1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Rep. Author manuscript; available in PMC 2024 August 02.

-, HHS Public Access
«

Published in final edited form as:
Cell Rep. 2024 March 26; 43(3): 113844. doi:10.1016/j.celrep.2024.113844.

Neuron cilia restrain glial KCC-3 to a microdomain to regulate
multisensory processing

Sneha Ray!2, Pralaksha Gurung!:2, R. Sean Manning?!, Alexandra A. Kravchuk:3,
Aakanksha Singhvil45*
1Division of Basic Sciences, Fred Hutchinson Cancer Center, Seattle, WA 98109, USA

2Neuroscience Graduate Program, University of Washington, Seattle, WA 98195, USA
3Department of Biology, University of Washington, Seattle, WA 98195, USA

4Department of Biological Structure, University of Washington School of Medicine, Seattle, WA
98195, USA

5Lead contact

Abstract

Glia interact with multiple neurons, but it is unclear whether their interactions with each neuron
are different. Our interrogation at single-cell resolution reveals that a single glial cell exhibits
specificity in its interactions with different contacting neurons. Briefly, C. elegans amphid sheath
(AMsh) glia apical-like domains contact 12 neuron-endings. At these ad-neuronal membranes,
AMsh glia localize the K/CI transporter KCC-3 to a microdomain exclusively around the
thermosensory AFD neuron to regulate its properties. Glial KCC-3 is transported to ad-neuronal
regions, where distal cilia of non-AFD glia-associated chemosensory neurons constrain it to a
microdomain at AFD-contacting glial membranes. Aberrant KCC-3 localization impacts both
thermosensory (AFD) and chemosensory (non-AFD) neuron properties. Thus, neurons can interact
non-synaptically through a shared glial cell by regulating microdomain localization of its cues. As
AMsh and glia across species compartmentalize multiple cues like KCC-3, we posit that this may
be a broadly conserved glial mechanism that modulates information processing across multimodal
circuits.

In brief

Ray et al. show that a single glia creates distinct molecular microdomains of regulatory cues
around individual neurons. One cue, the cation co-transporter KCC-3, is constrained to the AFD
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thermosensory neuron by its C-terminal region and cilia of non-AFD neurons. Aberrant KCC-3
localization affects both AFD and non-AFD neuron function.
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INTRODUCTION

Bilaterian nervous systems have two major cell types: glia and neurons. Glia physically
contact neurons to regulate neuron shape, function, and animal behavior.1:2 Across both
central and peripheral nervous systems (CNS and PNS, respectively), each glia contacts
multiple neurons.3 This raises a fundamental logic question: does one glia modulate all

of its contacting neurons similarly or through distinct mechanisms? If differently, then are
different glia-neuron interactions interdependent or independently controlled within each
glia? Decoding this logic of specificity in glia-neuron interactions molecularly is critical to
understand the organizational principle of the nervous system.

This is relevant for both CNS and PNS/sensory biology. In the CNS, each astrocyte glia
can interact with an estimated more than 1,000 neurons® and can regulate excitatory and
inhibitory neurons differently through distinct molecular regulators.3-¢ Similarly, in sense
organs like the retina, different glia contact multiple neurons, including rod and cone
photoreceptors (retinal pigment epithelia, or RPE, glia-like cells) as well as interneurons
(Miiller glia).” Likewise, in the tongue, type | support cells contact different taste receptor
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cell types.8 Functional studies suggest that there is likely specificity in these glia-neuron
interactions. In murine astrocytes, intracellular calcium (Ca2* dynamics vary with different
neuron circuit activities, suggesting that glia functionally differentiate between different
neuron inputs.® In C. elegans, ablation of a single glial cell has differential effects on
different sensory neurons.1 Finally, in adaptive experience-dependent myelin remodeling,
mouse oligodendrocytes exhibit bias toward specific neuron classes.1! However, across

all instances, molecular specificity of individual glia-neuron interactions remains to be
explored.

While it is molecularly enigmatic how glia interact with different contacting neurons, there
is evidence that they interact non-uniformly with different contacting cell types through
molecular asymmetry of contacting membranes. An emergent theme across glia is that
polarity markers associated with canonical apical domains of polarized epithelia cells (e.g.,
PIP2, apical Ry-spectrin) localize to neuron-proximal (ad-neuronal) contacting membranes
and basolateral domain polarity markers to membranes that appose the basal lamina/
extracellular matrix (ECM) or endothelia (ab-neuronal).12 This is explicitly demonstrated
for PNS Schwann cells and retinal RPE glia-like cells in mammals and ensheathing cells
of the Drosophila CNS.13 Further, while mammalian CNS astrocytes do not have explicit
apical-basal polarity, they also localize basolateral domainassociated AQP4/Aquaporins to
endothelium-contacting endfeet and Ezrin, mGIuR3/5, and GLT-1 to perisynaptic astrocytic
processes at neuron contact sites.14 Whether ad-neuronal membranes contacting different
neurons are further asymmetric remains to be determined.

To molecularly interrogate specificity in glia-neuron interactions at single-cell resolution,
we exploited a single glia cell in C. elegans, the amphid sheath (AMsh) glia, as a powerful
and genetically tractable experimental platform.1® This glia resides in the animal’s major
sense organ at the anterior nose tip and offers four advantages for rapidly probing glia-
neuron interactions definitively at single-cell and -gene resolution.1>-17 One, each bilateral
AMsh glia associates with 12 sensory neurons, specifically at their neuron-receptive endings
(NRES), where they receive sensory input.18:19 Two, the identity, cell shape, and function of
each NRE are invariant across animals. This allows reproducible inquiry into each of their
individually distinct properties. Three, each NRE transduces a distinct sensory modality and
animal behavior, each of which can be individually quantified /n vivo. Finally, the animal’s
optical transparency allows facile cell biology and functional studies in behaving animal
nervous systems.

Of the 12 NREs contacting AMsh glia, eight extend ciliated NREs through an autotypic
channel formed by AMsh glia (channel NRES), three are ramified cilia (wing NRES), and
one is microvillar (AFD-NRE) (Figure 1A).1519.20 Of these, AFD is the animal’s primary
thermosensor, with the sensory transduction machinery located at the AFD-NRE embedded
within AMsh glia.2:22 We have shown previously that AMsh glia regulate AFD-NRE shape
and function dynamically throughout life through multiple regulatory modules.23-2% One
glial regulatory cue identified was the potassium chloride co-transporter, KCC-3, whose
loss causes defects in AFD-NRE shape, function, and associated animal thermosensory
behavior.24:26
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Exploiting KCC-3 as a molecular tool, we report here that AMsh glia regulate associated
NREs differently and uncover the underlying molecular mechanism. Briefly, glial KCC-3
affects the shape of only AFD-NRE of the 12 AMsh glia-associated NREs. In accord,
KCC-3 localizes to a microdomain within the glia’s ad-neuronal membrane, specifically

at AFD-NRE contacts, revealing that these membranes are molecularly asymmetric.

KCC-3 N-terminal sequences localize it to neuron-proximal glial regions. Refinement to

a microdomain apposing AFD-NRE requires KCC-3 C-terminal regions and cilia NREs of
at least two non-AFD neurons, the olfactory AWC and gustatory ASE neurons. Strikingly,
glial KCC-3 localization to AFD-NRE also impacts AWC neuron activity but not shape.
Thus, compartmentalization of a glial cue to the thermosensory neuron AFD informs the
fidelity of the animal’s sensory perception across modalities. This also reveals a mechanism
by which neurons can coordinate non-synaptically by modulating the molecular property of
a shared glial cell. Finally, we report at least three molecular microdomains in AMsh glia
whose maintenance is largely independent. Glia across species express and localize cues like
KCC-3 and interact with different neuron types. We therefore posit that regulating glial cue
localization may be a general mechanism by which glia functionally enable cross-circuit
information processing.

AMsh glia localize the K/CI transporter KCC-3 to a microdomain around only AFD-NRE

We have reported previously that the AMsh glia uses the KCC-3 cation chloride co-
transporter KCC-3 to regulate AFD-NRE shape and animal thermosensory behavior.24
Intriguingly, a translational kcc-3.GFP reporter does not localize uniformly on AMsh glial
membranes (Figure S1A).24 To examine this further, we engineered a double-reporter
transgenic animal, where KCC-3 driven under the AMsh-expressing P £5374 73 promoter
was tagged with mScarlet, and the AMsh glia was labeled with cytosolic CFP. Analyses
of this strain using wide-field and 3D-structured illumination superresolution microscopy
confirmed that KCC-3 localizes to the anterior region of AMsh glia, where the glia
contacts associated NREs, including the AFD-NRE (Figures 1A-1C”). Further, within
the anterior region, KCC-3 does not localize uniformly but is constrained to a subdomain
(Figures 1B-B” and 1D-D"”). We call this subcellular KCC-3 localization a “glial molecular
microdomain.”

The pattern of KCC-3 enrichment was architecturally reminiscent of the shape of AFD-NRE
(Figure 1D). We therefore generated animal strains that co-labeled fluorescent reporter-
tagged KCC-3 with reporters marking individual AMsh glia-associated neurons. We found
that KCC-3 localizes to glial membranes proximal to AFD-NRE but not to any other
glia-associated NREs (Figures 1E-1G”, S1B, and S1C”). Thus, AMsh glia differentiate
between NREs of individual neurons and restrict KCC-3 to a single neuron contact site.

In addition to the microdomain, we noted that KCC-3 localization terminates sharply in the
proximal glial process ~50um away from the animal nose tip (Figure 1C, white arrowhead).
For reasons explained below, we refer to this boundary as the “glial ad-neuronal boundary”
(GAB).
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Examination of kcc-3:GFPthrough development showed that KCC-3 anterior localization
and GAB restriction are apparent in developing 3-fold stage embryos, shortly after glia

are born (Figures S1D and S1E). Longitudinal examination of KCC-3 under the AMsh
glia-specific promoter showed that the microdomain was apparent from the earliest stage
examined (L2 larva onward, once Pgg3rg.13 turns on), is maintained through animal life, and
deteriorates with animal age (Figures 1H-1K and S1F). We noted that, while microdomain
localization was compromised with age, the KCC-3 GAB boundary maintained its integrity
throughout (Figure 1J).

KCC-3 localizes to an apical-like ad-neuronal microdomain in AMsh glia

KCC-3 localization suggested that it was a facile molecular tool to probe specificity in
glia-neuron interactions. To do so, we sought to first define the molecular identity of

the KCC-3-bearing glial membrane. Glial membranes are proposed to exhibit epithelium-
like apical-basal polarity, with apical domains facing neurons.2’ To confirm this, we re-
engineered previously reported SAX-7/L1CAM-based polarity markers in AMsh glia under
P 5304 122728 Full-length SAX-7 has been reported to localize basolaterally (BasoRed) and
truncated SAX-7 to apical membranes (ApiGreen).2” Our AMsh-expressed ApiGreen and
BasoRed constructs phenocopied this, with BasoRed localizing to the cell body, process,
and membranes where AMsh glia contacts epithelia, while the ApiGreen reporter localized
to anterior regions of glia (Figures 2A-2C). Co-labeling both markers confirmed that the
marked membranes were distinct (Figures S2A-A"; Video S1). Interestingly, the ApiGreen,
but not BasoRed, reporter terminated at the GAB (Figures 2B and 2C). To confirm that
these localization patterns are not artifacts of overexpressing the cell adhesion molecule
SAX-7/L1CAM, we also generated an independent apical membrane reporter in AMsh
glia, PH-PLC8:GFP.2° PH-PLC8:GFP phenocopied ApiGreen in labeling the ad-neuronal
membrane and terminating at the GAB (Figure 2D). Thus, AMsh glia have molecularly
asymmetrical membranes at neuron-contacting (ad-neuronal) versus epithelium-contacting
(ab-neuronal) sites.

Termination of KCC-3:mScarlet, ApiGreen, and PH-PLC5:GFP at the GAB hinted that

the KCC-3 microdomain may be within apical-like ad-neuronal glial membranes. To
confirm this, we double-labeled AMsh glial polarity reporters with fluorescently labeled
KCC-3. Indeed, KCC-3 co-localized with apical but not basolateral membrane markers
(Figures 2E-2G”). Further, the GAB of KCC-3 and AMsh apical markers overlaid perfectly
(Figures 2H-H"”, white arrowhead). Finally, KCC-3 expression was restricted to a subset

of membranes labeled with the apical marker, consistent with it being excluded from
non-AFD contact sites (Figure 2H-H", yellow arrows). Taken together, these data show
that AMsh glia localize KCC-3 to a microdomain within apical-like ad-neuronal membranes
at AFD-NRE contact sites. Corroborating this, unc-23hBAG2 mutant animals, which, as
we independently showed, have stretched apical-like glial membranes,28 also had expanded
KCC-3 microdomains (Figure S2B).

Finally, while both KCC-3 and apical markers terminated at the GAB, three lines of
evidence suggest that the GAB is not a canonical apical:basal boundary. One, epithelial
apical-basal domain boundaries are decorated by tight junctions,30 but AMsh GAB was
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not limited by the junctional marker AJM-1/AJM31 (Figures 21-1"). Instead, AJM-1 marks
AMsh glia-NRE contacts anterior to the GAB, at the site where sensory neuron dendrites
infiltrate glial sheath. Tight junctions assessed through electron micrographs, too, showed
localization anterior to the GAB.18:19.27.28 Two, DLG-1/DiscsLarge, which recruits AJM-1
to epithelial tight junctions,32:33 was not expressed in adult AMsh glia, indicating that it
was dispensable for GAB maintenance (Figures S2C-S2C”). Finally, orthogonal slices of
co-labeled apical and basal polarity markers /n vivo reveal a tube-within-tube configuration
of the apical membrane within the basal membrane at the GAB (Figures S2D-S2F; Video
S2). Thus, while AMsh glial membrane asymmetry is labeled by epithelial polarity markers,
features like GAB are maintained by distinct molecular mechanisms.

C. elegans AMsh glia make distinct microdomains at different neuron contact sites

AMsh glia associate with 12 NREs. 8 of these traverse a channel made by the glia.

Glial proteins that localize to and/or regulate this channel include DAF-6/Patched,
CHE-14/SSD/Dispatched, VAP-1/CRISP2, and LIT-1/Nemo-like kinase.2%:34 We examined
KCC-3 localization in the context of these proteins. Co-labeling of VAP-1:sfGFP and
KCC-3:mScarlet revealed distinct, non-overlapping localization within AMsh glia (Figures
3A-B”). Further, neither KCC-3 nor VAP-1 marked glial membranes around AWC-NRE
(Figures 1G-G” and 3C-C”). Thus, AMsh glia make at least three distinct molecular
microdomains around different neuron contact-sites: around channel NREs (VVAP-1 positive,
KCC-3 negative), AFD-NRE (VAP-1 negative, KCC-3 positive), and AWC-NRE (VAP-1
negative, KCC-3 negative). This also indicated that microdomain localization is a property
of AMsh glia, not of KCC-3 protein.

Given this segregation, we asked whether KCC-3 and channel microdomain cues affect
each other’s localization. For this, we examined whether mutations in one gene affected
localization of the other. We found that KCC-3 localization was partially affected in animals
mutant for dar-6, che-14, and /it-1 (Figures 3D and 3G). However, while SNX-1/Retromer
antagonizes DAF-6 to regulate channel architecture,3® we found it to be dispensable for
KCC-3 localization (Figure 3G). In corollary, kcc-3 mutants marginally impacted VAP-1
localization and did not affect LIT-1 localization (Figures 3E-F” and 3H). Taken together,
we concluded that AMsh glia maintain molecular microdomains largely independently, with
some crosstalk.

Next, we probed whether restricted localization of cues was a feature of only AMsh

or glia generally. KCC-3 expresses in many sheath glia.36:37 Cell-specific expression of
KCC-3:mScarlet in two other glia, CEPsh (in the animal head) and PHsh (in the animal
tail) glia, showed restricted localization of KCC-3 to anterior process ends around neuron
contact sites (Figures 31 and 3J”), similar to AMsh. Thus, localization of KCC-3 to anterior
microdomains is a general property across C. elegans glia.

The glial KCC-3 microdomain does not require canonical KCC regulators

We tested a role of known regulators of the cation chloride transporter (CCC) family of
proteins in KCC-3 localization. WNK and the GCK/Ste20 kinases SPAK/PASK and OSR
are major regulators of N/KCC transporters across species.38-42 The C. elegans genome
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encodes a single WNK ortholog (WNK-1).38 Neither the loss-of-function wnk-1(tm487)
mutation nor wrnk-1 RNAI altered AMsh glial KCC-3 microdomain localization (Figures
S3A and S3B). Consistent with this, /n sifico analyses showed that C. elegans KCC-3

lacks conserved WNK or GCK kinase phosphorylation sites or binding motifs (Figures
S3C-S3E). Loss of ARGK-1/creatine kinase, which co-localizes with KCC-3 in cultured
cells,*344 also did not disrupt KCC-3 localization (Figure S3A). Thus, microdomain
localization of KCC-3 in AMsh glia is independent of previously described CCC regulators.

Different protein regions regulate KCC-3 targeting to distinct membrane regions

To define protein domains in KCC-3 that guide localization to a microdomain, we exploited
the interspersed sequence similarity of KCC-3 coding regions with that of related KCC-1
and KCC-2 (Figure 4A). In silico analysis showed that dissimilarity between KCC-1/KCC-2
and KCC-3 coding sequences was largely confined to the N-terminal intracellular domain
(amino acids [aa] 1-90), the large extracellular loop (LEL) between TM5 and TM6 (aa
265-397), and an 81-aa region of the C terminus (aa 915-996) (Figure 4B). Further, we
found that, in striking contrast to KCC-3, fluorescently tagged KCC-1 and KCC-2 localized
to basolateral ab-neuronal membranes in AMsh glia (Figures 4C—-4F). Thus, sequences
dissimilar between KCC-1/KCC-2 and KCC-3 drive both ad-neuronal and microdomain
localization of KCC-3.

To identify protein regions driving the distinctive KCC-3 localization pattern, we generated
protein chimeras between KCC-2 and KCC-3. First, we swapped the N-terminal 90-aa
sequence of KCC-3 with the 84-aa equivalent aligned sequence of KCC-2 (Figure S4E;
chimera A). This was sufficient to localize the chimera to basolateral membranes (Figures 41
and 4K). Narrowing this further, swapping the first 55-aa sequence of KCC-3 with the 41-aa
equivalent aligned sequence of KCC-2 also drove the chimera to basolateral membranes
(Figures 4K and S4E; chimera B). Swapping the first 10- or 20-aa sequence of KCC-3

with the equivalent aligned sequence of KCC-2 (Figure S4C; chimeras D and E), however,
localized the chimera to the apical-like ad-neuronal microdomain, as wild-type KCC-3
(Figures 4G and S4D). Thus, sequences at 20-41 aa dictate KCC-2 basolateral localization.
To test necessity, we swapped the first 41 aa of KCC-2 with the 55-aa equivalent aligned
sequence of KCC-3 (Figure S4E; chimera C) and found that it no longer restricted KCC-2
to basolateral-like membranes (Figures 4K and S4B). Thus, the 19-aa N-terminal sequence
(aa 20-41) of KCC-2 is necessary and sufficient to localize KCC proteins to ab-neuronal/
basolateral membranes. We could not dissect this region further for a single sequence

motif by either site-directed mutagenesis of predicted phosphorylation or dileucine sites or
deletions (Figures S4C and S4D), which may be due to redundant targeting features within.

Through an analogous approach, we identified a distinct 87-aa microdomain-targeting
sequence. A chimera that swapped the last 155 aa (aa 915-1,070) of KCC-3 with the
equivalent 171 aa (aa 890-1,061) of KCC-2 (Figure S4G; chimera G) localized apically

but not to a microdomain (Figures 5H and 5K). However, swapping the last 68 aa (aa
1,002-1,070) of KCC-3 with the equivalent 66 aa (aa 995-1,061) of KCC-2 (Figure S4G;
chimera H) localized the chimera to a microdomain (Figure 4K). Thus, the 87-aa C-terminal
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sequence (aa 915-1,002) of KCC-3, highly dissimilar with KCC-1/2 (Figure S4G), directs
KCC-3 to a microdomain.

Two observations suggest that KCC-3 has a third ad-neuronal/apical targeting motif distinct
from the two identified above. One, while deleting the basolateral targeting sequence
(chimera C) in KCC-2 no longer drives it to ab-neuronal membranes, this protein still did
not restrict to the ad-neuronal GAB, which was unlike KCC-3. We called this localization
pattern “other” (neither clearly ad-neuronal/apical like nor ab-neuronal/basolateral like;
Figures 4K and S4A). Two, a swap of the last 671 aa (aa 399-1,070) of KCC-3 with the
equivalent 681 aa (aa 380-1,061) of KCC-2 also exhibited the “other” expression pattern
(Figures 4K and S4F; chimera F). We found above that KCC-3 sequences until 915 aa
localize to ad-neuronal/apical membranes (chimera G). Together, we inferred that regions
between 390 and 915 aa on KCC-3 drive ad-neuronal/apical localization. To confirm this,
we engineered a double-swap of both N-and C-terminal domains of KCC-2 to KCC-3
(leaving aa 390-915 as KCC-2) and again observed “other” localization (Figure 4K; chimera
I). Thus, the aa 390-915 ad-neuronal/apical targeting motif enables subsequent microdomain
enrichment.

Last, K/CI proteins exist as oligomers through a C-terminal dimerization domain.*°

We therefore considered whether ad-neuronal or microdomain localization of C-terminal
chimeras F and G was, in fact, driven by endogenous wild-type KCC-3-dependent
trafficking. To test this, we examined localization of these chimeras in kcc-3(0k228) null
mutant animals and found that their localization profiles did not alter (Figure 4J). If at all,
endogenous protein out-competed (not enabled) chimera localization. Thus, dimerization
does not account for KCC-3’s ad-neuronal/apical and microdomain localization.

Altogether, these structure-function studies reveal that KCC-3 localization requires three
sequence features: (1) lack of N-terminal basolateral targeting sequences, (2) presence
of apical targeting sequences (aa 390-915), and (C) presence of microdomain-targeting
sequences at the proximal C terminus (aa 910-1,002). Furthermore, apical targeting is a
prerequisite for microdomain enrichment, indicating a two-step process of localization.

Glial KCC-3 localization is independent of AFD neuron shape or function

The motifs identified above did not suggest regulatory interactors, leaving open the
question of whether KCC-3 localization is a cell-intrinsic feature or regulated by neuronal
interactions. So, we undertook an orthogonal strategy to test this.

Since KCC-3 localizes around AFD-NRE, we first tested the model where AFD-NRE
recruits glial KCC-3 to apposing membranes. AFD-NRE comprises ~40-50 microvilli and
one pseudo-cilium (Figure 5A).19:2446 frx- 1 mutants, which lack AFD-NRE microvilli,
retained KCC-3 microdomain localization, suggesting that microvilli are not required
(Figure 5B).4” We then examined KCC-3 localization in animals mutant for the ciliary
protein DYF-11/IFTB/TRAF3IP1, whose loss leads to truncated cilia.1948 Strikingly, in
ayf-11 mutants, while the GAB is retained, glial KCC-3 was no longer constrained to an
apical/ad-neuronal membrane microdomain but instead spread to the entirety of the AMsh
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glial anterior region (Figures 5B and 5C-5C”). This pattern was strikingly reminiscent to
the ad-neuronal enriched chimera G. Thus, neuron cilia restrict KCC-3 to a microdomain.

AFD-NRE cilia house sensory transduction channels at their base.22:4950 To test whether
ayf-1Imutant defects resulted from altered AFD-NRE activity, we examined KCC-3
localization in animals mutant for either the sole cyclic nucleotide-gated channel B

subunit driving AFD activity, TAX-2,%1 or animals with a gain-of-function gcy-8(ns335)
mutation, which have constitutively activated levels of the transduction second messenger
cGMP.24 Surprisingly, neither affected KCC-3 localization (Figure 5B). Further, cultivation
temperature (AFD’s sensory input) also did not impact KCC-3 localization (Figure S5A).
Thus, neuron cilium structure, but not activity, drives KCC-3’s microdomain localization.

To parse this further, we asked whether DYF-11 functions solely in AFD-NRE to localize
KCC-3. To do so, we ablated the AFD neuron in two temporally distinct ways (Figure
5D). First, we genetically ablated AFD by expressing the pro-apoptotic factor EGL-1
under an AFD-specific promoter (Pgx-7).24%2 The P,.7 promoter is expressed shortly
after AFD is born embryonically, indicating that it is competent to induce embryonic

cell loss (Figures S5B-S5B”). Independently, we performed targeted laser microdissection
to ablate AFD neurons in L1 larvae.53 With both protocols, we confirmed successful

AFD ablation by disappearance of P, :GFP (Figure S5D). Surprisingly, glial KCC-3
maintained localization to an ad-neuronal/apical microdomain in both scenarios (Figures 5E
and S5C). In line with this, a rescuing DYF-11 cDNA expressed only in AFD neurons was
unable to rescue KCC-3 localization defects of dy7-11 mutants (Figures 5H and 51). Thus,
while neuron cilia guide KCC-3 to a microdomain around AFD-NRE, the AFD itself is
dispensable for this compartmentalization.

Ciliary transport drives glial KCC-3 microdomain localization

We next wondered whether other cilium mutants similarly affect KCC-3 localization. We
performed a candidate screen of other regulators of cilium biogenesis and transport>#2°
(Figure S5E). Briefly, mutations in the cilium biogenesis regulator DAF-19/RFX
transcription factor, OSM-3/kinesin I, intraflagellar transport (IFT) CHE-11/IFT-A
component, DYF-11/IFT-B component, OSM-6/IFT-B component, BBS-8/BBsome, or
UNC-101/AP1 all led to aberrant expansion of glial KCC-3 to ad-neuronal regions

beyond its microdomain (Figure 5F). Further, all mutants except unc-101 retained higher
KCC-3 enrichment around AFD-NRE (Figure S5F). Finally, consistent with prior electron
microscopy (EM) studies, 1019 we found that AMsh morphology in daf19and dyf-11 mutant
animals appeared grossly normal, although the AMsh glia anterior regions appeared smaller
in daf-19 mutants (Figures S5G-S5I). Thus, these results indicated that KCC-3 localization
defects in cilium mutants were not secondary to AMsh glia shape defects. Taken together,
we concluded that ciliary IFT transport dictates loss of KCC-3 from non-AFD-NRE sites.

Cilia of two neurons drive glial KCC-3 microdomain localization

To determine which cilium NREs drive AMsh KCC-3 localization, we undertook both
candidate screening and cell-specific rescue studies to pinpoint the DYF-11 site of action.
Only sensory neurons in C. elegans are ciliated.>® Further, all non-AFD-NREs contacted by
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AMsh glia are cilium based and anatomically segregate into two classes: wing and channel
NREs (Figure 5A). First, we examined KCC-3 localization in mutants for the O1G-8/1g
domain protein, which regulates elaboration of wing NRE cilia,®’ and CHE-12/HEAT
domain protein, which affects only channel neurons.®8 ojg-8 mutants exhibited KCC-3
localization defects similar to cilium mutants, although with significantly less penetrance,
while che-12mutants had no effect on KCC-3 localization (Figure 5F). Thus, wing neurons
likely contribute to KCC-3 localization.

We then asked whether fate specification of wing neuron subtypes is relevant. We

examined KCC-3 localization in animals bearing mutations in specific neuron identity
determinants: ODR-7/nuclear hormone receptor (AWA), CEH-37/0tx homeo-domain
(AWB), CEH-36/0tx (AWC), and CHE-1/GLASS zinc (Zn) finger (ASE).59-51 These genes
act with DAF-19/RFX to specify the distinct NRE cilium shape for each neuron and, when
mutated, result in intact but mis-specified NRE cilia of specific neurons (Figure S5J).52 We
found that none of these mutants perturbed KCC-3 localization (Figure 5G). Consistent with
this, ablation of each of the three wing neurons (AWA/B/C) individually also did not alter
KCC-3 localization (Figure 5G). Thus, while cilia are required, the identity or presence of
single wing neuron cilia does not regulate KCC-3 localization.

We hypothesized that this may reflect functional redundancy across multiple cilia. So, to
identify the minimal set of cilia required, we performed cell-specific rescue experiments in
ayf-11 mutant animals, which showed a complete loss of KCC-3 microdomain localization
(Figures 5H and 51). DYF-11 expressed under its native Pgy£.77, P gpa-3 OF P tax.4 promoters,
which express in all, 9, or 10 amphid neurons respectively, rescued KCC-3 localization
(Figures 5H and 51). Thus, DYF-11 rescuing cDNA is functional when expressed broadly.
We then tested smaller, non-overlapping subsets of amphid neurons. P zz42 2 (all channel
neurons and AFD only) and P 79+ Pogr-7 (all wing neurons only) both exhibited equivalent
rescue, suggesting that the localization cue(s) is (are) broadly expressed. Finally, expression
under either combination of two neurons by P 4.7 (AWC and AWB) or P .35 (AWC+ASE)
was able to rescue. This was specific since expression in two other neurons by P ;-4

(2 channel neurons) did not rescue (Figures 5H and 51). Thus, AWC+X is the minimal
2-neuron combination to guide KCC-3 localization, with X being another amphid neuron.

AFD-NRE shape requires AMsh glial KCC-3 microdomain enrichment

To address the functional consequence of this glial molecular microdomain, we examined
the properties of both AFD and other NREs in kcc-3(0k228) mutant and mis-localized
KCC-3 transgenic animals.

First, we asked whether KCC-3 localization impacts AFD-NRE shape by assessing whether
mis-localized chimeras can rescue AFD-NRE shape of kcc-3mutants (Figures 6A-A").24
While expression of full-length KCC-3 in a kcc-3background rescued AFD shape, the
basolaterally localized chimera B failed to rescue AFD-NRE shape (Figure 6B). In contrast,
the apically localized Chimera G, which also retains microdomain enrichment, could rescue
kee-3(0k228) mutant AFD-NRE defects (Figure 6B). In corollary, a mutation in unc-101
that completely loses AFD-NRE microdomain enrichment had defects in AFD-NRE shape,
like kcc-3(0k228) mutant animals (Figure S6E). Thus, AFD-NRE shape and function require
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KCC-3 enrichment around AFD but are not impacted when KCC-3 expands to other ad-
neuronal regions. In line with this, mutations in dyf-11 and osm-6, which had aberrantly
expanded KCC-3 (Figure 3E), did not exhibit defects in AFD-NRE shape.24

AWC neuron activity requires the AMsh glial KCC-3 microdomain around AFD-NRE

To assess whether KCC-3 localization affected the shape and functions of non-AFD neurons,
we first examined their NRE shape. We found that loss of kcc-3did not impact the

shape of any other NRE tested (wing, AWA/B/C; channel, ASE) (Figures 6C-C’, 6D,

and S6A-S6D"). Further, overexpressing chimera G, which expresses in ad-neuronal/apical
membranes outside of the KCC-3 microdomain, also did not affect the NRE shape of at least
one of these neurons tested, AWA (Figures 6C” and 6D). For completeness, we also tested
whether neuron function was disrupted for channel and wing neurons by monitoring animal
sensory behaviors. Loss of KCC-3 did not impact salt chemotaxis, mediated by the ASE
channel neuron (Figures 6E and 6F). Unexpectedly, kcc-3 mutant animals showed impaired
AWA and AWC neuron-driven animal behaviors. Specifically, kcc-3 mutant animals failed
to chemotax toward attractive odorants sensed by AWA (methyl pyrazine and diacetyl) and
AWC (isoamyl alcohol and benzaldehyde) (Figures 7A and S7A), with deficits comparable
with impairments seen in either AMsh glia-ablated or dyf-11 sensory cilium-deficient
animals (Figures S7B and S7C).10:58 #£x-7 mutants, which have defective AFD-NRE shape
and function,” have intact AWA and AWC behaviors, suggesting that the chemosensory
defects of kcc-3mutants are not secondary to impaired AFD-NRE or its downstream circuit
neurons (Figure S7B). Further, expression of KCC-3 specifically in AMsh glia rescued

the chemotaxis defects of kcc-3 mutants animals completely for AWC and significantly

for AWA-driven behaviors, suggesting that these chemosensory defects were not due to a
role of KCC-3 in other glia that associate with downstream circuit neurons, such as the
CEPsh glia, which associates with the downstream interneurons83 (Figures 7A and S7A).
Thus, AFD-localized AMsh glial KCC-3 modulates distal AWC and AWA chemosensory
functions.

To confirm this surprising result, we assessed AWC neuron function directly by monitoring
intracellular Ca* dynamics via GCaMP imaging.53 We found that AWC neurons had
significantly dampened responses to isoamyl alcohol (both presentation and withdrawal)

in kcc-3mutant animals (Figures 7B-7D; Videos S3 and S4). Furthermore, in animals
expressing apical chimera F in the kcc-3(0k228) mutant background (localizes aberrantly to
ad-neuronal regions beyond the microdomain), AWC exhibited aberrantly variable Ca?*
responses to isoamyl alcohol (Figures 7E, S7D, and S7E), although average response
amplitudes across animals were not significantly impacted (Figures 7F and 7G). In line
with this, chimera F was unable to rescue AWC-driven behavior deficits of kcc-3(0k228)
mutant animals (Figure 7H) despite rescuing AFD-NRE shape defects (Figure 6B). Thus,
distal AWC-NRE cilia localize AMsh glial KCC-3 to a microdomain around AFD-NRE to
maintain its shape and function as well as the function of distal AWC-NRE. Altered KCC-3
localization has consequences for both thermosensory and chemosensory animal behaviors
(Figures 71-17).
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DISCUSSION

Our results provide single-molecule evidence that a single glial cell can differently regulate
associated neurons. Study of the underlying biology suggests that neurons can interact

with each other non-synaptically by regulating cues on shared glia. Using AMsh glia

as a powerful single-glia experimental platform, we show that the glial apical-like ad-
neuronal membrane is partitioned into multiple and distinct molecular microdomains around
individual NRE contact sites. Further, apical-like ad-neuronal membranes extend into a
boundary domain we term GAB. This is distinct from classic epithelial apical-basal polarity.
Focusing on one microdomain cue, the K/CI co-transporter KCC-3, as a molecular tool,

we uncover a two-step model for microdomain localization. First, KCC-3 localizes to
apical-like regions of the glia. Here, it is repelled by non AFD-NRE cilia, rendering it
localized to AFD-NRE (Figures 7G-G”). Finally, we find that microdomain localization of
KCC-3 to AFD-NRE not only regulates AFD-mediated thermosensory perception but also
the fidelity of non-AFD chemosensory neuron functions. This implies that regulation of glial
cue localization may be one mechanism by which glia-neuron units modulate and segregate
information processing across circuits.

Neuron cilium regulation of glial cues

We found that non-AFD-NRE cilia localize a glial membrane cue to a microdomain

through a signal transported by IFTA/B complex. Thus, a neuronal ciliary signal can modify
localization of glial cues and thereby alter properties of other glia-associated neurons. Most
mammalian cells have primary, non-motile cilia. In neurons and glia, their presence and
functions are only recently being appreciated.84-%6 To our knowledge, a role of neuron cilia
in guiding glial properties has not yet been reported. While the molecular identity of this cue
remains to be identified, possible suspects are ciliary extracellular vesicles.67:68

Glial cell polarity

We validate the prior observation?”:28 that AMsh glia membrane are polarized, with
ad-neuronal membranes localizing apical markers and ab-neuronal membranes localizing
basolateral markers. We further report that membranes marked by one of three ad-neuronal
molecular reporters (PH-PLCS&, KCC-3, or SAX-7) extend along the anterior-posterior
axis up to a boundary we term the GAB. In contrast to the classic apical-basal epithelia
polarity boundary, the GAB is not bound by the tight-junction proteins AJM-1/JAM or
DLG-/DiscsLarge. Rather, it is a tube-within-tube configuration of apical and basolateral
marked membranes. This distinguishing feature suggests that glial cell polarity is not a
simple epithelial polarity. Instead, we propose that AMsh glia cell biology is conceptually
analogous to the specialized polarity of astrocytes as well as neurons.®9.70 Specifically, we
posit that the GAB is a glial sorting center analogous to the neuronal axon initial segment
(AIS) that delimits diffusion of membrane proteins across the cell’s polarized domains
(neuronal axon/dendrite, glial ad-neuronal/ab-neuronal), a model we are currently testing.

Glial regulation of K/CI transporters

In C. elegans, KCC-3 acts in AMsh glia to regulate AFD thermosensory neuron shape and
function.24 We report here that its localization is restricted to AFD’s contact site on AMsh
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glia. This localization is independent of the canonical K/CI regulators, which were identified
primarily in KCC-2 studies, and depends on motifs that remain to be characterized. Thus,
glial regulation of KCC-3 is mechanistically distinct from how other cell types, including
neurons, regulate KCC-1/2 (Figures 3A-3D), highlighting the relevance of cell-specific
molecular studies.

KCC-3 is a SLC12A6 electroneutral K/CI co-transporter implicated in neurological diseases,
including autism, epilepsy, and schizophrenia.”~"4 Multiple C. elegans glia, as well as other
glia across species, localize KCC-3 to molecular microdomains. In rodents, Schwann cell
peripheral glia localize KCC-3 to apical microvilli around nodes.” In mammals, inner ear
Deiter cells (glia-like support cells) localize KCC-3 to basal poles of hair cells.”1:76 CNS
astrocytes and microglia also express KCC-3 at ad-neuronal membranes.”” Defining how
glia regulate KCC-3 sub-cellular localization and function, then, will be broadly relevant to
understanding neural functions and KCC-3-associated neurological diseases.

Glial microdomains and cross-modal information processing

Prior work hinted that AMsh glia may regulate different neurons unequally.10:23.24.78 Qyr
identifying that it makes at least three distinct molecular microdomains of regulatory cues
(KCC-3, LIT-1, and neither) around different NREs offers a mechanistic basis for this
glia-neuron specificity at single-cell resolution. Furthermore, an intriguing finding of this
study is that microdomain-localized KCC-3 also affects distal NRE functions without
altering their shape. How might this happen? Prior studies have shown that many glia-
associated amphid neurons express receptor guanylyl cyclases (rGCs) at glia-interfacing
ciliary membranes, and many of these rGCs /n silico have motifs reminiscent of the
canonical chloride-binding pocket, like AFD’s GCY-8/rGC2479:80 (data not shown). Further,
many of these neurons, including AWCON wing neurons, respond to K*, CI~, or Na*.81-

83 Thus, aberrant expression of glial KCC-3 at these NRE contact sites may change the
regional ionic balance and thus alter sensitivity to cues (Figures 6 and 7). An alternate
mechanism is based on the role of K*-CI~ co-transporters in regulating cell volume.84 In
this case, aberrant KCC-3 activity around nonAFD-NREs may alter glial cell volume and,
thereby, glia-NRE intermembrane spacing. If so, then this could alter the concentration of
other regulators at glia:NRE intercellular microenvironments, leading to aberrant neuronal
responses. While direct assessment of K* or CI~ levels or dynamic cell volume at these
glia-NRE subcompartments is currently technically limited, these models will be exciting to
test in future studies.

Independent functional studies have previously reported glial roles in tuning synapses and
animal behavior through neurotransmitter release®® and glia exhibiting functional Ca2*
microdomain responses to sensory cues and neuron activity.%:86-89 While the correlation
between functional and molecular microdomains remains to be determined, these insights
together lead us to speculate that glial cue microdomains may mediate cross-circuit
information processing by enabling non-synaptic neuron crosstalk.
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Limitations of the study

To determine where DYF-11 acts, we overexpressed DYF-11:GFP under different promoters
as extrachromosomal arrays. While multiple arrays were examined per conclusion, and
expression was tracked via bicistronic fluorescent tags, there may also be weak promoter
expression in other cells not detected by fluorescent reporters. Similarly, due to technical
limitations, we utilized multicopy extrachromosomal arrays of chimera proteins to study
aberrant KCC-3 localization.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Aakanksha Singhvi
(asinghvi@fredhutch.org).

Materials availability—Plasmids and stable strains generated in this study are available
without restrictions by contacting the lead contact.

Data and code availability

. All data reported in this paper will be shared by the lead contact upon request.
. This paper does not report original code.
. Any additional information required to reanalyze the data reported in this work

paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Caenorhabditis elegans—C. elegans were cultured as previously described.98:99 Bristol
N2 strain was used as wild type. Animals were raised at 20°C (unless noted) for at least
one week without starvation. L4 larval animals were picked to fresh plates and assayed 24 h
later, unless otherwise noted. See key resources table for a full list of mutant and transgenic
strains used in this study.

METHOD DETAILS

Germline transformation and integration—Germ-line transformations by micro-
injection to generate unstable extra-chromosomal array transgenes were carried out

using standard protocols.97 Integration of extra-chromosomal arrays was performed using
UV irratdiation. All transgenic arrays were generated with Ppig24:Venus, Pync.122:GFP,
Peit-2:MCherry, or Pync.122:RFP as co-injection markers,%4-96

Plasmids—All plasmids transformed into either DH5-alpha or XL-10 Gold competent
cells.

P anmsh: KCC-3:worm-mScarlet and Papsh: CFP:SL2:KCC-3:worm-mScarlet: Codon-
optimized worm mScarlet was synthesized by Genewiz with flanking Agel/EcoRI digestion
sites and cloned into pAB44 using Agel/EcoRI to make pSR1 (pF53:worm-mScarlet).
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mScarletand the unc-54 3’ UTR was cloned into pAS272 (Pamsh:KCC-3:mcherry) using
Agel/Apal from pSR1 to make pSR5 (Panmsh: KCC-3:mScarlet [out of frame]). Site-directed
mutagenesis was used to add TATG in front of mScarlet in pSR5 to make pSR7
(Pamsh:KCC-3:mScarlet [in frame]).

CFP was PCR amplified from plL43 (gift from Max Heiman) with flanking
Fsel/Xbal sites and inserted into pAS548 (pSM:SL2:mCherry) to make pSR9
(pSM:CFP:SL2:mCherry). CFP-SL2 was then PCR amplified from pSR9 and
inserted into pSR7 (Pamsh:KCC-3:mScarlet) using Fsel/Ascl to make pSR11
(Pamsh:CFP:SL2:KCC-3:mScarlet).

KCC-1/KCC-2: cDNA for C. elegans KCC-1 (WB-GENE: WBGene00006504) and
KCC-2 (WB-GENE: WBGene00019205) were PCR amplified in one (KCC-2) or two
(KCC-1) segments from a mixed stage cDNA library and cloned into pSR7 using BamH1/
EcoRI (KCC-1) or BamH1/Sall (KCC-2) to generate pSR17 (Pamsh:KCC-1:mScarlet) and
pSR61/62 (Pamsh:KCC-2:mScarlet).

KCC-2/KCC-3 chimeras: We used a PCR fusion based approach to create KCC-2/KCC-3
chimera proteins.10 Briefly, 2 or more segments of KCC-2 or KCC-3 were PCR amplified
with nested primers. The 3" primer for every segment but the last included a 24bp overhang
to the following segment. In the first PCR, all KCC segments are amplified independently.
In the second PCR, nested primers fuse the independent segments to create one contiguous
KCC chimeric protein. This product is then inserted into pSR7 using BamH1/Sal1 sites to
create the final plasmid.

KCC-2/KCC-3 deletions and mutations: Small (<12 bp) deletions in KCC-3 or KCC-2
were induced using the Q5 site-directed mutagenesis Kit. Base pair changes were induced
using standard site-directed mutagenesis protocols.101

DYF-11 rescue constructs: All promoters were PCR amplified from gDNA of mixed stage
animals and inserted into pAN1 (P,£11:DYF-11:GFP) using either Sphl/Sall or Gibson
assembly. Promoters cloned: P 5.2 (5.4 Kb upstream start codon), P x4 (3.1 kb upstream
start codon), Pg,.79 (3.6 kb upstream start codon), P .7 (2.4 kb upstream start codon),

P 1022 (602 bp upstream start codon), P op-36 (3 kb upstream start codon), and P44 (2.3
kb upstream start codon). P 7314 7 (5.7 kb upstream start codon) and P, 70 (1 kb upstream
start codon) were also cloned but failed to show expression.

RNAi—PIlasmids expressing double-stranded RNA were obtained from the Ahringer
Library.102 The L4440 empty vector was used as a negative control and pros-1 RNAI used
as positive control. Synchronized L1 animals were fed RNAI bacteria.193 L4 animals were
moved to a fresh plate of RNAI bacteria and scored 24 h later for KCC-3 localization. RNAI
experiments were done on ASJ306 (dnals10 V; nsls228 |).

Microscopy, image processing and analysis—Worms were immobilized with 40mM

sodium azide and placed on 2% SEAKEM agarose pads. Images were collected on a
Deltavision Elite RoHS wide-field deconvolution system, 40x/1.3 NA oil-immersion or OLY
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100x%/1.40 NA oil-immersion objective and a DV Elite CMOS Camera. Some images were
also captured on a VisiTech iSIM super resolution microscope. Image processing was done
in F1JI ImagelJ.

Laser ablation—Laser ablation was done on the photoactivation system on the Deltavision
Elite RoHS wide-field microscope. L1 animals were picked and mounted on an agar pad on
a glass microscope slide. One AFD neuron was focused with a 100x objective plus digital
zoom. The neuron was blasted with a 405 laser at 100% for 2s to kill the neuron. Animals
were rescued off the agar pad and allowed to recover on an NGM plate. AFD cell death was
assessed the following day for lack of GFP fluorescence in AFD. Animals were scored for
KCC-3 localization one day later, in day 1 adults.

Dyf-11 rescue experiments—All constructs were injected into ASJ583 (dyf-11(mn392);
dnals10 [Pamsh:KCC-3:mScarlet]). For blinded scoring, both extra-chromosomal array-
positive and negative animals were assessed for KCC-3 localization first and then for
presence of the rescue construct.

Chimera neuron shape rescue experiments—For blinded scoring, both extra-
chromosomal array-positive and negative animals were assessed for neuron (AFD/AWA)
shape first and then for presence of the rescue construct.

Behavioral assays—All chemotaxis behavioral assays as previously described.82 Briefly,
animals are placed at the black dot, 1 pL odorant diluted in ethanol is placed at +, and 1

pL ethanol is placed at — (Figure 5G). 1 pL of 1M sodium azide is also placed at both +

and - points to anesthetize animals. Animals are allowed to explore on the plate for 1hr.

All assays performed on day 1 adult animals. The Chemotaxis Index (CI) was calculated

ag (@nimals f;l:l);m%’:l'l’:”ls =) and Modified Chemotaxis Index (Clmoq) Was calculated as

(animals at +) — (animals at —),
(animals at +) + (animals at —)’

Statistical analysis was performed with unpaired t test (Graphpad).

to account for the larger population of “non-deciding” animals.

Calcium imaging—Calcium imaging was conducted in microfluidic chambers.104
Imaging was performed at 7 Hz on a Leica DMi8 inverted microscope with a 63x/1.40 NA
oil immersion objective and an Andor iXon Life 888 EMCCD camera, using Leica LAS-X
software. L4 animals were picked 24 h prior to imaging and left in 20°C overnight. Animals
were immobilized using 1 mM levamisole prior to being loaded into the imaging chamber.
Animals were presented with alternating S-Basal buffer and 0.01% isoamyl alcohol diluted
in S-basal buffer. Image analysis was performed using ImageJ. AF/F was calculated by
(F-Fg)/Fg where Fpwas designated by the average fluorescent intensity prior to odor
presentation (t = 1s - t = 10s). All data was collected as “nascent” response, wherein animals
were not pre-exposed to IAA prior to assay.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data and statistics were graphed and analyzed using Prism9. Proportional data is
presented as the proportional sum across multiple days of data collection +95% confidence
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interval. Two-Sided Fisher’s Exact tests were performed to compare across genotypes.
One-way ANOVAs with Bonferroni’s multiple comparisons were performed to assess peak
responses for the calcium imaging dataset.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

C. elegans AMsh glia form distinct molecular microdomains of cues around
different neurons

Glial KCC-3 localizes only to membranes contacting AFD temperature-
sensing neurons

Distal non-AFD neuron cilia repel glial KCC-3 and constrain it to a
microdomain around AFD

Glial KCC-3 localization regulates AFD and non-AFD neuron function and
associated behaviors
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Figure 1. KCC-3 localizes specifically around AFD-NRE
(A and A”) Schematic of a whole C. elegans (A) with a magnified region of the head (A")

showing a schematic of AMsh glia (gray) and three contacting neurons (magenta, red, and
blue).

(B and B") Schematic of AMsh glial contact sites with microvilli of AFD (magenta),
channel (blue), and embedded wing (red) neurons as side profiles (B) and a top-down
orthogonal view (B") at the plane denoted by the arrow line in (B). Only one of the bilateral
glia-neuron pairs is shown.

(C-C”) Fluorescent images of AMsh KCC-3 (C, green), AMsh glia (C’, magenta), and
merge (C”, 8/8 animals). A dashed line indicates the outline of the animal.

(D-G"”) Magnification the region in the white dotted boxes in C-C”.

(D-D”) Fluorescence images of AMsh KCC-3 (D, green), AMsh glia (D’, magenta), and
merge (D”) showing restricted microdomain localization of KCC-3 (38/38 animals). Yellow
arrows denote the region of AMsh glia that lacks KCC-3.
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(E-E”) Fluorescence images of AMsh KCC-3 (E, green), an AFD neuron (E’, magenta),
and merge (E”) showing KCC-3 localization to AFD-NREs (white arrows, 30/30 animals).
(F-F”) Fluorescence images of AMsh KCC-3 (F, green), an ASE neuron (F’, magenta),
and merge (F”) showing lack of KCC-3 localization to ASE-NREs (yellow arrows, 15/15
animals).

(G-G”) Fluorescence images of AMsh KCC-3 (F, green), AWC neuron (F’, magenta),

and merge (F”) showing lack of KCC-3 localization to AWC-NREs (yellow arrows, 20/20
animals).

(C-G”) Colored boxes correspond to schematic colors in (B).

(H-J) Fluorescence images of KCC-3 expressed under the AMsh-specific promoter
(Pgs3£4.19 in L2/L3 larvae (H), day 1 adults (1), and day 10 adults (J). Magenta asterisks
denote regions of AFD enrichment. A yellow arrow denotes expansion of KCC-3 beyond the
microdomain. White arrowheads denote the GAB.

(K) Quantification of KCC-3 localization with age. n = number of animals on graph. ****p
< 0.0001 compared with day 1 adults (Fisher’s exact test). Scale bars: 5 um. All imaging
data were gathered across multiple days/biological replicates. See also Figure S1.
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¢

apica

AMsh:apical

Figure 2. KCC-3 localizes to a glial apical microdomain in an age-dependent manner
(A) Schematic of AMsh glia with apical and basolateral (baso) membranes marked.

(B-D) Fluorescence images of AMsh membranes tagged with BasoRed (B, 37/37 animals),
ApiGreen (C, 24/24 animals), and a PH-PLC apical marker (D, 15/15 animals). Dashed lines
indicate the outline of the animal.

(E) Magnification of the AMsh glia in the black dotted box in (A).

(F-F”) Fluorescence images of AMsh KCC-3 (F, green), truncated SAX-7 labeling AMsh
apical membranes (F’, magenta), and merge (F”). White arrows denote overlay between
KCC-3 and the AMsh apical marker (5/5 animals).

(G-G”) Fluorescence images of P..;KCC-3:GFP (G, green), full-length SAX-7 labeling
AMsh basolateral membranes (G, magenta), and merge (G”). KCC-3 present outside of
AMsh basolateral membranes is derived from other glia. Yellow arrows denote lack of
co-localization between KCC-3 and AMsh basolateral membranes (4/4 animals).

(H-H") Fluorescence images of AMsh KCC-3 (H, green), truncated SAX-7 labeling AMsh
apical membranes (H’, magenta), and merge (H”). Yellow arrows denote the region of
AMsh apical membranes that lacks KCC-3. KCC-3 and the AMsh apical marker co-localize
at the GAB (3/3 animals).

(I-1") Fluorescence images of AMsh KCC-3 (I, green), the tight junction protein AJIM-1 (I,
magenta), and merge (I”). Note the lack of AJM-1 protein at the GAB (7/7 animals). Insets:
magnification of the white dotted box.
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White arrowheads denote the GAB. Scale bars: 5 um unless otherwise noted. All imaging
data were collected over multiple days/biological replicates. See also Figure S2.
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Figure 3. Microdomains as a general feature of glia
(A and A") Schematic of multiple microdomains in AMsh glia as a side profile (A) and

top-down orthogonal view (A”) at the plane denoted by the arrow in (A). The KCC-3
microdomain is shown in green, the VVAP-1 channel microdomain in blue, and the AWC
wing neuron microdomain in red.

(B-B”) Fluorescence images of KCC-3 (B, green), VAP-1 (B, magenta), and merge (B”)
denoting separate microdomains (5/5 animals).
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(C-C”) Fluorescence images of AWC (C, green), VAP-1 (C’, magenta), and merge (C”)
denoting separate microdomains (4/4 animals).

(B-C") Colored boxes in correspond to schematic colors in (A).

(D) Fluorescence image of KCC-3 in /it-1 mutants. A yellow arrow indicates expansion of
KCC-3 beyond the microdomain.

(E and E”) Fluorescence images of VAP-1 in wild-type (E) and kcc-3mutant (E”)
backgrounds.

(F and F") Fluorescence images of LIT-1-1 in wild-type (F) and kcc-3mutant (F”)
backgrounds.

(G) Quantification of KCC-3 localization in daf-6, che-14, lit-1, and snx-1 mutants. Data
represent 2—4 biological replicates.

(H) Quantification of VAP-1 localization in the wild type (WT) and kcc-3 mutant. Data
represent 3 biological replicates.

(1-1") Fluorescence images of KCC-3 expressed under the CEPsh-specific P .77 promoter
(1, green), CEPsh glia (1", magenta), and overlay (1”) denoting apical KCC-3 (5/5 animals).
(3-J”) Fluorescence images of KCC-3 expressed under the AMsh/PHsh-specific P z53£74 73
promoter (J, green), PHsh glia (J°, magenta), and overlay (3”) denoting apical KCC-3 (7/7
animals).

Dashed lines in (I-J”) indicate the outline of the animal. **p < 0.01, ****p < 0.0001.
Fisher’s exact test. Scale bars: 5 um. n = number of animals on graph. All imaging data were
collected over multiple days/biological replicates.
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Figure 4. Glial KCC-3 localizes in a two-step process through two protein regions
(A) Phylogenetic tree denoting the relationship and sequence similarity of the three C.

elegans KCC proteins.

(B) Regions of high sequence dissimilarity between KCC-3 and KCC-1/2 from in silico
sequence alignment studies, with orange denoting regions of high sequence dissimilarity.

(C) Quantification of KCC-1 and KCC-2 localization when expressed in AMsh glia
compared with KCC-3. Data represent 3-5 biological replicates and 1-2 technical replicates.
(D-F) Fluorescence images of KCC-1 (D), KCC-2 (E), and KCC-3 (F). Scale bars: 10 pum.
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(G-I) Fluorescence images of KCC localization patterns seen in KCC chimeras. A yellow
arrow points to apical expression beyond the microdomain. A white arrowhead denotes the
glial apical boundary (GAB). Dashed lines indicate the outline of the animal. Scale bar: 5
um.

(J) Quantification of localization patterns seen in KCC chimeras in WT and kcc-3 mutant
backgrounds. Data represent 2—3 biological replicates and 1-3 technical replicates.

(K) Quantification of localization patterns seen in KCC chimeras.

Worms were assessed over 2-5 biological replicates. *p < 0.05, ****p < 0.0001, Fisher’s
exact test. n = number of animals on graph. All imaging data were collected over multiple
days/biological replicates. See also Figure S14.
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Figure 5. Glial KCC-3 localization is regulated by distal non-AFD-NRE cilia
(A) Schematic showing distribution of microvilli and cilium structures in amphid NREs.

(B) Quantification of KCC-3 localization in ftx-1, dyf-11, tax-2, and gcy-8(ns355) mutants
compared with the WT. Data represent 2—3 biological replicates.

(C-C”) Fluorescence images of KCC-3 (C, green), AMsh glia (C’, gray), and merge (C”)
in dyf-11 cilium mutant animals. A yellow arrow points to apical expression beyond the
microdomain. White arrowheads denote the GAB. Dashed lines indicate the outline of the
animal. Scale bar: 5 mm.

(D) Schematic of genetic and laser ablation protocols to assess KCC-3 localization without
AFD.

(E) Quantification of KCC-3 localization in adults after genetic and laser ablation compared
with mock animals. Data represent 2 biological replicates.

(f) KCC-3 localization in cilium mutants. Data represent 1-3 biological replicates.

(G) Quantification of KCC-3 localization in amphid neuron identity mutants (odr-7, ceh-37,
ceh-36, and che-1) and after wing neuron (AWA, AWB, and AWC) laser ablation. Data
represent 1-4 biological replicates.

(H and 1) Quantification of KCC-3 localization in DYF-11 rescue experiments (H). X refers
to promoter(s) used for rescue experiments. The identity of X and the neurons in which the
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promoter(s) is (are) expressed are expanded in (I). Orange denotes expression in associated
neurons. #, ODR-4 expresses in an ASX and an ADX neuron, but the exact identity of these
neurons is unclear. ##, the CEH-36 rescue construct also has ODR-10 and R13H4.1, but
only CEH-36 showed expression. Data represent 2-5 biological replicates and 1-3 technical
replicates.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; Fisher’s exact test to WT. n = number
of animals on graph. See also Figure S5.
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Figure 6. Microdomain localization of KCC-3 regulates AFD shape
(A and A") Fluorescence images of AFD-NRE in WT (A) and kcc-3(0k228) mutants (A").

(B) Quantification of AFD-NRE shape rescue with WT KCC-3, a basolaterally localized
KCC-2/KCC-3 chimera (chimera B), and an apically localized KCC-2/KCC-3 chimera
(chimera G). Fisher’s exact test. *p < 0.05, ****p < 0.0001.

(C-C”) Fluorescence images of AWA in WT animals (C), kcc-3 mutant animals (C”), and
animals that express the apically localized KCC-3 chimera (C”, AP chimera).

(D) Quantification of AWA shape in WT animals, kcc-3 mutant animals, and animals that
express the apically localized KCC-3 chimera (chimera G). Fisher’s exact test.

(E) Schematic of chemotaxis assays, including the equations for the chemotaxis index (Cl)
and modified chemotaxis index (Clyoq)-

(F) Behavioral quantifications for ASE-sensed tastant (100 mM NaCl). Data show mean +
SD. One-way ANOVA with Tukey’s post hoc test.

Scale bars: 5 um. n = number of animals on graph. Data represent at least 2 biological
replicates. See also Figure S6.
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Figure 7. Schematic of KCC-3 localization in AMsh glia
(A) Behavioral quantification of AWC-sensed odorants (1% isoamyl alcohol [IAA] and

0.5% benzaldehyde). Data show mean + SD. Significance compared with the WT. One-way
ANOVA, Tukey’s post hoc test. **p < 0.01, ***p < 0.001.

(B) Averaged raw calcium transients in animals with the addition of 0.01% IAA in AWC
neurons expressing GCaMP6s. Solid lines represent the average across 10-12 different
animals in WT (blue) and kcc-3 (red) backgrounds.
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(C) Peak calcium responses when the animal is presented with a stimulus (p = 0.043,
Mann-Whitney test). (D) Peak calcium responses when IAA was removed (p = 0.0068,
Mann-Whitney test).

(E) Averaged raw calcium transients in WT animals and two independently derived
transgenic animal strains expressing the ad-neuronal KCC-3 in the kcc-3 mutant
background.

(F and G) Peak calcium responses when 1AA was added and removed, respectively (p =
0.15, p = 0.059, Kruskal-Wallis test).

(H) Behavioral quantification of AWC-sensed odorant (1% IAA) with animals expressing
ad-neuronal KCC-3. Data show mean + SD. One-way ANOVA, Tukey’s post hoc test.
(1-1”) KCC-3 localization in a two-step process regulates multisensory processing. N-
terminal sequences dictate ad-neuronal vs. basolateral localization. Neuron cilia as well
as C-terminal KCC sequences determine microdomain localization.

Data represent at least 2 biological replicates. See also Figure S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli OP50 CGC OP50; RRID:WB-STRAIN:
WBStrain00041969

E. coliHT115 CGC HT115: RRID:WB-STRAIN:

E. coliDH5a competent cells

E. coli XL10-Gold ultracompetent cells

Fisher Scientific

Agilent Technologies

WBStrain00041079
Cat#: 18-265-017
Cat#: 200314

Chemicals, peptides, and recombinant proteins

Sodium Azide
Tagq DNA Polymerase

Q5 High-Fidelity DNA polymerase

ExTaq DNA polymerase

PfU Ultra High-Fidelity DNA polymerase

T4 DNA ligase
Agel-HF
EcoRI-HF

Apal

BamHI-HF
Sall-HF

Sphl-HF

Ethanol, ACS Reagent Grade
Isoamyl Alcohol
Benzaldehyde
2-Methylpyrazine
2,3-Dutanedione
NaCl

Chloroform

Sigma-Aldrich

Sibgene

New England Biolabs (NEB)
Takara

Agilent Technologies

New England Biolabs (NEB)
New England Biolabs (NEB)
New England Biolabs (NEB)
New England Biolabs (NEB)
New England Biolabs (NEB)
New England Biolabs (NEB)
New England Biolabs (NEB)
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Fisher Scientific

Fisher Scientific

Cat#: S-2002
Cat#: SG-1-500
Cat#: M0491L
Cat#: RROla.m.
Cat#: 600380
Cat#: M0202L
Cat#: R3552S
Cat#: R3101L
Cat#: R0114S
Cat#: R3136L
Cat#: R3138L
Cat#: R3182L
Cat#: 459844-4L
Cat#: W205702
Cat#: 418099
Cat#: W330906
Cat#: 11038
Cat#: S271-500
Cat#: C298-500

Critical commercial assays

Gibson Assembly Master Mix

Q5 Site-Directed Mutagenesis Kit

QIAprep Spin Miniprep Kit

New England Biolabs (NEB)
New England Biolabs (NEB)
Qiagen

Cat#: E2611S
Cat#: E0552S
Cat#: 27106

Experimental models: Organisms/strains

Wildtype

kce-3(0k228) 1
unc-23(e25)\V
che-14 (0k193) 1

CGC

Singhvi et al. (2016)24
CGC
CGC
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REAGENT or RESOURCE SOURCE IDENTIFIER
daf-6(e1377) X CGC CB1377
lit-1(ns132) 1l Oikonomou et al. (2011)34 083402
snx-1(ns133) X Oikonomou et al. (2012)% 054343
wik-1(tm487)/mec-3(e1338) IV NBRP FX00487
RO8C7.2(0k1681) IVInT1 [qls51] (IV; V) CcGC VC1258
argk-1(0k2973)V/ CcGC MAH172
ttx-1(p767)V CGC PR767
ayf-11 (mn392) X CcGC SP1713
tax-2(p691) | CcGC PR691
gcy-8(ns335) IV Singhvi et al. (2016)% 058595
daf-19(m86) \I; daf-12(sa204) X CGC JT6924
unc-101(m1)\ CGC DR1
che-11(e1810)V CGC CB3330
osm-6(p811)\ CGC PR811
bbs-8(nx77)\V CGC MX52
0sm-3(p802) IV CGC PR802
che-12(e1812)V CGC CB3332
0ig-8(0t818) 11 CGC OH13813
che-1(p679)1 CGC PR679
ceh-37(0k642) X CGC RB823
odr-7(ky4) X CGC CX4
ceh-36(ky646) X CGC CX5893
nSIS228 [ Pyypy.1:GFP + Py 120:RFP | Singhvi et al. (2016)24 0S4565
1515373 [Paypy-1tGFP + P12 REFPl X Singhvi et al. (2016)%* 0S7270
KVIS37 [Pogr10°GEP + lin-15(+)] 11 CcGC CX3260
kyl5104[Pyy.,:GFP| lin-15B&1in-15A(n765) X CcGC CX3553
kyI5140 [Pyyy.:GFP + lin-15(+)] | CGC CX3695
kyls136 [ Pgy.5:GFP + lin-15(+)] X Troemel et al. (1999)% CX3261
ntIs1 [Pyy.5:GFP+ lin-15(+)] V CGC OH3192
nSEx5658 [ kce-3:GFP fosmid + P,,,,-g_24.'venu5] Singhvi et al. (2016)2 059978
anaEx117 [pPCM11{ Prszry 13-SAX-7:MApPPIE} + Prjg.24 venusj Martin et al. (2022)28 ASJ382
anakx95 [PCMT7{ Prszrs 13-SAX-70elacyt:STGFPY + Prjg.24:venus] Martin et al. (2022)28 ASJ345
anals19 [PCMT7{ Prssry 15:SAX-7delacyt:STGFP} + Pryyg.o4'verus]? Martin et al. (2022)28

hmnls30 [ Prigre 3 AIM-1:YEP] Lowetal. (2019)27 CHB2522
xnls17 [Pp; .- DLG-1:GFP + rol-6(su1006)]? CGC FT63
NSEX2606 [pG038{Prozs11 5 GFP-UT-1}] Oikonomou et al. (2011)3 054546
NSEXA131 [Pyap.1-VAP-1:STGFP + Prjg.24:venusj This study 0S7635
1515105 [Pryp.17°GEP] | Katzetal. (2019)°! 0S1914
oyls44 [Podr-1-RFP]V CGC PY2417
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oyIs87[Pga ns:myr-GFP] I Maurya and Sengupta PY10421
(2021)%2
NSEX4394 [pIF29{ Pyyy15:DYF-11:GFP} + Py :mCherry] Raiders etal. (2021)% 058259
1515228 [ Poypy1:GEP + Py 15:REP) |; kec-3(0k228) 11 Singhvi et al. (2016)24 0S9081
ns1s109 [Pr16rg 3:DTA(G53E) + Pype.122:GFP? Bacaj et al. (2008)10 051932
pekls123 [Poy.1.GCaMP6s:SL2:mCherry + Py, 255 N€0R.1pl-28UTR + Gift from Jihong Bai BJH878
Punc-122:mCherry]
anaEx6 [pSRT{ Prssr4 13:KCC-3:mScarlet} (5 ng/uL) + This study ASJ30
PAS326{Pyup.;- VAP-1:SfGFP} (20 ngluL) + Peyr.o:mCherry (10 ng/uL) +
pBluescript (65 ng/uL)]
anaEx28 [pPSRT{ Prssrs 13 KCC-3:mScarlet} (5 ngluL) + Ppjg.24venus (30 This study ASJ134
ng/uL) + pBluescript (65 ng/uL)/
anakEx54 [pSR11{Prs3r4 13- CFP.SL2:KCC-3.:mScarlet} (5 ng/uL) + This study ASJ221
Prmig-24-venus (530 ng/uL) + pBluescript (65 ng/uL)]
dnals10[integration of dnaEx28]V 2x OUT This study ASJ286
dnals15 [integration of dnaEx54] 1V 4x OUT This study ASJ463
kce-3(0k228) 11, kyls136 X This paper 0S3909
kce-3(0k228) 1; kyls104 X This study ASJ237
kce-3(0k228) 11, ntls1NV This study ASJ229
kce-3(0k228) 1, nsEx4131 This study ASJ1195
kce-3(0k228) 1, nsEx2606 This study ASJ1225
kee-3(0k228) 1; oyls87 111 This study ASJ628
anakxe; tix-1(p767) \V This study ASJ128
anakxé; tax-2(p691) | This study ASJ129
anakxe; gey-8(ns335) IV This study ASJ136
anakEx28; kyls3711 This study ASJ202
anakEx28; kyls104 X This study ASJ203
anakex28; ntls1V This study ASJ188
anakEx28; che-1(p679) | This study ASJ277
anaEx28; ceh-37(0k642) X This study ASJ285
anakx28; odr-7(ky4) X This study ASJ307
anakEx28; ceh-36(ky646) X This study ASJ308
anals10V; osm-3(p802) \V This study ASJ1105
dnals10V; kyls104 X This study ASJ787
anals10V; dyf-11 (mn392) X) This study ASJ583
anals10V; kyls1401 This study ASJ304
anals10V; nsls2281 This study ASJ306
anals10V; che-14 (0k193)1 This study ASJ467
anals10V; nsls2281; daf-6(e1377) X This study ASJ424
dnals10V; nsls2281; lit-1(ns132) 111 This study ASJ468
anals10V; nsls2281; snx-1(ns133) X This study ASJ373
anals10V; wnk-1 (tm487)/nTI (1V; V) This study ASJ1214
dnals10V; xnls17? This study ASJ1160
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anals10V; kyls1401; unc-23(e25)V This study ASJ316
dnals10\: hmnls30? This study ASJ305
anals10V; nsls2281; kce-3(0k228) 1 This study ASJ341
anals151\V; argk-1(0k2973)V This study ASJ511
anals151V; daf-19(m86) ; daf-12(sa204) X This study ASJ1074
dnalsi51V; unc-101(m1)| This study ASJ1075
anals151\V; che-11(e1810)V This study ASJ1098
adnals151V; osm-6(p811)V This study ASJ676
anals151\V; bbs-8(nx77)\V This study ASJ1111
anals151\V; che-12(e1812) This study ASJ1094
anals151V; oig-8(ot818) 1l This study ASJ1102
dnalsi51V; oyls87 111 This study ASJ824
anals151V; nsls2281; dyf-11(mn392) X This study ASJ536
nsIs373 X; unc-101(mi)| This study ASJ1189
oyIs44\; nsEx4131 This study ASJ55
anakEx515 [pO01{ Prssr4 13- PH-PLCdelta.GFP} (5 nq/uL) + P,ye.120RFP(20  This study ASJ1141
ng/uL) + pBluescript (65 ng/pL)]

anaEx312 [pSRT{Prssr4 15 KCC-3:mScarlet} (5 nq/uL) + Pye.120-RFP (25 This study ASJ790
ng/uL) + pBluescript (70 ng/uL)]; anals1i9

anaEx256 [kec-3:GFP fosmid (50 ng/uL) + This study ASJ753
PCM11{Prszry 13- SAX-7:mAppfe} (5 na/uL) + P,pe.120:RFP (15 ng/pL) +

pBluescript (30 ng/uL)]

anals19?; dnaEx224 [pCM11{Prs3r4 13- SAX-7.mAppfe} (2.5 ng/uL) + This study ASJ694
Pyne-120-RFP (30 ng/uL) + pBluescript (67.5 ng/uL)]

anakx514fpPG6 { P17, KCC-3:mScarlet} (20 ng/uL) + coel:RFP (20 ng/uL)  This study ASJ1140
+ pBluescript (60 ng/uL) /; ns/s1051

anaEx84 [pPSRLT {Prssry4 13- KCC-1a:mScarlet} (5 ng/UL) + Py o4:venus (30 This study ASJ317
ng/uL) + pBluescript (60 ng/uL)/

anakx75, 76 [pSR15¢Prszrs 13 KCC-2a:mScarlet} (5 ngluL) + Pryjg.24venus This study ASJ278, 279
(30 ng/pL) + pBluescript (60 ng/uL)]

anaEx153 [pSR24{ Prszrs 13:ChimeraA:mScarlet} (5 ngIuL) + Prjg. 24 venus This study ASJ469
(30 ng/pL) + pBluescript (65 ng/uL)]

anaEx193 [pSR27{ Prszrs 13:ChimeraB:mScarlet} (5 ngluL) + Pyyy.24-venus This study ASJ632
(30 ng/pL) + pBluescript (65 ng/uL)]

anaEx206 [pSR33{ Prszrq4iz-ChimeraC:mScarlet} (5 ng/uL) + Pyye.120:RFP (15  This study ASJ671
ng/uL) + pBluescript (80 ng/pL)]

anaEx314, 315, 316 [pSRA3{ Prs3r4 13-ChimeraD.mScarlet} (5 ng/uL) + This study ASJ792, 793, 794
Pyne-120-RFP (25 ng/uL) + pBluescript (70 ng/uL)]

anakx325, 351, 352 [pSRA5{ Prs3r4 13-chimeras:mScarlet} (5 ng/uL) + This study ASJ803, 834, 835
Pne-122-RFP (25 ng/uL) + pBluescript (70 ng/uL)]

anabx322 [pSRA{ Prs3r4 13-ChimeraF:mScarlet} (5 ng/uL) + P e.100.RFP This study ASJ800
(25 ng/uL) + pBluescript (70 ng/uL)]

anabx454 [pSR25{ Prs3r4 13-ChimeraG.mScarlet} (5 ng/uL) + Pyye.120:GFP This study ASJ1133
(15 ng/uL) + pBluescript (60 ng/uL)]; ns/s2281

anaEx410 [pSR83{ Prs3r4 13- ChimeraH.mScarlet} (5 ng/uL) + Pye.120:GFP This study ASJ931

(15 ng/uL) + pBluescript (80 ng/uL)]
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anaEx446 [pSR87{Prs3r4 13:Chimeral:mScarlet} (5 ng/uL) + P,e.100.GFP This study ASJ1015
(15 ng/uL) + pBluescript (80 ng/uL)]

anaEx410; nsls228|; kce-3(0k226) 1 This study ASJ1185
anaEx454; nsls2281; kcc-3(0k228) 1l This study ASJ1024
anaEx454; oyls87 111 This study ASJ1177
anaEx454; oyls87 |1, kce-3(0k228) 11 This study ASJ1218
anaEx386 [pSR69{ Prs3r4 13 KCC-2perions-mScarlet} (5 ng/uL) + This study ASJ878
Pync-122-RFP (15 ng/uL) + pBluescript (80 ng/uL)]

anaEx413 [pSR71{ Prs3r4 15 KCC-2pppetionz-mScarfet} (5 ng/uL) + This study ASJ934
P ne-122-RFP (15 ng/uL) + pBluescript (80 ng/uL)]

anakEx430 [pSR66{ Prs3r4 13 KCC-3geretions-mScarlet} (5 ng/uL) + P This study ASJ970
i22-RFP (15 ng/uL) + pBluescript (80 ng/uL)]

anaEx407 [pSR73{ Prs3r4 15 KCC-3epetiona-mScarfet} (5 ng/uL) + This study ASJ928
Pne-122-RFP (15 ng/uL) + pBluescript (80 ng/uL)]

anabEx387 [PSR67{ Prssr4 13 KCC-3yepetions-mScarlet} (5 ng/uL) + This study ASJ879
Pune-122-RFP (15 ng/uL) + pBluescript (80 ng/uL)]

anaEx425 [pSR75{ Pessrs 13 KCC-3eperions-mScarlet} (5 ng/pL) + This study ASJ960
Pne-122-RFP (15 ng/uL) + pBluescript (80 ng/uL)]

anabx252, 257, 302 [pSR39{ Prs3r4 13-KCC-2) | spn-mScarlet} (5 ng/uL) + This study ASJ744, 754, 764
Pune-122-RFP (15 ng/uL) + pBluescript (80 ng/uL)]

anakx253, 254 [pSRAL{ Prssr4 13- KCC-3s7-a4-mScarlet} (5 ng/uL) + This study ASJ745, 746
Pne-122-RFP (15 ng/uL) + pBluescript (80 ng/uL)]

anaEx339 [pSR59 {P/:53F4‘13'KCC'3TVGE>AVGE.'mSCgf/ef} (5 ng/uL) + This Study ASJB820
P une-122-RFP (25 ng/uL) + pBluescript (70 ng/uL)]

anaEx332 [pSR61{ Prs3rs 15 KCC-3r1ssaaa-mScarlet} (5 ng/uL) + This study ASJ813
Piunc-122-RFP (25 ng/uL) + pBluescript (70 ng/uL)]

anabx79[pIFA8 {Psp-1.EGL-1} (50 ng/uL)+ Py o:mCherry (10 ng/uL) + This study ASJ289
pBluescript (60 ng/pL)]; ns/s2281

anakx7z9; dnals10V; nsls228\ This study ASJ309
anaEx221 [pANL{Pyyr.11-DYF-11.GFP} (70 ng/uL) + Pypc.120RFP (30 This study ASJ691
ng/uL)]; dnals10V; dyf-11 (mn392) X)

AnaEx450, 453, 488 [pSR85{Pr ;07 5:DYF-11:GFP} (50 ng/uL) + P,c.120'RFP  This study ASJ1019, 1023, 1076
(15 ng/uL) + pBluescript (35 ng/uL)]; dnals10V, adyf-11 (mn392) X)

anaEx337 [PSR5T{ Pyps3:DYF-11.GFP} (50 ng/uL) + Pyy.120:RFP (30 This study ASJ818
ng/uL) + pBluescript (20 ng/uL)]; dnals10V; dyf-11 (mn392) X)

anakEx317 [pSR53{ P4 DYF-11:GFP} (10 ng/uL) + P,pe.120-RFP (30 ng/uL)  This study ASJ795
+ pBluescript (60 ng/uL)]; dnals10V; dyf-11 (mn392) X)

anakEx334 [pSR35{ Py DYF-11:GFP} (10 ng/uL) + pSR56 This study ASJ815
{Pipp-10:DYF-11:GFP} (10 ng/uL) + Pype.120°RFP (30 ng/uL) + pBluescript

(50 ng/uL)]; dnals10V; dyf-11 (mn392) X)

anaEx418 [pSRT7{Pr;3n4 - DYF-11:GFP} (30 ng/uL) + This study ASJ943
PSR79{Pyep.36:DYF-11:GFP} (30 ng/uL) + pSR82{ Pyy.10:DYF-11:GFP} (30

NQ/UL) + Pype-120:RFP (15 ng/uL)]; dnals10V; dyf-11 (mn392) X)

anabx207 [pSR35{P,y.; DY F-11:GFP (5 ng/uL)+ P,pe120:RFP (30 ng/uL) } This study ASJ672
+ pBluescript (65 ng/uL); dnals10V; dyf-11 (mn392) X)

anaEx326 [pSR52{ P,,gr4-DYF-11:GFP (10 ng/uL) + P,pe.120/RFP (30 ng/uL)}  This study ASJ804
+ pBluescript (40 ng/uL)}; dnals10V; dyf-11 (mn392) X)

nSEx4394; dyf-11 (mn392) X) This study ASJ701
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anakEx444 [pSR27{ Prs3r4 13:ChimeraB.mScarlet} (5 ng/uL) + P,pe.120:GFP] This study ASJ1013

(15 ng/uL) + pBluescript (80 ng/uL); ns/s2281; kce-3(0k228) 11

anaEx449 [pSR27{Prs3r4 13-ChimeraB:mScarlet} (5 ngluL) + Pype.120°GFP] This study ASJ1018

(15 ng/uL) + pBluescript (80 ng/uL); ns/s2281; kcc-3(0k228) 1l

anaEx462 [pSR25{ Prs3r4 13:ChimeraG:mScarlet} (5 ng/uL) + Pye.100-GFP] This study ASJ1034

(15 ng/uL) + pBluescript (80 ng/uL); ns/s2281; kce-3(0k228) 11

pekls1234x OUT This study ASJ560
pekls123, kcc-3(0k228) 1 This study ASJ592
pekis123; kce-3(0k228) N; dnaEx599 [pPSR25 {Prssry 13:ChimeraG:mScarlet}  This study ASJ1282

(5 ng/uL) + Pype-120'GFP (20 ng/pL) + pBluescript (75 ng/pL)/

pekls123; kec-3(0k228) 11; dnaEx600 [pSR25 {Prssry 13:ChimeraG:mScarlet}  This study ASJ1283

(5 ng/uL) + P,pe.120 GFP (20 ng/uL) + pBluescript (75 ng/uL)/

Oligonucleotides

mScarlet F mutagenesis primer: This study N/A
CGACTCTAAGTCGACGGTACCGGTtatggtatcgaagggagagge

mScarlet R mutagenesis primer: This study N/A
GCCTCTCCCTTCGATACCATAACCGGTACCGTCGACTTAGAGTCG

Fse-CFP F primer: aaGGCCGGCCATGAGTAAAG This study N/A

Xba-CFP R primer: cttctagaCTATTTGTATAGTTCATCCATGCC This study N/A

Asc-SL2 R primer: tGGCGCGCCacagcagttt This study N/A

KCC-1 a segA F primer: aaggatccATGACAACCGGCA This study N/A

KCC-1 a segA R primer: ACGAATTCCGTCTCCCCATTCT This study N/A

KCC-1 asegB F primer: CGGAATTCGTGGACTTGCTCTC This study N/A

KCC-1 a segB F primer: tGTCGACatCGAGCTCTCCG This study N/A

See Table S1 for additional oligonucleotides N/A N/A
Recombinant DNA

PSR1 {Prszrq 13-:mScarlet:unc-54 3’ UTR} This study pASJ1/pSR1
PSR5 {Prs3r413-KCC-3:mScarlet.unc-54 3’UTR (out of frame)} This study pASJ5/pSR5
PSR7 {Prs3r413KCC-3:mScarlet:unc-54 3°UTR (in frame)} This study pASJ7/pSR7
PSR {Prs3r413 CFP.SL2:mKate2:unc-54 3°UTR} This study pASJI32/pSR9
PSR11 {Prs3r4 13- CFP.-SL2:KCC-3:mScarlet:unc-54 3’ UTR} This study pASJ35/pSR11
PSR15 {Prssrs 13 KCC-2a:mScarlet.unc-54 3’'UTR} This study pASJ61/pSR15
PSR17 {Prs3e4 15 KCC-1a:mScarlet:unc-54 3’ UTR} This study pASJ94/pSR17
PSR24 {Prs3rq4 13:ChimeraA:mScarlet.unc-54 3’'UTR} This study pASJ113/pSR24
PSR25 { Prs3r4.13-ChimeraG.mScarlet.unc-54 3°UTR} This study pASJ117/pSR25
PSR27 { Prs3r4.13-ChimeraB:mScarlet:unc-54 3’ UTR} This study pASJ132/pSR27
PSR33 {Prs3e4.153 ChimeraC:mScarlet:unc-54 3’ UTR} This study pASJ146/pSR33
PSR35 { P,y DYF-11:GFP:unc-54 3’'UTR} This study pASJ150/pSR35
PSR39 {Prs3r4.13 KCC-2; | sqan-mScarlet:unc-54 3’ UTR} This study pASJ201/pSR39
PSRA1 {Prs3r4 13- KCC-3ssqn-mScarlet:unc-54 3°'UTR} This study pASJ203/pSR41
PSRA43 {Prs3r4 15 ChimeraD:mScarlet.unc-54 3’'UTR} This study pASJ227/pSR43
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PSRA5 {Prs3r4 13-chimeras:mScarlet:unc-54 3’UTR} This study pASJ228/pSR45
PSRA49 {Prs3r4 15 ChimeraF:mScarlet:unc-54 3’UTR} This study pASJ230/pSR49
PSR52 {Popys: DYF-11:GFP:unc-54 3’'UTR} This study PASJ233/pSR52
PSR53 { Pray.s DYF-11:GFP:unc-54 3°UTR} This study pASJ234/pSR53
PSR56 {Pyjp.19:DYF-11:GFP:unc-54 3'UTR} This study pASJ252/pSR56
PSR57 {Pypa. 5 DYF-11:GFP:unc-54 3'UTR} This study PASJ253/pSR57
PSR59 {Prs3r4.13- KCC-31v6e5av6e-mScarlet:unc-54 3’UTR} This study pASJI254/pSR59
PSR61 {Prs3r4 13- KCC-3rrssaaa-mScarlet:unc-54 3’ UTR} This study pASJ256/pSR61
PSR66 { Prs3r4.13-KCC-3yeserions-mScarlet:unc-54 3’ UTR} This study pASJ275/pSR66
PSR67 {Prs3r4.15 KCC-3eserions-mScarlet:unc-54 3’UTR} This study pASJ276/pSR67
PSR69 {Prs3r4.13- KCC-2heperions-mScarlet:unc-54 3’ UTR} This study pASJ277/pSR69
PSR71 {Prs3r4.13- KCC-2hejerionz-mScarlet:unc-54 3’ UTR} This study pASJ290/pSR71
PSR73 { Prs3r4.13- KCC-3yepetiona-mScarlet:unc-54 3°UTR} This study pASJ291/pSR73
PSR75 {Prs3r4.15 KCC-3eserions-mScarlet:unc-54 3’UTR} This study pASJ292/pSR75
PSR77 {Prigps1-DYF-11:GFP:unc-54 3’'UTR} This study pASJ293/pSR77
PSR79 { Prepy.36:DYF-11:GFP:unc-54 3°UTR} This study pASJ295/pSR79
PSR82 { P10 DYF-11:GFP:unc-54 3’UTR} This study pASJ297/pSR82
PSR83 {Prs3r4.153 ChimeraH:mScarlet.unc-54 3’UTR} This study pASJ328/pSR83
PSR85 {Prigs 5 DYF-11.GFP:unc-54 3’ UTR} This study pASJ381/pSR85
PSR87 {Prs3r4.13-Chimeral:mScarlet.unc-54 3’ UTR} This study pASJ383/pSR87
PCM7 { Prssry 13 SAX-7deltacyt:sfGFP:unc-54 3'UTR} Martin et al. (2022)%8 PASJ74/pCM7
PCM11 { Prssrs 15°SAX-7:mApple:unc-54 3’ UTR} Martin et al. (2022)28 pASJ82/pCM11
PAS272 { Prssry 13:KCC-3:mCherry:unc-54 3°UTR} This study pAS272

PCF27 { P\ .1 VAP-1:SfGFP:unc-54 3°UTR} This study pAS326/pCF27
PABAT { Prs3rs 13- SL2:mKateZ:unc-54 3’ UTR} This study pAS548/pAB47
pIF48 { sy EGL-1:unc-54 3°UTR} Raiders etal. (2021)%3 PASA447/pJFA8
PAB44 {Prssry 13-mKate2:unc-54 3’'UTR} This study pAS545/pAB44
pOO1 {Prs3r4 13 PH-PLCdelta:GFP} This study pASJ350/p001
PANL {Ppyr.11:DYF-11:GFP} This study pASJ9/pAN 1
pPG6 {Ppy.;7-KCC-3:mScarlet} This study pASJ410/pPG6
Prig-24Venus Abraham et al. (2007)% N/A
Ponc-12-GFP Miyabayashi et al. (1999)% N/A
Punc-122"RFP Miyabayashi et al. (1999)% N/A
Peir.2:mCherry Armenti et al. (2014)% N/A
pBluescript Melloetal. (1991)%7 N/A

L4440 empty vector Ahringer RNAI library N/A

pros-1 RNAI Ahringer RNAI library WBGene00000448
wnk-1 RNAI Ahringer RNAI library WBGene00006941
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kce-3:GFP fosmid TransgeneOme WBGene00019205 Clone
1D:9914866399944241 H10

Software and algorithms

FLJI ImagelJ https://fiji.sc/;
RRID:SCR_002285

Prism 10 GraphPad https://www.graphpad.com/;
RRID:SCR_002798

ApE Wayne Davis https://
jorgensen.biology.utah.edu/
wayned/ape/;

RRID:SCR_014266
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