were
backcrossed to N2 at least three times and maintained well fed for a
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minimum of two generations prior to analysis. Strains used in this fluorescence microscope and ZEN 2.0 software at 20x objective, unless

study are listed in Supplementary Table 1.

Fluorescence microscopy and quantification

Worms were anesthetised in 0.1 ng/ml levamisole on a 5% agarose pad.  was calculated as: CTCF = Intestinal Integrated Density—(area * back-
Images for analysis were taken using a Zeiss AXIO Imager M2 upright  ground MeanGrey)

otherwise specified. Image] software was used to determine whole
intestinal fluorescence by isolating the intestine area and measuring
integrated density (IntDensity). The corrected cellular fluorescence
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Fig. 4 | The ACR-11/nicotinic a7 receptor cell autonomously mediates the UPR™,
a (i) Structure of the acr-11 locus. rp191 =3038 bp deletion in wild-type animals;
rp192=3046 bp deletion in ace-2(g72); ace-1(p1000) animals. (ii) Structure of the
acr-6 locus. rp209 = 3209 bp deletion in wild-type animals; rp210 = 3158 bp deletion
in acr-11(rp191) animals. (iii) Structure of the acr-7 locus. rp212 = 1556 bp deletion.
Black boxes, coding regions; grey boxes, untranslated regions; red lines, CRISPR/
Cas9-generated deletion alleles. b Quantification of UPR™ reporter (hsp-6p::gfp)
expression in L4 larvae of wild-type, acr-11(rp191), ace-2(g72); ace-1(p1000), and ace-
2(g72) acr-11(rp192); ace-1(p1000) animals. ¢ Quantification of UPR™ reporter (hsp-
6p::gfp) expression in L4 larvae of wild-type, acr-6(rp209), acr-7(rp212), acr-11(rp191),

acr-6(rp209); acr-7(rp212), acr-6(rp210) acr-11(rp191), acr-11(rpI91); acr-7(rp212) and
acr-6(rp210) acr-11(rp191); acr-7(rp212) animals. d, e Quantification (d) and DIC/
fluorescent micrographs (e) of UPR™ reporter (hsp-6p:.gfp) expression in L4 larvae
of wild-type, ace-2(g72); ace-1(p1000), acr-11(rpI91), ace-2(g72) acr-11(rp192); ace-
1(p1000) and ace-2(g72) acr-11(rp192); ace-1(p1000); ges-1p::acr-11 DNA animals.

f, g Quantification (f) and DIC/fluorescent micrographs (g) of UPR™ reporter (hsp-
6p:-.gfp) expression in L4 larvae of wild-type, unc-17(e113), ges-Ip::acr-11 DNA and
unc-17(el13); ges-1p::acr-11 cDNA animals. n =30 animals. P values assessed by one-
way analysis of variance (ANOVA) with Tukey’s post hoc test. Error bars indicate
SEM. Scale bars, 250 um. Source data are provided as a Source Data file.

RNA-mediated interference (RNAi) by feeding

HTI115 bacteria containing control (L4440 plasmid) or experimental
plasmids were cultured overnight in LB containing 50 pg/ml ampicillin
and seeded uniformly over plates containing IPTG (Isopropyl 3- d-1-
thiogalactopyranoside). Plates were dried at 37°C and brought to
room temperature before worms were applied. For atfs-1 and ubl-5
RNAi experiments, five L4 hermaphrodites were picked to RNAi plates
and the subsequent generation was scored at L4. For dve-1 RNAi
experiments, five L4 hermaphrodites were picked to NGM and allowed
to grow for five days. Animals were then washed from the NGM plates
using M9 and bleached for 4 min using a 1:1 ratio of bleach (White King
Premium) and 5M NaOH to extract eggs. Extracted eggs were washed
three times in M9 and filtered through a 40 pm mesh before being
applied to RNAi plates. Animals were grown to L4 and imaged as
described above.

C. elegans expression constructs and transgenic strain
generation

Reporter gene constructs were generated by PCR amplifying DNA
elements and cloning into Fire vectors. Constructs were injected into
young adult hermaphrodites using standard methods.

acr-11p::gfp reporter construct

A 2024 bp sequence upstream of the acr-11 start codon was amplified
from C. elegans genomic DNA with forward (GAAATGAAATAAGCTT
GCGAAGAGAGCGAGGAGG) and reverse (CCAATCCCGGGGATCCTTC
AAAAAAATGTGGCTAAG) primers from Sigma-Aldrich incorporating
Hindlll-BamHiI restriction sites. The Hindlll-BamHI digested promoter
fragment was ligated into Hindl/ll-BamH] digested pPD95.75 vector. The
resultant acr-11p::gfp plasmid was injected at 50 ng/ul, with 50 ng/ul of
ttx-3p::mCherry vector and 120 ng/ul bacterial DNA.

ges-Ip::acr-11 rescue construct

The 1386 bp acr-11 cDNA was amplified from a C. elegans cDNA library
with forward (AGGACCCTTGGCTAGCATGATATTTAATCTAATTAA-
TAG) and reverse (GATATCAATACCATGGTTAGGCAATAATATGAGG)
primers from Sigma-Aldrich incorporating Nhel-Ncol restriction sites.
The Pges-1p-sphk-1 vector was digested with Nhel-Ncol and the acr-11
cDNA was inserted using the In-Fusion HD Cloning Kit (Takara Bio) to
replace the sphk-1 sequence. The resultant ges-1p::acr-11cDNA plasmid
was injected at 10 ng/ul, with 50 ng/ul of ttx-3p::mCherry vector and
120 ng/ul bacterial DNA into acr-11 mutant animals for rescue, or wild-
type for overexpression.

unc-25 rescue strains

The plasmids pHPO3 [unc-25p::unc25::unc-25 3’ UTR], pNKO6 [unc-
47Dtruncatea-unc-25:SL2::GFP::unc-54 3° UTR], pNKO7 [unc-30p::unc-
25::512::GFP::unc-54 3'UTR] were kindly provided by Haijun Tu.
pNKO6, was injected at 20 ng/ul”®. pHPO3 and pNKO7 were injected at
1ng/ul. All plasmids were injected with 50 ng/ul of Pttx-3::mCherry
vector and 120 ng/ul bacterial DNA into unc-25(el56); hsp-6::GFP
animals.

unc-30 rescue strains

pJL24 [unc-30p::unc-30::SL2::GFP::unc-54 3’ UTR], kindly provided
by Haijun Tu, was injected at 1 ng/ul. RJP807 ges-1p::unc-30 cDNA
was constructed by amplifying the unc-30 cDNA from pJL24 with
forward (AGGACCCTTGGCTAGCATGGATGACAATACGGCCACAC)
and reverse (GATATCAATACCATGGCTAAAGTGGTCCACTGTACT
GAC) primers incorporating Nhel-Ncol restriction sites. RJP807
was injected at 10 ng/ul. All plasmids were injected with 50 ng/ul
of ttx-3p::mCherry vector and 120 ng/ul bacterial DNA into unc-
30(e191); hsp-6::GFP animals.

gbb-1 motor neuron rescue

The acr-2p(s)::gbb-1 sequence was amplified by PCR from pBS77 (Pacr-
2-gbb-1 c¢DNA) with forward (GCTCACCACCGACTGATTTTC) and
reverse (TTGCGGTCATAAACTGAAACG) primers and injected at 5 ng/
ul into gbb-1(tmi406); hsp-6::GFP animals with 50ng/ul of ttx-
3p::mCherry vector and 120 ng/ul bacterial DNA.

CRISPR-Cas9 genome editing

To generate acr-11 deletion mutants, adult wild-type or ace-2(p1000)I;
ace-1(g72)X hermaphrodites were microinjected with Cas9 protein and
two crRNAs: 5 crRNA (CCTGTGCGACGGAAGTGTTG), 3’ crRNA
(CGAATCTCCAATCCGTTTGA) from IDT. acr-11 deletions were identi-
fied by PCR and confirmed by Sanger sequencing. The acr-11(rp191)
allele generated in wild-type animals is a 3038 bp deletion and the acr-
11(rp192) allele generated in ace-2(g72)l; ace-1(p1000)X animals is a
3046 bp deletion. Both deletion alleles remove most of the acr-11 gene
(Fig. 4a(i)). Each allele was backcrossed to wild-type males prior to
analysis.

To generate acr-6 deletion mutants, adult wild-type or acr-
11(rp191) mutant hermaphrodites were microinjected with Cas9 pro-
tein and two crRNAs: 5 crRNA (GTATTGTTGAACTCACCAGA), 3
crRNA (ATTCACGGATTGATAGCAAT) from IDT. acr-6 deletions were
identified by PCR and confirmed by Sanger sequencing. The acr-
6(rp209) allele generated in wild-type animals is a 3209 bp deletion and
the acr-6(rp210) allele generated in acr-11(rp191) animals is a 3158 bp
deletion. Both deletion alleles remove most of the acr-6 gene
(Fig. 4a(ii)). Each allele was backcrossed twice to wild-type males prior
to analysis.

To generate the acr-7 deletion mutant, adult wild-type her-
maphrodites were microinjected with Cas9 protein and two crRNAs:
5 crRNA (ATTCACTCCTCATAGACGAG), 3 crRNA (TTTTCACG-
TATTTACTACCAT) from IDT. The acr-7 deletion was identified by
PCR and confirmed by Sanger sequencing. The acr-7(rp212) allele is a
1556 bp deletion that removes the first 8 exons (Fig. 4a(iii)). The acr-
7(rp212) allele was backcrossed twice to wild-type males prior to
analysis.

Calcium imaging

Calcium levels were visualised using the calcium indicator d3cpv
expressed in the intestine using the nhx-2 intestine-limited promoter*,
Worms were anesthetised with in 0.1 ng/ml levamisole diluted in M9
and mounted to 5% agarose pads. Images were taken using Leica
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Mitochondrial morphology analysis

Worms were anesthetised with 50 mM sodium azide diluted in M9 and
mounted to 5% agarose pads. Images were taken using Leica Stellaris5
Invert Confocal Microscope and objective lens 63x/1.40 Oil (WD

140 um). Optical slice thickness was 0.2 um. Z stack images were
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Fig. 5 | GABA/Ach regulation of ACR-11 influences mitochondrial stress resis-
tance. a, b Quantification (a) and micrographs (b) of calcium imaging by FRET
microscopy of the two anterior intestinal cells of wild-type, unc-25(e156), ace-2(g72);
ace-1(p1000), acr-11(rp191) and ace-2(g72) acr-11(rp192); ace-1(p1000) animals
expressing nhx-2p::D3cpv, a ratiometric indicator. n =38, 36, 36, 35, 36 animals (left
to right). Scale bar, 50 um. Note that induced expression of the ratiometric reporter
in animals with excess ACh (unc-25 and ace2; ace-1 mutants) in intestinal cells Int1-3
was consistent in all animals and not due to mosaicism. ¢ Survival analysis of wild-
type, unc-25(e156), gbb-1(tmi406) and gbb-1(tmi1406); rgef-1p.:.gbb-1 cDNA animals
exposed to 200 mM paraquat from the L4 larval stage. n=67, 74, 70, 67 animals
(top to bottom). d Survival analysis of wild-type, ace-2(g72); ace-1(p1000), acr-
11(rp191) and ace-2(g72) acr-11(rp192); ace-1(p1000) animals exposed to 200 mM
paraquat from the L4 larval stage. n=73, 72, 65, 67 animals (top to bottom).

e Survival analysis of wild-type, unc-25(e156), unc-17(e113) and unc-25(e156); unc-

17(el13) animals exposed to 200 mM paraquat from the L4 larval stage. n="73, 74,
72, 71 animals (top to bottom). f Survival analysis of wild-type, unc-17(el113), ges-
Ip:acr-11 cDNA and unc-17(e113); ges-1p::acr-11 cDNA animals exposed to 200 mM
paraquat from the L4 larval stage. n =74, 74, 64, 75 animals (top to bottom).

g-i Quantification of (g) autophagosome puncta (AP), (h) autolysosome puncta
(AL), and micrographs (i) of GFP and mCherry fluorescence in the two anterior
intestinal cells of wild-type and acr-11(rp191) L4 larvae expressing LGG-1p::mCher-
ry::GFP:LGG-1. White arrows = green puncta/autophagosomes, yellow arrows = red
puncta/autolysosomes. n =62 (wild type) and 59 (acr-11(rp191) animals). Scale bar,
5 um. P values assessed by one-way analysis of variance (ANOVA) with Tukey’s post
hoc test (a), two-way analysis of variance (ANOVA) with Tukey’s post hoc test (c-f),
and two-way unpaired ¢ test with Welch'’s correction (g, h). Error bars indicate SEM.
Source data are provided as a Source Data file.

blinded to genotype and mitochondrial morphology classified as
fused, intermediate or fragmented®.

Acute paraquat sensitivity assays

200 mM paraquat plates were prepared” and seeded with 50 pul 10x
concentrated OP50. 25 L4 worms were transferred to each plate and
survival was assessed each hour for 15 consecutive hours. Worms that
left the agar were excluded from analysis.

Autophagy analysis

Intestinal autophagy was analyzed using the Igg-1p::mCherry::gfp::lgg-1
reporter®’. A single image was taken in line with the nucleus of the first
two intestinal cells using a Zeiss AXIO Imager M2 upright fluorescence
microscope as described above. Images were blinded to genotype and
green and red LGG-1 puncta were counted, with green puncta repre-
senting autophagosomes and red puncta representing autolysosomes.

Statistics and reproducibility

Statistical analysis was performed using GraphPad Prism 9 software.
Statistical tests and n numbers are indicated in corresponding figure
legends. Differences with a P value < 0.05 were considered significant.
All experiments were performed with at least three independent bio-
logical replicates, with similar results; the investigator was blinded to
the genotype. No statistical method was used to pre-determine sample
size. No data were excluded from analysis. The experiments were not
randomized.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data is available in the main text or supplementary materials. There
are no accession codes, unique identifiers, or weblinks in our study and
no restrictions on data availability. Materials will be available upon
request from the Pocock laboratory. Source data are provided with
this paper.
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