Check for
updates

GABAergic synapses suppress intestinal innate immunity
via insulin signaling in Caenorhabditis elegans

Zhongfan Zheng®'®, Xiumei Zhang®', Jungiang Liu*"'®, Ping He*", Shan Zhang? Yongning Zhang®, Jie Gao?,
Shengmei Yang®®, Na Kang®, Muhammad Irfan Afridi®©@, Shangbang Gao®®, Chunhong Chen®*<®, and Haijun Tu®%?

3State Key Laboratory of Chemo/Biosensing and Chemometrics, College of Biology, Hunan University, 410082 Changsha, China; PKey Laboratory of
Molecular Biophysics of the Ministry of Education, College of Life Science and Technology, Huazhong University of Science and Technology, 430074 Wuhan,
China; and “Shenzhen Research Institute, Hunan University, 518000 Shenzhen, China

Edited by Ruslan Medzhitov, Yale University, New Haven, CT, and approved April 12, 2021 (received for review October 15, 2020)

GABAergic neurotransmission constitutes a major inhibitory signal-
ing mechanism that plays crucial roles in central nervous system
physiology and immune cell immunomodulation. However, its roles
in innate immunity remain unclear. Here, we report that deficiency
in the GABAergic neuromuscular junctions (NMJs) of Caenorhabditis
elegans results in enhanced resistance to pathogens, whereas path-
ogen infection enhances the strength of GABAergic transmission.
GABAergic synapses control innate immunity in a manner depen-
dent on the FOXO/DAF-16 but not the p38/PMK-1 pathway. Our
data reveal that the insulin-like peptide INS-31 level was dramati-
cally decreased in the GABAergic NMJ GABAR-deficient unc-49
mutant compared with wild-type animals. C. elegans with ins-31
knockdown or loss of function exhibited enhanced resistance to
Pseudomonas aeruginosa PA14 exposure. INS-31 may act down-
stream of GABAergic NMJs and in body wall muscle to control in-
testinal innate immunity in a cell-nonautonomous manner. Our
results reveal a signaling axis of synapse-muscular insulin-intestinal
innate immunity in vivo.
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Innate immunity, an evolutionally conserved behavior, constitutes
the first defense line of multiple organisms to prevent microbial
infections (1). The nematode Caenorhabditis elegans has been used
as a model host for human opportunistic pathogen Pseudomonas
aeruginosa infection (2) to identify evolutionarily conserved mech-
anisms of innate immunity. Typically, p38/PMK-1 mitogen-activated
protein kinases (MAPKSs) (3) and insulin/insulin-like signaling (IIS)/
DAF-2 signaling cascades are recognized as two key components of
the C. elegans intestinal innate immune response upon P. aeruginosa
strain PA14 infection (4), as they are in mammals (3, 4). Moreover,
increasing evidence has revealed several neural mechanisms as also
being involved in the regulation of innate immunity. For example, G
protein—coupled receptor (GPCR) NPR-1- and soluble guanylate
cyclase GCY-35-expressing sensory neurons actively suppress the
immune response of nonneuronal tissues (5). Additionally, a pu-
tative octopamine GPCR, OCTR-1, which is expressed and func-
tions in the C. elegans sensory neurons ASH and ASI (6), down-
regulates the unfolded protein response genes pgn/abu to further
suppress the immune response of nonneuronal tissues (5, 6).

Recent studies demonstrate that dopaminergic signaling inhibits
innate immunity (7) whereas neuronal acetylcholine stimulates
muscarinic signaling in the epithelium and activates the epithelial
canonical Wnt pathway to promote the ability to defend against
bacterial infection (8). Moreover, insulin-like peptide INS-7 se-
creted by the nervous system functions in a cell-nonautonomous
manner to activate the IIS/DAF-2 pathway and modulate the in-
testinal innate immunity of C. elegans (9).

GABAergic signaling constitutes a major inhibitory neurotrans-
mission system that plays crucial roles in the central nervous system,
especially for maintaining the balance between excitation and in-
hibition of neuronal networks (10). Disruption of this balance is
not only linked to several neuropsychiatric disorders including
schizophrenia, autism, and epilepsy (11) but also implicated in

PNAS 2021 Vol. 118 No. 20 2021063118

autoimmune disease (12). Up to date, multiple lines of evidence
have shown that GABAergic signaling cell-autonomously modu-
lates the immune response in immune cells (13-15). However, the
roles of GABAergic synapses in innate immunity remain unknown.
Here, we found that the nematode C. elegans harboring a de-
ficiency in GABAergic neuromuscular junctions (NMlJs) exhibits
enhanced resistance to pathogens. P. aeruginosa PA14 infection
increases synaptic expression of GABAergic synaptic components
at the nerve cord of worms and enhances the strength of
GABAergic transmission. Moreover, we identified an insulin-like
peptide, INS-31, acting downstream of GABAergic NMJs and in
body wall muscle (BWM) to control intestinal innate immunity in
a cell-nonautonomous manner. This work reveals a signaling axis
of synapse—muscular insulin—intestinal innate immunity in vivo.

Results

GABAergic NMJs Suppress Intestinal Innate Immunity. To investigate
the role of GABAergic synapses with regard to innate immunity
in response to pathogen infection, we first tested the survival of
unc-49 mutant animals lacking the postsynaptic GABA neuro-
transmitter type A receptor (GABAAR) at GABAergic NMJs
(16) in response to human opportunistic pathogen P. aeruginosa
PA14 infection (2). We found that animals carrying either the
unc-49(e407) or unc-49(e382) mutant allele exhibited enhanced
resistance to killing by PA14 in a full lawn of this pathogen
(Fig. 14 and SI Appendix, Fig. S14), whereas the susceptibility to
PA14 of mutant animals for either gbb-1 or gbb-2, which encodes
the GABAg; and GABAGg; subunits of the metabotropic GABA
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type B receptor (GABAgR), respectively, was indistinguishable
from that of wild-type animals (Fig. 1B). Nevertheless, although
the unc-49(e407) mutant presented defective PA14 avoidance
(SI Appendix, Fig. S1B), it exhibited normal pharyngeal pumping,
intake of green fluorescent beads in the intestine of the animals
fed on an Escherichia coli OP50 or PA14 lawn, and enteric
muscle contraction (SI Appendix, Fig. S1 C-E). We also observed
no difference in survival between wild-type and unc-49(e407)
animals that were fed on heat-killed PA14 (Fig. 1C) or normal
OP50 (17), suggesting that loss of GABAAR/UNC-49 function
affects the immune response to living pathogenic bacteria without
changing the basic life span of nematodes. Moreover, to determine
whether the immune defense defect consequent to mutation in the
unc-49 gene is specific for gram-negative bacterial P. aeruginosa
infection, we exposed worms to gram-positive bacterial Staphylo-
coccus aureus, another pathogen known to kill C. elegans (18-20).
We found that unc-49(e407) animals also exhibited enhanced re-
sistance to S. aureus (SI Appendix, Fig. S24). These data indicate
that the postsynaptic inotropic GABAAR, but not the metabo-
tropic GABAgR, could suppress the general innate immunity of
the nematodes.

Certain mutant C. elegans resistant to the killing by a pathogen
exhibits less pathogen accumulation in the intestine (6, 21). There-
fore, we examined whether the unc-49 mutation affects PA14 accu-
mulation in the intestine. Our results showed that the urnc-49(e407)
mutant indeed exhibited less accumulation of PA14 expressing green
fluorescent protein (GFP) fluorescence in the intestine than that
of the wild-type animals at 8 h, 12 h (SI Appendix, Fig. S1F), and
24 h after PA14 exposure (Fig. 1 D and E); although the PA14
accumulation in the intestine at 2 h and 4 h were indistinguishable
(SI Appendix, Fig. S1F), the patterns in the pharynx (Fig. 1 F and
G) and green fluorescent beads intake in the intestine (SI Ap-
pendix, Fig. S1D) between wild-type and the unc-49(e407) mutant
were comparable. In addition, the number of bacterial cells in the
animal body was dramatically decreased in the unc-49(e407) mu-
tant as compared with wild-type animals (Fig. 1H). This indicated
that the reduction of the bacterial accumulated in the intestine
rather than the lower uptake of the pathogen PA14 into the ani-
mals contributed to the enhanced immunity of urnc-49(e407) ani-
mals, suggesting that unc-49 mutant has an enhanced capacity to
clear the pathogen.

P. aeruginosa infection induces the innate immunity of the
nematode C. elegans in the intestine (2), whereas GABAAR/UNC-
49 is mainly expressed in BWM cells of the animal (16). There-
fore, to demonstrate the tissue in which GABAAR/UNC-49 acts to
modulate the intestinal innate immunity of worms, rescue exper-
iments were performed by using endogenous and tissue-specific
promoters to drive GABAAR/UNC-49 expression. We first found
that the enhanced resistance to and the reduced accumulation of
P. aeruginosa in the unc-49(e407) mutant were well rescued by
either single-copy insertions (Fig. 1 I and K) or extrachromosomal
arrays (SI Appendix, Fig. S2B) expressing GABAAR/UNC-49 un-
der its own endogenous promoter. Strikingly, only muscular but
not intestinal expression of GABAAR/UNC-49 fully rescued the
phenotype of enhanced innate immunity in the unc-49(e407)
mutant (Fig. 1J and K and SI Appendix, Fig. S2 C and D). These
data indicate that postsynaptic GABA,R/UNC-49 functions to
suppress innate immunity via a signaling axis from muscle to
intestine.

GABAergic NMJs are primarily formed between GABAergic
D-type motor neurons and the muscle arms of worm BWMs en
passant (22). The unc-30 gene encodes a homeodomain tran-
scription factor, an ortholog of the human paired-like homeo-
domain factor PITX2, which controls the expression of glutamic
acid decarboxylase (GAD) UNC-25 that synthesizes the neuro-
transmitter GABA and the vesicular GABA transporter (VGAT)
UNC-47, responsible for transporting GABA into vesicles (23). Both
UNC-25 and UNC-47 are essential components of GABAergic
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NMlIs (24, 25). To address whether GABAergic synaptic trans-
mission is implicated in the enhanced resistance to PA14 of the
unc-49(e407) mutant, we first tested the susceptibility to PA14 of
unc-30(e191) mutants and found that unc-30(e191) also elicited
enhanced resistance to PAl4 exposure. Second, we generated
transgenic lines expressing the light chain of tetanus toxin (TeTx),
a specific protease of synaptobrevin (26), under the control of the
D-type motor neuron-specific promoter unc-30, to inhibit synaptic
transmission of GABAergic NMJs. We found that the transgenic
animals expressing TeTx also exhibited enhanced resistance to
PA14 exposure (Fig. 1L). Third, the nematode C. elegans has 26
GABAergic neurons, which are comprised of six dorsal D-type
(DD) motor neurons, 13 ventral D-type (VD) motor neurons,
four RMEs, one RIS, one AVL, and one DVB (22, 27, 28). These
neurons fall into different classes based on their synaptic outputs:
19 D-type neurons (the six DD and 13 VD motor neurons) in-
nervate the dorsal and ventral BWMs, respectively; the four RME
motor neurons innervate the head muscles; the AVL and DVB
motor neurons innervate the enteric muscles; and RIS is an inter-
neuron (22, 27, 28). In the present study, both unc-25(e156) animals
lacking GABA and the unc-47(n2409) mutant lacking VGAT
exhibited enhanced sensitivity to PA14 (SI Appendix, Fig. S2E).
This defective innate immunity of the unc-25(e156) mutant upon
PA14 infection was fully rescued by the transgenic allele carrying
the endogenous unc-25 locus (SI Appendix, Fig. S2F), or the
D-type motor neurons promoter unc-30 driving unc-25 gene
(Fig. 1 M and N), but not the endogenous unc-30 locus (SI Ap-
pendix, Fig. S2F). Strikingly, the enhanced sensitivity of unc-
25(el56) animals was reverted to enhanced resistance to PA14
infection by the expression of UNC-25 under the control of the
unc-47 truncated promoter, which drives gene expression only in
RMEs, AVL, RIS, and DVB GABAergic neurons but not in
D-type motor neurons (29) (Fig. 1 M and N and SI Appendix, Fig.
S2E). Collectively, these data suggest that GABAergic synapses
formed between D-type motor neurons and the BWM negatively
control the intestinal innate immunity of nematodes.

Pathogen PA14 Infection Enhances the Strength of GABAergic
Transmission. To address whether pathogen infection affects the
plasticity of the synapse, we tested the effect of PA14 infection
on the morphology and function of GABAergic NMIJs. First, we
found that the expressions of the homeodomain transcription
factor UNC-30 were up-regulated in the D-type motor neurons
of animals exposed to PA14 as compared with those fed on OP50
(Fig. 2 A and B). Second, the expression of both the presynaptic
component SNB-1, an ortholog of mammalian vesicle-associated
membrane protein 2 (VAMP2) (Fig. 2 C and D), and the post-
synaptic GABA, receptor UNC-49 (Fig. 2 E and F) at GABAergic
NMJs, but not that of the levamisole-sensitive acetylcholine re-
ceptor (L-AChR) UNC-29 at cholinergic NMJs (SI Appendix, Fig.
S3 A and B), were significantly increased at the nerve cord of wild-
type animals exposed to PA14 as compared with those fed on
OP50 (Fig. 2 C-F). Intriguingly, only live but not heat-killed PA14
could stimulate synaptic expression of VAMP2/SNB-1 (SI Ap-
pendix, Fig. S44) and GABAAR/UNC-49 (SI Appendix, Fig. S4B),
suggesting that a yet unknown specific antigen or metabolite
present in PA14 but absent in OP50 carries out this action. Third,
as the short isoform of extracellular matrix protein muscle arm
development defect 4 (MADD-4), MADD-4B, is required for
proper postsynaptic localization of GABAAR/UNC-49, whereas
the long isoform MADD-4L specifically localizes L-AChR/UNC-
29 at the cholinergic synaptic site (30-32). We also examined the
expression of both isoforms of MADD-4 at the nerve cords and
observed that the level of MADD-4B (SI Appendix, Fig. S3 C and
D) but not that of MADD-4L (SI Appendix, Fig. S3 E and F) was
up-regulated at the nerve cords of animals exposed to PA14 as
compared with those fed on OP50. Furthermore, electrophysio-
logical recording analyses of GABAergic neurotransmission in the
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Fig. 1. Deficiency in GABAergic NMJs extends survival of C. elegans upon P. aeruginosa PA14 exposure. (A-C) Survival of wild-type, unc-49(e407), and unc-
49(e382) mutants (A) or of wild-type, unc-49(e407), gbb-1(tm1406), and gbb-2(tm1165) mutants (B) exposed to PA14 or of wild-type and unc-49(e407)
mutants fed on heat-killed PA14 (C). The exact P values of statistics for all survival assays are listed in S/ Appendix, Table S1. (D-G) Representative images (D
and F) and fluorescence intensity (E and G) of wild-type and unc-49(e407) worms exposed to PA14-expressing green fluorescent protein (GFP) for 24 h in the
intestine (D and E) and pharynx (F and G) of animals. Data are presented as mean + SEM. The number of animals analyzed is indicated in E and G. (H)
Quantitative analyses of the colony-forming units (CFU) of wild-type and unc-49(e407) worms exposed to PA14 for 24 h. (-K) Survival (/ and J) and CFU
quantification (K) of wild-type, unc-49(e407), or indicated transgenic alleles for endogenous or tissue-specific rescue of unc-49(e407) worms exposed to PA14.
(L) Survival of wild-type controls, unc-30(e191), and transgenic worms expressing the light chain of tetanus toxin (TeTx) under the control of the GABAergic
D-type motor neuron-specific unc-30 promoter exposed to PA14. (M) Chart of GABAergic neuron expression patterns controlled by the corresponding specific
promoters. (N) Survival of wild-type, unc-25(e156), and unc-25(e156) worms expressing UNC-25 in GABAergic non-D-type motor neurons under the control of
an unc-47 truncated promoter (29) and in D-type motor neurons under unc-30 promoter, respectively, exposed to PA14. Statistical significance was deter-
mined by log-rank test for survival assays or nonparametric Mann-Whitney U test (E and G) or unpaired Student's t test (H) or one-way ANOVA tests followed
by Bonferroni’s multiple comparison tests (K). ***P < 0.001; n.s., not significant. (Scale bar, 100 um in D and 50 um in F.)
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Fig. 2. GABAergic neurotransmission between D-type motor neurons and BWM is enhanced upon PA14 exposure. (A-F) Diagram (A), representative images
(A, C, and E), and fluorescence intensity (B, D, and F) of UNC-30::GFP in dorsal (DD3) or ventral (VD6) D-type motor neurons (A and B) or presynaptic
GABAergic SNB-1::GFP (C and D) or postsynaptic GABAAR/UNC-49::red fluorescent protein (RFP) (E and F) at the dorsal cord of wild-type worms fed on OP50 or
exposed to PA14. (G-I) Representative traces (G), average frequencies (H), and amplitudes (/) of spontaneous miniature inhibitory postsynaptic currents
(mIPSCs) at GABAergic NMJs of wild-type worms fed on OP50 or exposed to PA14, respectively. Statistical significance was determined by unpaired Student’s
t test (B and F) or nonparametric Mann-Whitney U test (D, H, and /). (Scale bar, 10 pM.) The number of animals analyzed is indicated.

animals fed on OP50 or exposed to PA14 revealed that the fre-
quency, but not the amplitude, of spontaneous miniature inhibi-
tory postsynaptic currents in BWM cells of the animals exposed to
PA14 was increased compared with that in animals fed on OP50
(Fig. 2 G-I). Taken together, these data strongly support the
model that the pathogen infection not only up-regulates the ex-
pression of structural components of GABAergic synapses but
also enhances synapse functional strength, thereby modulating the
innate immunity of the nematode.

GABAergic NMJ-Mediated Innate Immunity Requires the DAF-2/DAF-16
Pathway but Is Independent of p38/PMK-1 Signaling. To understand
the mechanisms underlying GABAergic NMJ-mediated innate
immunity, we evaluated whether the pathways such as DAF-2/
DAF-16 or p38/PMK-1 MAPK are involved in the GABAergic
transmission-mediated intestinal innate immunity of C. elegans.
We observed that the enhanced resistance to PAl4-mediated
killing of unc-49(e407) animals was robustly suppressed by a
loss-of-function mutation or RNA interference of daf-16 (Fig. 34)
but not by loss-of-function mutations or RNA interference of
pmk-1, nsy-1, or sek-1 genes in the p3§/PMK-1 MAPK pathway
(Fig. 4 A-C and SI Appendix, Fig. S5 A and B). Since mutations in
daf-2 or age-1, which encodes a homolog of the mammalian insulin
receptor and of the catalytic subunit of mammalian phosphatidy-
linositol 3-OH kinase, respectively, exhibited stronger resistance to
PA14 infection than that of unc-49 or unc-30 mutant (33) (Fig. 3 B
and C and SI Appendix, Fig. S5C), loss-of-function of daf-2 or age-
1 in unc-49 or unc-30 mutant animals did not alter the enhanced
resistance of daf-2 or age-1 mutant to PA14 infection (Fig. 3 B and
C and SI Appendix, Fig. S5C), suggesting that unc-49 and unc-30 act
in the same genetic pathway of daf-2 and age-1. Consistent with these
findings, qRT-PCR analyses revealed that six DAF-16—-dependent
genes including abf-2 (34, 35), ctl-2 (36), dod-22 (37), mtl-1 (33),
sod-3 (33), and thn-2 (35) (Fig. 3D) but not the p38/PMK-1-
dependent genes F35E12.5 (7), FO8G5.6 (9), KO8DS.5 (38),
lys-1 (39), Iys-2 (7), and clec-85 (35) (Fig. 4D) were significantly
up-regulated upon PA14 infection and dramatically increased by
loss of GABAAR/UNC-49 in unc-49(e407) animals. The marked
increase of the six DAF-16-dependent genes in unc-49(e407)
mutants was fully restored by the expression of UNC-49 under the
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control of an endogenous or a muscle- but not an intestine-specific
promoter (Fig. 3E). The colony-forming units (CFU) assay revealed
that loss-of-function of DAF-16 blocked the enhanced pathogen-
cleaning capacity of unc-49(e407) animals (Fig. 3F).

Furthermore, as activated DAF-16 is translocated to the nu-
cleus in response to extracellular or cytoplasmic stimuli, we next
tested the nuclear activity of DAF-16 using DAF-16a*™-GFP, a
genetically engineered form of DAF-16 that is functional but
cannot be sequestered in the cytosol as a reporter (40, 41). We
found that more DAF-16a"M—GFP was accumulated in the nu-
cleus of unc-49(e407) or unc-30(e191) mutants than in wild-type
animals, indicating that the loss of function of GABAergic trans-
mission in D-type motor neurons activates DAF-16 (Fig. 3 G and
H). We also observed that the nuclear localization of wild-type
DAF-16a—GFP (42) was dramatically stimulated by loss function
of unc-49 or unc-30, respectively (SI Appendix, Fig. S5 E and F).
The intensity of the intestinal SOD-3::GFP, a DAF-16 activity
marker, (SI Appendix, Fig. S6 A and B) was dramatically increased.
Furthermore, detoxification of reactive oxygen species (ROS)
plays an important role in pathogen resistance (43). Here, we
found the overall (SI Appendix, Fig. S6C) and intestinal (SI Ap-
pendix, Fig. S6D) ROS levels were significantly induced in unc-
49(e407) as compared with wild-type. These data suggest that loss
function of GABAergic NMJ stimulates intestinal DAF-16 and
may increase antimicrobial activity.

Additionally, the phosphorylation level of p38/PMK-1 in unc-
49(e407) mutants was indistinguishable from that in wild-type
animals (Fig. 4E). Taken together, these data indicate that the
suppression of innate immunity by GABAergic neurotransmis-
sion is dependent on insulin-like signaling DAF-2/DAF-16 but
not p38/PMK-1 signaling.

Muscular Insulin-Like Peptide INS-31 Is Required for Intestinal Innate
Immunity. Previous study determined that any one mutant of two
members of insulin-like peptide family, ins-27 and ins-31, exhibits
enhanced resistance to PA14, while another insulin-like peptide
ins-20 mutant is more susceptible to PA14 (44) than wild-type. To
test whether the expression of these three insulin-like peptides is
regulated by GABAergic NMIJs, we first examined the messenger
RNA levels of three peptide genes by gqRT-PCR in wild-type and
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Fig. 3. GABAergic synapse-mediated innate immunity is dependent on DAF-2/DAF-16 signaling. (A-C) Survival of wild-type, unc-49(e407), daf-16(mu86), and
unc-49(e407);daf-16(mu86) (A) or wild-type, unc-49(e407), daf-2(e1370), and unc-49(e407);,daf-2(e1370) (B) or wild-type, unc-49(e407), age-1(hx546), and unc-
49(e407);age-1(hx546) (C) worms exposed to PA14. The exact P values of statistics for all survival assays are listed in S/ Appendix, Table S1. (D and E)
Quantitative RT-PCR analyses of the expression levels of six DAF-16-dependent genes in wild-type and unc-49(e407) worms fed on OP50 or exposed to PA14 (D) or
in wild-type, unc-49(e407), and unc-49(e407) mutant animals with GABAAR/UNC-49 expressed under the control of endogenous (krSi2[Punc-49::unc-49]), muscle
(aifSi1[Pmyo-3::unc-49])-, or intestine (aijSi2[Pges-1::unc-49])-specific promoters exposed to PA14 (E). The exact P values of statistics for comparison of gRT-PCR
between groups are listed in S/ Appendix, Table S2. (F) CFU quantification of wild-type, unc-49(e407), daf-16(mu86), and unc-49(e407);daf-16(mu86) animals. Data
are presented as means + SEM. (G and H) The representative images of three categories (G) and quantification analysis (H) of nuclear accumulation of DAF-
16a"M-GFP in wild-type, unc-49(e407), unc-30(e191), and ins-31(ok3543) mutant animals, respectively. Statistical significance was determined by log-rank test for
survival assays or one-way ANOVA tests followed by Bonferroni‘s multiple comparison tests (D, E, and F) or 32 test (H). *P < 0.05, **P < 0.01, ***P < 0.001; n.s., not
significant. (Scale bar, 100 pm in G.) The number of animals analyzed is indicated in H.
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Fig. 4. GABAergic synapse-mediated innate immunity is independent on PMK-1 pathway. (A-C) Survival of wild-type, unc-49(e407), pmk-1(km25), and unc-
49(e407);pmk-1(km25) (A) or wild-type, unc-49(e407), nsy-1(ag3), and unc-49(e407);nsy-1(ag3) (B) or wild-type, unc-49(e407), sek-1(km4), and unc-
49(e407);sek-1(km4) (C) animals exposed to PA14. The exact P values of statistics for all survival assays are listed in S/ Appendix, Table S1. (D) qRT-PCR analyses
of the expression levels of six PMK-1-dependent genes in wild-type and unc-49(e407) worms fed on OP50 or exposed to PA14. The exact P values of statistics
for comparison of gRT-PCR between groups are listed in S/ Appendix, Table S2. (E) Representative image and quantitative analysis of the phosphorylation
level of PMK-1 in wild-type and unc-49(e407) mutant animals, respectively. Red star indicates nonspecific band. Data are presented as means + SEM for D and
E. Three independent experiments were performed. Statistical significance was determined by log-rank test for survival assays or one-way ANOVA tests
followed by Bonferroni’s multiple comparison tests (D) or unpaired Student’s t test (E). *P < 0.05, **P < 0.01, ***P < 0.001; n.s., not significant.

unc-49 mutants. We found that the ins-37 messenger RNA levels
in unc-49(e407) mutants were dramatically down-regulated as
compared with that in wild-type animals (Fig. 54), while the
messenger RNA levels of ins-20 and ins-27 in unc-49 mutants were
indistinguishable from those in wild-type animals fed on OP50 or
exposed to PA14 (SI Appendix, Fig. S7 A and B). The decrease of
ins-31 messenger RNA levels in unc-49(e407) mutants was fully
rescued by the expression of GABAAR/UNC-49 under the control
of endogenous or muscular but not intestinal promoters (Fig. 54).
To determine whether ins-31 is involved in the GABAergic
transmission of D-type motor neuron-mediated intestinal innate
immunity, we examined the susceptibility of ins-3/ mutant to
PA14 infection and found that the animals harboring loss of
function of ins-31 either through mutation or RNA interference,
but not loss of the adjacent locus ins-19 (SI Appendix, Fig.
S8.4-C), exhibited enhanced resistance to PA14 infection (Fig. 5B
and SI Appendix, Fig. S8D), which is consistent with the previous
observation (44). Notably, the enhanced resistance phenotype of
ins-31(0k3543) animals was reverted by the overexpression of INS-
31 in transgenic animals carrying ins-31 locus genomic DNA or in
muscle cells but not in the intestine (Fig. 5C), further suggesting
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that the insulin-like peptide INS-31 is implicated in intestinal innate
immunity and that it acts in the BWM of the nematodes.

To identify the tissue in which ins-31 is endogenously expressed
in C. elegans, we first generated a transgene expressing GFP trans-
spliced by SL2 under the control of the ins-31 endogenous pro-
moter (SI Appendix, Fig. S8E) and observed that GFP was mainly
expressed in the seminal vesicles of male gonads and the intes-
tines of both males and hermaphrodites (SI Appendix, Fig. S8F),
which is consistent with a previous study (45). To further ex-
amine whether ins-31 is expressed in the muscle, we next created
a transgene expressing nuclear localization signal (NLS)-tagged
mCherry (NLS-mCherry) under the control of the muscle-
specific myo-3 promoter and NLS-GFP under the control of the
ins-31 promoter (Fig. 5D). Notably, we found that the muscular
NLS-mCherry colocalized well with NLS-GFP (Fig. 5E), indi-
cating that INS-31 is indeed expressed in muscle cells, albeit at a
low level.

INS-31 Acts Downstream of GABAergic Transmission and Upstream of

DAF-2 to Affect Intestinal Innate Immunity. As INS-31 expression in the
BWM of C. elegans is controlled by GABAergic neurotransmission
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*P < 0.05, **P < 0.01, ***P < 0.001; n.s., not significant. Arrowhead indicates the nucleus of the BWM. (Scale bar, 10 pm.)

of D-type motor neurons and loss function of INS-31 also ex-
hibits enhanced susceptibility to PA14 infection, we tested
whether INS-31 acts downstream of GABAergic NMJs to sup-
press intestinal innate immunity. We first examined the sensitivity
of the unc-49;ins-31 double mutant to PA14 infection and ob-
served that the enhanced resistance of the unc-49(e407);ins-
31(0k3543) double mutant to PA14 infection did not differ from
that of the unc-49(e407) single mutant (Fig. 64). Notably, the
enhanced resistance of ins-31(0k3543) animals was weaker than
that of unc-49(e407) animals, indicating that ins-37 acts in the
GABAergic transmission genetic pathway, and another signaling in
parallel to ins-31 likely participates in the innate immunity. Second,
the transgenes expressing INS-31 but not INS-19, endogenously or
in the muscle, but not in the intestine, fully rescued the enhanced
resistance of unc-49(e407) animals (Fig. 6 B and C and SI Appendix,
Fig. S8G), suggesting that INS-31 cell-nonautonomously functions
in the BWM to modulate the intestinal innate immunity. Third,
INS-31 displays resistance to aldicarb, a specific acetylcholine es-
terase inhibitor, and may affect the function or development of C.
elegans cholinergic NMJs (46). To address whether INS-31 affects
the structure of GABAergic NMJs, we examined both the GFP-
tagged presynaptic VAMP2 SNB-1 and red fluorescent protein-
tagged postsynaptic GABAAR/UNC-49 contents of GABAergic
NMUJs at the nerve cord of ins-31(0k3543) mutant animals. Neither
presynaptic nor postsynaptic structural compound contents were
altered (Fig. 6 D-G), indicating that INS-31 does not affect the
structure of GABAergic NMJs. Taken together, these data dem-
onstrate that ins-31 acts downstream of GABAergic neuro-
transmission to modulate C. elegans innate immunity. Additionally,
the phenotype of enhanced resistance to PA14 of the ins-
31(0k3543);daf-2(e1370) double mutant was not distinguishable
from that of the daf-2(e1370) single mutant (Fig. 6H), suggesting
that ins-31 functions in the same pathway as daf-2 in response to
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PA14 exposure. Coimmunoprecipitation in vitro results showed
that INS-31 binds to the extracellular domain of DAF-2 in the
supernatant of human embryonic kidney 293T cells coexpressing
INS-31 and the extracellular domain of DAF-2 (Fig. 6]). Obvi-
ously, more DAF-16a*™-GFP (Fig. 3 G and H) or wild-type
DAF-16a—GFP (SI Appendix, Fig. S5 E and F) was accumulated
in the nucleus of ins-31(0k3543) mutants as compared with wild-
type animals, indicating that the loss of function of INS-31 acti-
vates DAF-16. Additionally, loss of function of daf-16 completely
blocked the phenotype of enhanced resistance to PA14 in ins-
31(ok3543) mutant (Fig. 6J). Collectively, these data demonstrate
that GABAergic neurotransmission controls the expression of
BWM-expressing insulin-like peptide INS-31, which in turn binds
to and activates DAF-2 and might further modulate C. elegans
intestinal innate immunity through the FOXO/DAF-16 pathway.

Discussion

In this study, we revealed a previously undescribed role of
GABAergic NMJs formed between D-type motor neurons and
BWM cells. Animals harboring a deficiency in GABAergic NMJs
exhibited prolonged survival upon PA14 exposure, whereas the
unc-25 mutant lacking GAD, which synthesizes the neurotrans-
mitter GABA, and the unc-47 mutant lacking VGAT exhibited
enhanced sensitivity to PA14 exposure as compared with that of
wild-type animals. Conversely, the phenotype could be inverted
by the expression of UNC-25 in GABAergic non-D-type motor
neurons such as four RMEs, one AVL, one RIS, and one DVB
neuron under the control of the unc-47 truncated promoter (29),
suggesting that GABA signaling in these RMEs, AVL, RIS, and
DVB GABAergic neuron antagonizes the effect of GABAergic
NMIJs in the innate immunity of C. elegans. Nevertheless, the
molecular and cellular mechanisms remain to be fully elucidated.
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Fig. 6. INS-31 acts downstream of GABAergic transmission and upstream of DAF-2 in intestinal innate immunity. (A) Survival of wild-type, unc-49(e407), ins-
31(ok3543), and unc-49(e407);ins-31(ok3543) animals exposed to PA14. (B and C) Survival of wild-type, unc-49(e407), and transgene-expressing INS-31 under
the control of endogenous (B), muscle (Pmyo-3)-, or intestine (Pges-1)-specific promoters (C), respectively, in ins-31(3543) animals exposed to PA14. (D-G) Ten
representative images (D and F) and fluorescence intensity (E and G) of presynaptic GABAergic SNB-1::GFP (D and E) and postsynaptic GABAAR/UNC-49::red
fluorescent protein (RFP) (F and G) in wild-type and ins-37(ok3543) animals, respectively. (H) Survival of wild-type, ins-31(ok3543), daf-2(e1370), and ins-
31(ok3543);daf-2(e1370) animals exposed to PA14. (/) Inmunoprecipitation of INS-31-GFP with anti-GFP antibodies followed by Western blot analysis with
anti-Flag antibodies to detect the Flag-tagged extracellular domain of DAF-2 (DAF-2Ecto—Flag) from culture supernatant of human embryonic kidney 293
cells cotransfected with the plasmids encoding INS-31-GFP and DAF-2Ecto-Flag, respectively. (J) Survival of wild-type, ins-31(ok3543), daf-16(mu86), and ins-
31(ok3543);daf-16(mu86) animals exposed to PA14. Statistical significance was determined by log-rank test for survival assays or unpaired Student’s t test (E
and G). **P < 0.01, ***P < 0.001; n.s., not significant. The number of animals analyzed is indicated. (Scale bar, 10 pm.)
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C. elegans senses pathogenic bacteria and avoids aversive
pathogens to obtain prolonged survival. Chemosensory detection
of the secondary metabolites produced by PA14 leads to acti-
vation of a G protein-signaling pathway in the ASJ chemo-
sensory neuron to provide environmental cues that contribute to
pathogen recognition and host survival (47). OCTR-1, a neuro-
nal GPCR analogous to human norepinephrine receptor, func-
tions in ASI sensory neurons to promote pathogen avoidance
behavior and acts in ASH neurons to regulate pathogen defense
(6, 48). Notably, the intestine-secreted insulin-like peptide INS-11
affects the ASI and ADF neurons and negatively regulates aversive
learning behavior (49). These studies revealed the neural regula-
tion of pathogen recognition, avoidance behavior, and innate im-
munity defense. However, the effect of pathogen PA14 infection
on the nervous system remains unknown. Our data support a
mechanism in which the synaptic expression of GABAergic syn-
aptic structural components at the nerve cord of worms is up-
regulated and the spontaneous inhibitory postsynaptic currents
of GABAergic NMJs are significantly stimulated upon pathogenic
infection. Further investigation of the molecular and cellular
mechanisms by which pathogens affect the morphology and neu-
rotransmission of the nervous system is therefore warranted. In
particular, the roles of GABAergic transmission in innate immu-
nity remained unknown. In this study, we reveal a fundamental
function of GABAergic NMJs in the pathogenic defense of in-
testinal innate immunity.

We identified that the insulin-like peptide INS-31 is involved
in the GABAergic NMJ-mediated intestinal innate immunity.
Our data suggest the model in which INS-31 may exclusively act
in the BWM to control the intestinal innate immunity, although
INS-31 is expressed in the vesicle of the gonads (45) and in the
intestine. This specific action of INS-31 may be dependent on the
tissue-specific posttranslational modification of INS-31 in BWM,
for INS-31 is the unique insulin-like peptide with three repeats of
B and A peptide chains in the insulin family of C. elegans (50).
Additionally, the expression of INS-31 is tightly regulated by
the iontrophic GABAAR/UNC-49 via an as-yet-uncharacterized
transcriptional program.

Maintenance of the immune homeostasis is critical for host
survival because either excessive immunosuppression or excessive
cytokine and proinflammatory responses are harmful to organism
(51). Since inhibitory GABA signaling also inhibits the activity of
other neurons such as excitatory cholinergic motor neurons to
modulate the balance of excitation and inhibition of neural circuit
(22), the signaling axis of synapse-muscular insulin—intestinal in-
nate immunity we revealed here may play a critical role in the
maintenance of immunological homeostasis to promote host sur-
vival when the organism suffers environmental pathogen infection.
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