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SUMMARY

Glia and accessory cells regulate the microenvironment around neurons and
primary sensory cells. However, the impact of specific glial regulators of ions
and solutes on functionally diverse primary cells is poorly understood. Here, we
systemically investigate the requirement of ion channels and transporters en-
riched in Caenorhabditis elegansAmsh glia for the function of chemosensory neu-
rons. Although Amsh glia ablated worms show reduced function of ASH, AWC,
AWA, and ASE neurons, we show that the loss of glial enriched ion channels
and transporters impacts these neurons differently, with nociceptor ASH being
the most affected. Furthermore, our analysis underscores the importance of
K+, Cl�, and nucleoside homeostasis in the Amphid sensory organ and uncovers
the contribution of glial genes implicated in neurological disorders. Our findings
build a unique fingerprint of each glial enriched ion channel and transporter and
may provide insights into the function of supporting cells of mammalian sensory
organs.

INTRODUCTION

Sensory apparati across species are composed of primary sensory cells and accessory cells, including glia.

For example, the mammalian olfactory epithelium is composed of olfactory sensory neurons and

supportingmicrovillar and sustentacular cells, in addition to immature neurons and basal stem cells. Micro-

villar and sustentacular cells are intimately associated with the olfactory neurons, enwrapping their cell

body, and have been suggested to provide physical, metabolic, and ionic support to the olfactory sensory

neurons.1–5 Similarly, in the mammalian taste buds, glial-like type I cells have cytoplasmic lamellae that en-

sheath the type II and type III cells that mediate detection of tastants in the oral cavity. Type I cells partic-

ipate in transmitter clearance6,7 and regulate the concentration of K+ and Cl� in taste buds.8–10 Further-

more, type I cells have been recently shown to respond to ATP released by type II cells with an increase

of intracellular Ca2+, suggesting that they may release gliotransmitters.11

The functional role of the olfactory supporting cells has been recently brought to the forefront by the

COVID-19 pandemic. Indeed, anosmia is one of the earliest, most prevalent, and long-lasting symptoms

of SARS-CoV-2 infection, affecting up to 85% of infected individuals.12 Intriguingly though, the SARS-

CoV-2 virus primarily infects the olfactory supporting microvillar and sustentacular cells that express the

viral entry proteins ACE2 and TMPRSS2,13–15 suggesting that those accessory cells are crucial for olfaction.

Despite data demonstrating that supporting cells of the chemosensory apparatus are essential for

function, little is known about the molecular mechanisms underlying the contribution of these cells to

sensory perception.

C. elegans responds to odorants and tastants primarily via the amphid sensory organ. This is a bilateral

organ located in the head of the worm, which is composed of 12 pairs of sensory neurons, ten of which

are chemosensory neurons, and two pairs of supporting glial cells called the amphid sheath (Amsh) and

the amphid socket (Amso) cells. Cell ablation studies and studies usingmutants have shown that Amsh cells

are needed for the structure and/or function of the amphid sensory neurons.16–22 Exciting recent work has

also shown that the Amsh cells directly respond to odorants and touch via the activation of cell autonomous

receptors and intracellular signaling.23,24
iScience 25, 105684, December 22, 2022 ª 2022 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:lbianchi@med.miami.edu
https://doi.org/10.1016/j.isci.2022.105684
https://doi.org/10.1016/j.isci.2022.105684
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.105684&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ll
OPEN ACCESS

2 iScience 25, 105684, December 22, 2022

iScience
Article



Figure 1. Specific Amsh cells’ channels and transporters are required for chemotaxis

(A) The volcano plot of RNA-sequencing data shows the expression of all the genes in Amsh cells compared to the other C. elegans cells.20 The genes with a

p< 0.05 and log2 fold change larger than +/� 1 are labeled in cyan. The genes with a p> 0.05 or log2 fold change smaller than +/� 1 are labeled in red. The

enriched ion channel and transporter genes studied here are labeled in black.

(B) The table of enriched ion channel and transporter genes, their function, and their human homologs.

(C) Chemotaxis assay of mutant strains for the genes shown in Figure 1B. Time to response to the odorant octanol (10%) in seconds (n = 10 to 270), attraction

index to isoamyl alcohol (1:1000) (n = 4 to 55), diacetyl (1:1000) (n = 4 to 19), and Na-acetate (0.2 M) (n = 4 to 47) for all the mutant strains. Positive and negative

controls were wild type (WT) and tax-2(p691) or odr-3(n2150). The K+ channel genes (twk-21, twk-33, kqt-2, and egl-36) are shown in brown, the K+/Cl�

transporter gene (kcc-1) is shown in green, the Cl� channel genes (clh-1, clh-3, and best-9) are shown in blue, the cation channel gene (gtl-1) is shown in red,

and the solute carrier genes (abts-4, ent-4, glt-5, and ttm-1) are shown in magenta. clh-1data were published and are shown in white.24

(D) Time to response to octanol (10%) (n = 33 to 90), (E) attraction index to isoamyl alcohol (n = 4 to 13), (F) attraction index to diacetyl (n = 4), and

(G) attraction index to Na-acetate (n = 5) of the mutants (solid color columns) and Amsh glia specific rescues (checkered columns) as shown.

(H) Time to response to octanol (10%) (n = 12 to 104), (I) attraction index to isoamyl alcohol (n = 6 to 30), (J) attraction index to diacetyl (n = 6) and (K) and

attraction index to Na-acetate (n = 11 to 18) of the mutants (solid color columns) and Amsh glia specific knockdown (checkered columns) as indicated.

Individual data points as well as means +/� SE are shown in each panel. p values were calculated by ANOVAwith Tukey’s correction. For attraction to isoamyl

alcohol, diacetyl, and Na-acetate �30 animals were tested in each experiment to determine the attraction index. For octanol avoidance the number

indicates the number of animals tested.
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Despite great progress in understanding the function of the worm Amsh, much remains to be learned and

leveraged to gain insights into the function of supporting cells in the mammalian chemosensory organs.

Moreover, the glia/neuron crosstalk occurring in this sensory apparatus of the worm canmodel glia/neuron

cross talk in other parts of the nervous system across species. Toward this goal, in the past we have taken

the unbiased approach of RNA sequencing, identifying �1000 Amsh glial enriched transcripts.20,24 Here,

we focus on glial ion channel and transporter genes identified in that study as they are excellent candidates

to mediate mechanisms of glia/neuron cross talk, including control of the microenvironment surrounding

the sensory neurons. This approach led recently to the identification of glial ClC Cl� channel CLH-1 as a

major regulator of nose touch response in C. elegans.24 Using behavioral assays, Ca2+ imaging, and phar-

macological approaches, we present here an analysis of the role of 13 additional Amsh cell enriched genes

in chemosensory function. These genes include the clh-1 homolog clh-3, voltage-gated and two pore

domain K+ channels, a bestrophin gene, a K+/Cl� cotransporter, a glutamate transporter, a glutamate-

gated channel, a TRP channel, and transporters of bicarbonate, zinc, and nucleoside. We show how the

loss of these genes in glia causes distinct effects on glia and sensory neurons, suggesting their specific roles

in glia/neuron cross talk in chemosensation.

RESULTS

Loss of specific Amsh channels and transporters causes chemosensory deficits

Glia regulate neuronal function by control of ions and solutes, including neurotransmitters and neuropep-

tides, in the extracellular environment. Thus, in our small-scale screen, we focused on genes that encode

plasma membrane ion channels and transporters, which are likely involved in these processes (Figure 1A).

We found that Amsh are enriched in transcripts encoding for transporters of bicarbonate, Cl�, K+, gluta-

mate, Zn2+, and nucleosides, as well as channels permeable to K+, Cl�, and cations (Figure 1B). A review

of three other RNA sequencing and DNAmicrochip databases confirm that these transcripts are expressed

in Amsh glia across development in C. elegans, supporting that these genes function in these cells16,25,26

(Figure S1). Amsh glia are also enriched in several innexin transcripts and express many more channels and

transporters, but those were not studied here (Figure S2).

To determine whether these genes are needed for chemosensory function in C. elegans, we performed

behavioral assays on mutants. We selected the aversive odorant octanol, the attractive odorants isoamyl

alcohol and diacetyl, and Na-acetate to test the function of polymodal nociceptors ASH, chemosensory

neurons AWC and AWA, and salt sensing neurons ASE and to a lesser extent ASG, respectively.27–29 For

the two-pore domain channels twk-21 and twk-33, mutants were not available, so we resorted to using

Amsh glia specific RNAi. We found that although some of the mutants displayed chemosensory deficits

when tested with these odorants, others behaved like wild type (Figure 1C). More specifically, mutants

of the K+ channels kqt-2 (two independent alleles) and egl-36, the K+/Cl� cotransporter kcc-1 (two

independent alleles), the Cl� channel best-9, and the nucleoside transporter ent-4 displayed reduced

aversive response to octanol. egl-36, kcc-1, and the Cl� channel clh-3 displayed reduced chemotaxis to

isoamyl alcohol. Finally, kcc-1 and clh-3 showed reduced attraction to diacetyl and Na-acetate,

respectively.
iScience 25, 105684, December 22, 2022 3



Figure 2. No changes in the morphology of Amsh glia and amphid sensory in channel and transporter mutants

(A) A florescence image showing Amsh cells expressing GCamP-6s under the control of the Amsh specific promoter

T02B11.3.16 The cell body, process, and ensheathing glial ending are shown by the dotted line. The size bar corresponds

to 20 mm.
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Figure 2. Continued

(B–D) The area of cell body, length of process, and area of ensheathing endings, respectively, of Amsh cells in WT, kqt-2,

egl-36, kcc-1, clh-3, best-9, and ent-4 mutant worms.

(E) A confocal image of the cilium of an ASH neuron in a wild type worm.

(F–G) The length and area of ASH neuron’s cilia in wild type and mutants with reduced octanol avoidance.

(H) A confocal image of the cilium of an AWC neuron in a wild type worm.

(I) The area of the cilia of AWC neurons in wild type and mutants with reduced attraction to isoamyl alcohol egl-36, kcc-1,

and clh-3 worms.

(J) The cilium of an ASEL neuron in a wild type worm.

(K–L) The length and area of the cilium of an ASER and ASEL neuron is shown for WT and clh-3 mutant as indicated. A

represents anterior, P represents posterior. Data are shown as individual data points as well mean G SE. The size bars for

e, h, and j correspond to 5 mm p values were calculated by ANOVA with Tukey’s correction. n is shown in the columns.
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These results show that more mutants had altered response to octanol and isoamyl alcohol than diacetyl

and Na-acetate. However, using worms in which Amsh glia were genetically ablated, Bacaj et al. showed

that ASH, AWC, AWA, and ASE neurons all require Amsh glia for function,16which we confirmed under

our experimental conditions (Figures S3A-S3D). These results suggest the requirement of different ions

and solutes’ regulators for distinct sensory functions. To further test this idea, we assayed nose touch

response, which is primarily mediated by nociceptor ASH, in kqt-2(ok732) (the kqt-2 allele used from

here onward given the similarity in the behavioral responses between the two alleles), egl-36, best-9,

kcc-1(ok648) (the kcc-1 allele used from here onward given the similarity in the behavioral responses be-

tween the two alleles), and ent-4 mutants, all of which display reduced response to the aversive odorant

octanol (Figure 1C). We added clh-1mutants as control, as we recently showed that this channel is needed

in Amsh glia for nose touch responses.24 We found that these 5 mutants responded to nose touch just like

wild type (Figure S3E). Conversely, clh-1 mutants respond normally to octanol but are severely nose touch

insensitive (Figures 1C and S3E).24 These results support the idea that each function requires the activity of

specific regulators of ionic and solute homeostasis in the C. elegans Amphid sensory organ. Our results

also confirm that ablation of the Amsh glia has more global effects than the knockout of individual regula-

tors of ion/solute transport.

To determine whether it is the loss of these channels and transporters in Amsh glia that causes the chemo-

sensory phenotype, we performed experiments in cell specific rescue and RNAi strains. We found that all

the chemosensory phenotypes were rescued by expression of the corresponding wild type cDNA in Amsh

glia (Figures 1D–1G) and were recapitulated by Amsh glia knockdown (Figures 1H–1K). In the case of K+/

Cl� cotransporter kcc-1, which is required for three distinct sensory behaviors, we also used human KCC1

for the rescue experiments. We found that human KCC1 rescues, albeit not as well as the worm KCC-1, the

C. elegans chemosensory deficits when expressed in Amsh glia of kcc-1mutants, supporting conservation

of function across species (Figures 1D–1F). To conclude, K+ channels kqt-2 and egl-36, the K+/Cl� cotrans-

porter kcc-1, Cl� channels best-9 and clh-3, and the nucleoside transporter ent-4 are needed in Amsh glia

for distinct chemosensory functions (Figure 8). Given that we have not tested the response of thesemutants

to all sensory stimuli, it remains possible that the mutants that did not show any chemosensory or touch

deficits in our assays are defective in other sensory modalities including response to temperature, UV light,

sound, and electric fields.30–34 Nevertheless, we focused the rest of our study on the mutants with reduced

response to octanol, isoamyl alcohol, diacetyl, and Na-acetate.

Normal morphology of glia and neurons in chemosensory mutants

We next wondered whether chemosensory deficits in channel and transporter mutants were caused by

abnormal morphology of glia or sensory neurons.16 We thus measured the sizes of glia and neurons in

mutants expressing GFP in these cells. For Amsh glia, we measured the size of the cell body, the length

of the cellular process, and the area of the ensheathing ending in the mutants (Figures 2A–2D). We found

nomajor morphological difference among the mutants, except for a slightly smaller Amsh cell body in clh-3

worms, supporting that these channels are not involved in establishing or maintaining Amsh glia

morphology. The smaller cell body size observed in clh-3 worms is likely because of the overall small

size of these mutants (Figures S4A and S4B). Of interest, we did not find any difference in length of the

Amsh cellular process in clh-3 despite their shorter body (Figure 2C). Closer inspection of the cellular pro-

cesses revealed that they have more bends in clh-3 than in wild type, possibly explaining this discrepancy

(Figures S4C and S4D). Moreover, clh-3mutants respond normally to octanol and diacetyl suggesting that

not all the functions of the Amsh glia are lost in these mutants. A shorter body, but not as short as in clh-3
iScience 25, 105684, December 22, 2022 5



Figure 3. Glial channels and transporters needed for chemotaxis are required for the function of Amsh cells

(A–F) Calcium transients generated in Amsh by perfusion with octanol (1:1,000, yellow shaded area) as measured by % increase of GCaMP-6s fluorescence

above the baseline (DF/F0) in wild type andmutants with reduced octanol avoidance kqt-2, egl-36, kcc-1, best-9, and ent-4 for the first stimulation (black) and

second stimulation (red) (left panels). The right panels show the peak percentage of GCaMP-6s (DF/F0). n is shown within each left panel.

(G) Average time to peak in seconds of octanol induced Ca2+ transients for the indicated strains.

(H) The relative to wild type basal calcium levels of Amsh glia for the indicated strains. For g and h, the n is indicated in the columns.
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Figure 3. Continued

(I–L) Calcium transients generated in Amsh by perfusion with isoamyl alcohol (1:100, cyan shaded area) as measured by % increase of GCaMP-6s fluorescence

above the baseline (DF/F0) in wild type, and mutants with reduced isoamyl alcohol avoidance egl-36, kcc-1, and clh-3 for the first stimulation (black) and

second stimulation (red). The right panels show the peak percentage of GCaMP-6s DF/F0. n is shown in each left panel.

(M) Average time to peak in seconds of isoamyl alcohol induced Ca2+ transients for the indicated strains.

(N) The relative to wild type basal calcium levels of Amsh glia for the indicated strains. The n is indicated in the columns. Data are shown as mean G SE. p

values are shown in the panels and were obtained by unpaired Student’s t-test or in the case of panels g h, m, and n by ANOVA with Tukey’s correction.

ll
OPEN ACCESS

iScience
Article
mutants, was also observed in kcc-1 mutants, but not in all the other mutants analyzed here (Figures S4A

and S4B). For the neurons, we focused on the cilia, which are the terminal dendrites that house transduction

molecules (Figures 2E-2L).35–38 We did not find any gross abnormality in the morphology or size of the cilia

of ASH, AWC, or ASE neurons in these mutants, despite our experimental setup being able to detect�25%

change in the size of the cilia in animals reared on hypertonic plates containing a-methyl-D-glucopyrano-

side (NMG) (Figures S4E-S4G). AWA neurons could not be analyzed because of the low GFP expression in

odr-10:GFP (kyIs53 X) transgenics (image not shown).39 In conclusion, although we cannot exclude

submicroscopic changes, our data support that kqt-2, egl-36, kcc-1, best-9, and ent-4 are needed for

the function rather than the overall structure of Amsh glia and the sensory neurons (Figure 8).

Reduced response of glia to odorants in chemotaxis mutants

Amsh glia respond to odorants and touch by rise in intracellular Ca2+.23,24 We thus wondered whether the

channels and transporters needed for chemosensory function were also needed for Amsh glial Ca2+ tran-

sients in response to exposure to odorants. We focused on responses to octanol and isoamyl alcohol, as in

behavioral assays they show the requirement of multiple channels and transporters. Thus, we monitored

in vivo intracellular Ca2+ in wild type and mutant animals expressing GCaMP-6s in Amsh glia. In wild

type animals, we found robust and slow Ca2+ transients upon exposure to 1:1000 octanol, which were

reduced in amplitude upon exposure with the odorant a second time (Figure 3A). These results are consis-

tent with previously published data and support that Amsh glia respond to and adapt to octanol.23 When

we imaged kqt-2, egl-36, kcc-1, best-9, and ent-4mutants we found that the Ca2+ transients in response to

exposure to octanol were smaller than in wild type, consistent with the reduced response of these mutants

in behavioral assays (Figures 3B-3F and S5A). However, there were some notable differences between the

mutants. First, adaptation was not seen in kqt-2, egl-36, and kcc-1 mutants, but was still present in best-9

and ent-4mutants. Second, the time to peak was faster in kqt-2mutants as compared to wild type and the

rest of the mutants (Figure 3G). These results suggest that kqt-2, egl-36, best-9, and ent-4 are needed for

different aspects of regulation of Amsh glial intracellular Ca2+ rise upon exposure to octanol (Figure 8).

To confirm, as reported by Chen et al.,40 that the rise of intracellular Ca2+ in Amsh glia is mediated by

activation of L-type voltage-gated Ca2+ channels, we monitored intracellular Ca2+upon exposure with

octanol in animals pre-treated with the L-type channel blocker nifedipine. We found that Ca2+ transients

were completely suppressed in these animals (Figure S6A). Because of its voltage dependence, a

depolarized membrane potential is expected to cause chronic activation of L-type Ca2+ channels with

consequent rise of intracellular Ca2+ at baseline. Given that kqt-2, egl-36, best-9, and kcc-1 are regulators

of the flux of K+ and Cl� ions across the membrane, and thus may directly or indirectly influence the resting

membrane potential, we asked whether intracellular Ca2+ at baseline was altered in these mutants. To

answer this question, we quantified GCaMP-6s fluorescence at baseline as a measure of intracellular

Ca2+ concentration. We found that indeed intracellular Ca2+ was higher in kqt-2, egl-36, best-9, and

kcc-1 as compared to wild type (Figure 3H). Knock-out of the equilibrative nucleoside transporter ent-4

does not change intracellular Ca2+, consistent with the fact that this is not an ion transporter and thus is

not expected to influence the membrane potential.41 Of interest, although in WT intracellular basal Ca2+

is higher before the second exposure to octanol as compared to the first one, in the mutants it is at the

same level (Figure 3H). This is consistent with the idea that the mutants might be already in an adapted

state even before the first stimulation with octanol.

When we monitored the Amsh glia response to 1:100 isoamyl alcohol in wild type, we also found slow

robust Ca2+ transients that adapted upon second exposure with the odorant, which was again consistent

with published work (Figure 3I).23 Analysis of egl-36 and kcc-1 mutants yielded results like the ones

obtained in animals perfused with octanol, though a tendency to adaptation persisted, perhaps as a result

of the higher concentration of odorant used in these experiments (Figures 3J,3K, and S5B). Similarly, clh-3

mutants displayed smaller Ca2+ transients and no statistical difference in the amplitude of Ca2+ transients
iScience 25, 105684, December 22, 2022 7
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between the first and second exposure to isoamyl alcohol (Figures 3L, S5B, and 8). Time to peak was not

statistically different than wild type in any of the mutants (Figure 3M). But egl-36, kcc-1, and clh-3

mutants all displayed higher intracellular Ca2+ at baseline prior to the first and second exposure to isoamyl

alcohol as compared to wild type, again suggesting that they either directly or indirectly, influence the

membrane potential of Amsh cells (Figure 3N). On the contrary, in wild type intracellular Ca2+ is statistically

higher prior to the second exposure to isoamyl alcohol than it is prior to the first one, as shown for octanol

(Figure 3N). Finally, we tested the response of Amsh glia to 0.5, 1, and 2 M Na-acetate and found no

changes in intracellular calcium (Figures S6B-S6D). This is consistent with findings by Duan et al. and sug-

gest that Amsh glia are likely insensitive to changes in extracellular Na+ concentration.23 To conclude, our

analysis of Amsh glia response to octanol and isoamyl alcohol reveals that K+ channels kqt-2 and egl-36,

Cl� channels best-9 and clh-3, the K+/Cl� cotransporter kcc-1, and the nucleoside transporter ent-4 are

all needed for the generation of Ca2+ transients and for cellular adaptation in these cells upon exposure

to odorants.

To determine whether changes in intracellular Ca2+ in Amsh glia correlate with animal behavior, we

knocked down the L-type Ca2+ channel egl-19 in these cells and then monitored behavioral responses.

As expected, RNAi of egl-19 in Amsh glia, leads to smaller Ca2+ transients upon exposure to octanol

and isoamyl alcohol (Figures S6E-S6H).40 Importantly, egl-19 Amsh glia RNAi animals respond less to

both octanol and isoamyl alcohol (Figures S6I and S6J). The change in morphology of glia seen in egl-19

mutants was not observed in RNAi experiments, probably because of residual EGL-19 activity40 (Fig-

ure S6K). Taken together, these results are consistent with the idea that changes in intracellular Ca2+ in

Amsh glia correlate with animal behavior.

Our results show that mediators of K+ and Cl� transport across the Amsh cells plasma membrane are

required for chemotaxis in C. elegans. We wondered whether mediators of transport of the same ion act

within the same molecular pathway. To test this idea, we exploited the concept of genetic epistasis by

which knockout or knockdown of two genes within the same pathway leads to a phenotype like the one

caused by the individual mutations. We thus built kqt-2;egl-36 RNAi, best-9;kcc-1 RNAi, and clh-3;kcc-1

double mutants, and tested whether their chemotaxis phenotype was similar to or worse than the single

mutants. In all three strains, we found that the chemotaxis phenotype was like that of single mutants (Fig-

ure S7). Even though we cannot rule out the possibility that RNAi may lead to incomplete elimination of the

expression of the genes, these results suggest that kcc-1, clh-3, and best-9 on the one hand and egl-36 and

kqt-2 on the other act within the same molecular pathways to orchestrate responses to the odorants octa-

nol and isoamyl alcohol.

Chloride changes in glia in response to odorants

We published that Amsh glia undergo changes in intracellular Cl�upon touch stimulation.24 To determine

whether Cl� concentration changes in Amsh glia upon exposure to odorants too, we monitored fluores-

cence changes in Amsh glia expressing SuperClomeleon. We found robust and slow rise in intracellular

Cl� in Amsh glia of wild type upon exposure with octanol (Figure S8A). Of interest, although the second

touch stimulation causes a decrease of intracellular Cl� in Amsh glia, which we showed is mediated by

Cl� efflux via the CLH-1 channel,24 the second exposure to octanol still causes an increase in Cl� concen-

tration (Figures S8A and S8D). When we monitored Cl� changes in Amsh glia of the Cl� channel and trans-

porter mutants best-9 and kcc-1, we found similar results, though the second exposure to the odorant

caused adaptation (Figures S8B-S8D). Isoamyl alcohol also caused raise in intracellular Cl� in wild type,

though to a smaller degree than octanol (Figure S8E). In clh-3 mutants glial intracellular Cl� changes

were greatly reduced suggesting that CLH-3 may mediate Cl� influx into glia (Figures S8F and S8H). On

the contrary, in kcc-1 mutants Cl� changes were robust and showed marked adaptation, similarly to

what seen upon perfusion with octanol (Figures S8G and S8H). These results show that Amsh glia undergo

changes in intracellular Cl�upon exposure to odorants and that Cl� channels and transporter best-9, clh-3,

and kcc-1 are involved in the regulation of these changes. Changes in intracellular Cl� concentration in

Amsh glia may affect the resting potential of these cells and their Cl� efflux which we showed plays a

key role in GABA signaling from glia to neurons.24

Altered Ca2+ in ASH neurons of chemotaxis mutants

The response to octanol in the worm is primarily mediated by ASH neurons, with ADL and AWB neurons

participating only in the absence of food or when ASH neurons are ablated.27,42,43 Duan et al. showed
8 iScience 25, 105684, December 22, 2022



Figure 4. ASH neuronal function in channel and transporter mutants

Calcium transients generated in ASH neurons by perfusion with octanol (1:1,000, yellow shaded area) as measured by % increase of GCaMP-6s fluorescence

above the baseline (DF/F0) in (A) wild type and mutants with reduced octanol avoidance and related glia specific rescue strains as follows, (B) kqt-2,(C) kqt-2

glia rescue,(D) egl-36,(E) egl-36 glia rescue, (F) ent-4, (G) kcc-1,(H) human KCC1 glia rescue in kcc-1mutant,(I) worm kcc-1 glia rescue in kcc-1mutant, (J)

best-9, and (K) best-9 glia rescue. The first stimulation is in black and second stimulation is in red. The right panels show the peak percentage of GCaMP-6s

(DF/F0). N is shown each left panel. (L) Time to peak in seconds of octanol induced Ca2+ transients for the indicated strains. The n is sown in each column. Data

are shown as mean G SE. p values are shown in the panels and were obtained by unpaired Student’s t-test or in the case of panel L, by ANOVA with Tukey’s

correction by comparing each mutant with WT. Rescues were compared with the corresponding mutant by t-test.
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that Amsh glia regulates ASH neuronal Ca2+ transients, in particular their adaptation to consecutive expo-

sures to octanol.23 We thus hypothesized that together with glial Ca2+ transients, ASH neuronal Ca2+ tran-

sients might also be altered in mutants in response to octanol. Therefore, we monitored Ca2+ transients in

wild type and mutants expressing GCaMP-6s in ASH neurons.

In wild type ASH neurons, we found robust Ca2+ transients upon exposure to 1:1000 octanol. As shown by

Duan et al., ASH neurons adapt to a second exposure to octanol and thus display reduced Ca2+ transients

(Figure 4A).23 Of interest, despite kqt-2, egl-36, kcc-1, best-9, and ent-4 mutants all showing similar
iScience 25, 105684, December 22, 2022 9
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Figure 5. Glial KCC-1 is needed for basal Ca2+ in ASH neurons

(A) The relative to wild type basal calcium levels in ASH neurons of the indicated strains which have reduced octanol

avoidance: kqt-2, egl-36, kcc-1, human KCC1 glia rescue strain, worm kcc-1 glia rescue strain, best-9, and ent-4.

(B) The effect of the GABAA receptor antagonist bicuculline on the basal calcium of ASH neurons in wild type and kcc-1

mutants.

(C) Behavioral adaptation to octanol. The time to response to 10% octanol post-adaptation minus the time to response

pre-adaptation divided by the time to response pre-adaptation. n = 3 to 8 experiments, with at least 10 worms tested in

each experiment. For (A) and (B) the n is shown in each column. Data are shown as mean G SE. p values are shown in the

panels and were obtained by ANOVA with Tukey’s correction. For panel (A) each mutant was compared with WT by

ANOVA with Tukey’s correction and the rescue was compared with kcc-1 by t-test.
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behavioral phenotype, they displayed distinct Ca2+ phenotypes in ASH neurons. More specifically, Ca2+

transients were larger than wild type and did not adapt in kqt-2 mutants (Figures 4B and S5C). In egl-36

and kcc-1 mutants they did not adapt but were not statistically different in amplitude than wild type

(Figures 4D,4G and S5C). In egl-36 mutants Ca2+ transients were also faster than wild type (Figure 4L).

Finally, in best-9 mutants Ca2+ transients were statistically slower than in wild type, but their amplitude

was similar to wild type (Figures 4J,4L and S5C). ent-4 is the only mutant that displayed Ca2+ transients

that were just like wild type (Figure 4F). One possibility is that in this mutant, secondary octanol sensing

neurons ADL or AWB might be affected. We note that in kcc-1mutant, the second exposure to octanol

leads to Ca2+ transients that are actually larger than the ones caused by exposure to the odorant the first

time (Figure 4G). We hypothesized that this might be because of dysregulation of both K+ and Cl� ions in

this mutant perhaps leading to depletion of GABA in Amsh glia or no Cl� available for the GABAA receptor

LGC-38 in the ASH, like we have shown in clh-1mutant.24 To test this idea, we cultivated kcc-1 mutants on

plates containing 150 mM KCl, in an attempt to restore KCl balance. We found that in these conditions the

second Ca2+ transient is now smaller than the first (Figures S6L-S6O). Of interest, kcc-1 mutants reared on

high KCl displayed a partially rescued behavioral phenotype, supporting that Ca2+ transients adaptation

plays a key role in behavior, as we have demonstrated for nose touch responses (Figure S6P).24

To determine whether these ASH Ca2+ phenotypes were caused by loss of these genes in Amsh glia, we

performed rescue experiments in mutant animals expressing wild type cDNA for the corresponding

gene in Amsh glia. We found that the Ca2+ phenotypes were rescued, supporting that it is loss of these

genes in Amsh glia, and not their global knockout, that causes the neuronal phenotypes (Figures 4C, 4E,

4H, 4I, 4K, and 4L). We conclude that kqt-2, egl-36, kcc-1, and best-9 function in Amsh glia to regulate

the response of ASH neurons to octanol (Figure 8).

We published that knockout of Amsh glial channel clh-1 causes elevated basal Ca2+ in ASH neurons which cor-

relates with reduced nose touch avoidance response.24 We thus wondered whether basal Ca2+ was elevated in

kqt-2, egl-36, kcc-1, best-9, or ent-4mutants. Thus, we measured basal GCaMP-6s fluorescence in ASH of wild

type and mutants. We found that only kcc-1 displayed changes in basal Ca2+ as compared to wild type, but

contrary to clh-1 mutants, basal Ca2+ was reduced in kcc-1, nevertheless suggesting altered basal excitability

in this mutant (Figure 5A).24 To confirm that reduced basal Ca2+ in kcc-1 was because of loss of kcc-1 in Amsh

glia, we repeated the experiments in human KCC1 and worm KCC-1 glia rescue animals and observed that in

theseanimalsbasalCa2+ inASHwas just like inwild type (Figure5A).Again, theuseofhumanKCC1 for the rescue

experiments supports conservation of function of this K+/Cl� cotransporter across species.

Because kcc-1 mutants have reduced basal Ca2+ levels in ASH as compared to wild type (Figure 5A), we

next asked whether this stemmed from excessive tonic GABA signaling. Indeed, we have published that

Amsh glia tonically release GABA, which keeps the concentration of basal Ca2+ in ASH in check, preventing

hyperexcitability.24 Thus, we quantified the basal Ca2+ level in ASH of kcc-1 mutants treated with the

GABAA antagonist bicuculline, and we found that it was higher than in kcc-1 mutants and close to wild

type levels (Figure 5B), supporting our hypothesis. As previously shown, the Ca2+ levels of wild type ASH

are also increased by treatment with bicuculline.24 To summarize, loss of kqt-2, egl-36, kcc-1, and best-9

in glia leads to distinct effects on ASH excitability, which in the case of kcc-1 may involve increase in

GABA signaling at baseline which could result in GABA depletion during stimulation with odorants (see

Figure 4G).

Duan et al. showed that disruption of GABA-mediated glia/neuron crosstalk in the Amphid sensory organ

leads to reduced ASH neuron and behavioral adaptation to octanol.23 Our Ca2+ imaging experiments show
iScience 25, 105684, December 22, 2022 11
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Figure 6. AWC neuronal activity in response to diluted isoamyl alcohol in channel and transporter mutants

(A) Calcium transients generated in AWC neurons by perfusion with isoamyl alcohol (1:1,000, cyan shaded area) as measured by % increase of GCaMP5

fluorescence above the baseline (DF/F0) in wild type and egl-36, egl-36 glia rescue worms, kcc-1, human KCC1 glia rescue strain, worm kcc-1 glia rescue

worms, clh-3, and clh-3 glia rescue worms for the first stimulation (A-D) and the second stimulation (E-H). The bar graphs show the peak percentage of

GCaMP-6s (DF/F0upon odorant perfusion (ON) and odorant removal (OFF). The number of neurons tested is shown in the graphs.

(I) Time it takes for the fluorescence to return to F0 after odorant removal during the first exposure to isoamyl alcohol for wild type, mutants, and related glia

specific rescue strains.

(J) The relative to wild type basal calcium in AWC neurons of the indicated strains which have reduced attraction to isoamyl alcohol and their rescue strains:

egl-36, egl-36 glia rescue, kcc-1, clh-3, and clh-3 glia rescue. N is indicated in each column. Data are shown as mean G SE. p values are shown in the panels

and were obtained by unpaired Student’s t-test or in the case of panels I and J, by ANOVA with Tukey’s correction, comparing each mutant with WT. Rescues

were compared with the corresponding mutant by t-test.
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that ASH neuronal adaptation to the second exposure to octanol is lost in kqt-2, egl-36, and kcc-1

(Figures 4B, 4D and 4G). We thus wondered whether these mutants also displayed reduced behavioral

adaptation to this odorant. Therefore, we assayed adaptation in behavioral experiments, using unc-25

Amsh glia RNAi as negative control. unc-25 encodes for the GABA synthetic enzyme glutamate decarbox-

ylase (GAD).44 We found that kqt-2, egl-36, and kcc-1mutants displayed reduced adaptation as compared

to wild type, suggesting positive correlation between ASH neuron and behavioral adaptation in these

mutants (Figure 5C). However, although best-9 and ent-4 mutants also showed reduced adaptation to

octanol in behavioral experiments, their ASH Ca2+ transients still displayed robust adaptation to octanol.

These results suggest that behavioral adaptation to octanol is more complex than previously thought,23

and may involve other cells/mechanisms. For example, we note that Amsh glia Ca2+ transients are greatly

reduced in both best-9 and ent-4 mutants and their basal Ca2+ level is elevated as compared to wild type

suggesting a glial ‘‘adapted’’ state in these mutants. These data suggest a more direct link than previously

suspected between glial physiology and behavior.

Ca2+ transients in AWC neurons are altered by loss of glial channels and transporters

AWC neurons are a pair of chemosensory neurons whose fan-like cilia are embedded in the Amsh glia (Fig-

ure 2H). C. elegans responds to low concentrations of the odorant isoamyl alcohol via AWC neurons.28 Low

concentrations of isoamyl alcohol are attractive to the worm. At higher concentrations though, isoamyl

alcohol is repulsive to C. elegans and it is sensed not only by AWC, but also by ASH and AWB neurons.45

Furthermore, high concentrations of this odorant induce intracellular Ca2+ transients in the Amsh glial

cells.23 Given that behavior is tested on agar plates but the response of neurons to odorants is tested using

a perfusion system in which the odorant is directly perfused onto the nose of the animal, it may be difficult

to directly compare results obtained with the two methods. However, previously published work has firmly

established that on plates 1:100 isoamyl alcohol is attractive.29 On the contrary, 1:100 dilution in imaging

experiments elicits activation of Amsh glia and is considered repulsive.23 In behavioral assays using isoamyl

alcohol at the concentration of 1:100, egl-36, kcc-1, and clh-3 mutants display reduced attraction (Fig-

ure 1C). However, these mutants also showed altered Ca2+ transients in Amsh glia following perfusion of

this odorant at the 1:100 dilution directly on the nose of the animals (Figures 3J-3L). We thus reasoned

that loss of these genes in glia might dampen the response of sensory neurons to a wide range of isoamyl

alcohol concentrations. For this reason, we recorded Ca2+ transients in AWC neurons upon perfusion of

isoamyl alcohol at 1:1000 and 1:100 dilutions. Moreover, because Amsh glia mediate adaptation of ASH

neurons, we monitored the AWC response to two consecutive exposures to isoamyl alcohol to establish

whether adaptation occurs in these neurons and if it is regulated by Amsh glia (Figures 6 and 7).

In wild type animals, perfusion with 1:1000 isoamyl alcohol led to a decrease in intracellular Ca2+, whereas

removal of the odorant caused an increase in intracellular Ca2+, as previously reported (Figure 6A).45–47

These changes in intracellular Ca2+ are thought to be because of a reduction in the function of the guanylyl

cyclases ODR-1 and DAF-11 upon exposure to isoamyl alcohol, followed by an increase in its function upon

odorant removal, which leads to production of cGMP and activation of cGMP-gated cationic channel TAX-

2/TAX-4.48,49 These changes in intracellular Ca2+ in AWC neurons mediate C. elegans turning toward the

source of the odorant.46,50 In egl-36 and kcc-1mutants, we found similar changes in intracellular Ca2+upon

application and removal of isoamyl alcohol (Figures 6B and 6C), though in egl-36 mutants the rise of

Ca2+upon odorant removal was slower (Figure 6I). However, in clh-3mutants, the typical rise of intracellular

Ca2+upon odorant removal was completely absent (Figures 6D and 6I). Importantly, both in egl-36 and

clh-3 mutants the expression of wild type cDNA corresponding to these genes in Amsh glia rescued

Ca2+ transients (blue line, Figures 6B and 6D). These results support that the changes in AWC excitability
iScience 25, 105684, December 22, 2022 13



Figure 7. Glial channels and transporters are needed for the function of AWC neurons in response to

concentrated isoamyl alcohol

(A) Calcium transients generated in AWC neurons by perfusion with isoamyl alcohol (1:100, cyan shaded area) as

measured by % increase of GCaMP5 fluorescence above the baseline (DF/F0) in wild type egl-36, egl-36 glia rescue, kcc-1,

human KCC1 glia rescue, worm kcc-1 glia rescue, clh-3, and clh-3 glia rescue for the first stimulation (A–D) and the second

stimulation (E–H). The bar graphs show the peak percentage of GCaMP5 (DF/F0) upon odorant perfusion (ON) and

odorant removal (OFF). The number of neurons tested is shown in the graphs. Data are shown as meanG SE. p values are

shown in the panels and were obtained by unpaired Student’s t-test.
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in these mutants are because of loss of egl-36 and clh-3 in Amsh glia. This is somewhat surprising because

Duan et al. showed that 1:1000 isoamyl alcohol does not activate Amsh and thus suggest that egl-36 and

clh-3 channels control basal Amsh glial regulation of the function of AWC neurons, independent from glial

response to this odorant.23

In wild type animals, second exposure to 1:1000 isoamyl alcohol led to a similar decrease in intracellular

Ca2+, but to a smaller increase upon odorant removal (Figure 6E). This result suggests that AWC adapts

to consecutive exposures to isoamyl alcohol. Although kcc-1 and clh-3 had responses to a second exposure
14 iScience 25, 105684, December 22, 2022



Figure 8. Summary of the behavioral, morphological, and functional phenotypes caused by the loss the glial enriched ion channels and

transporters

The size of the dots represents the% of change compared to wild type which was set as 0%. The not significant values are shown in gray. The significant values

are shown in color. The colors correspond to the ones used in Figure 1C, thus brown for K+ channel genes, green for the K+/Cl� transporter, blue for the Cl�

channels, and magenta for solute carrier family genes.
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to 1:1000 isoamyl alcohol that were like wild type, egl-36 did not (Figure 6F). In particular, there was no re-

covery from Ca2+ decrease, suggesting that in egl-36 mutant adaptation to the second exposure of the

odorant is stronger. Importantly, this phenotype is rescued by expression of egl-36 in Amsh, underscoring

that it is the loss of egl-36 in glia rather than AWC neurons that causes the phenotype (purple line, Fig-

ure 6F). Rescue in Amsh glia of kcc-1 (using either human or worm cDNAs) and clh-3 leads to results

identical to the respective mutants and wild type (Figures 6G and 6H). Finally, we quantified basal Ca2+

in AWC neurons of wild type and mutants and found that it was higher than in wild type in clh-3. Expression

of clh-3 cDNA in Amsh glia of the clh-3 knockout rescued basal Ca2+ to wild type levels (Figure 6J). Taken

together, these data show that glial K+ channel egl-36 plays a key role in the response of AWC neurons to

isoamyl alcohol removal, which is essential to mediate the worms’ reorientation toward the source of the

odorant.46,50 In this mutant, this reduced response is seen also upon exposure to this odorant a second

time, suggesting that it is because of reduced sensitivity of AWC neurons to isoamyl alcohol (Figures 6F

and 6I). The Cl� channel clh-3, on the other hand, is needed for AWC response to isoamyl alcohol removal

the first but not the second time, and for basal Ca2+ in these neurons, suggesting that glial CLH-3 may be

needed for basal AWC excitability.

Surprisingly, in kcc-1 mutants, AWC neurons respond normally to 1:1000 isoamyl alcohol. What happens

when this odorant is perfused at 1:100, a concentration known to activate Amsh glia? In wild type animals,

AWC neurons displayed a decrease in intracellular Ca2+upon exposure to the odorant and an increase in

intracellular Ca2+upon odorant removal that is smaller than the one observed at the 1:1000 dilution (Fig-

ure 7A), which is consistent with published work.49 Of interest, though, at this concentration of isoamyl

alcohol, kcc-1 mutants showed a phenotype more severe than the one seen in egl-36 and clh-3 mutants

(Figures 7B–7D). Indeed, in kcc-1 mutants intracellular Ca2+ did not return to control levels after exposure
iScience 25, 105684, December 22, 2022 15
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to 1:100 isoamyl alcohol, whereas in egl-36 and clh-3mutants there was a partial return. In all threemutants,

Ca2+ transients were rescued to control levels by expression of wild type cDNA (human or worm in the case

of kcc-1) in Amsh, again supporting the idea that it is the loss of these genes in Amsh that is responsible for

the neuronal phenotypes (blue line and columns, Figures 7B–7D). These data support the idea that the

function of kcc-1 might be needed specifically for mediating glia/AWC cross talk at higher concentrations

of isoamyl alcohol. Given that kcc-1 is needed for chemotaxis to isoamyl alcohol on plates, these results

suggest the 1:100 dilution in imaging experiments, previously considered repulsive,45 is likely still in the

attractive range for this odorant. This is in line with the fact that Yoshida et al. used GCaMP2 for their

imaging experiments, a less sensitive calcium sensor than GCaMP5 which we used here51

When we looked at the response of AWC neurons to the second exposure to 1:100 isoamyl alcohol in wild type

animals, we observed an interesting phenomenon: application of the odorant causes an increase in Ca2+ rather

than a decrease. This increase in Ca2+ persists for the entire duration of the recording (Figure 7E), but eventually

returns to the basal level after �2 min (Figure S9A). The increase in intracellular Ca2+upon odorant application

was not seen in egl-36, kcc-1, or clh-3 mutants. Rather, in all three mutants there was a marked reduction of

Ca2+upon odorant application,with the reduction being the largest in kcc-1mutants (Figures 7F–7H). Expression

of human KCC1 in Amsh partially rescued, whereas expression of wormKCC-1 fully rescuedCa2+ transients (pur-

ple dotted and continuous lines, and checkered and solid bars, respectively, Figure 7G). Of interest, expression

of the corresponding wild type cDNA did not restore the wild type response upon exposure to 1:100 isoamyl

alcohol a second time in egl-36 and clh-3, suggesting that there might be a neuronal component to this pheno-

type. Because kcc-1 encodes for a transporter that extrudes K+ and Cl�, we wondered whether it could perform

this function from the AWC neuron’s plasma membrane rather than from the Amsh glia. We thus expressed

wormKCC-1 in theAWCneurons of the kcc-1mutant.We found that attraction to isoamyl alcohol andCa2+ tran-

sients were partially rescued (Figures S9B-S9F). These results show that KCC-1, even though it is not detected in

AWC neurons,26 could still function by being expressed in these neurons rather than the glia. We conclude that

egl-36, kcc-1, and clh-3 are all needed in Amsh glia for AWC neuron response to 1:100 concentration of isoamyl

alcohol (Figure 8).
DISCUSSION

We show here the first systematic and unbiased, albeit not comprehensive, analysis of the function of glial

regulators of ion and solute flux in chemotaxis. Our analysis reveals the importance of glial regulators of K+,

Cl�, and nucleoside homeostasis, and interesting distinctions between affected sensory neurons.

Amsh glia ablated C. elegans display severely reduced response to octanol, isoamyl alcohol, diacetyl, and

Na-acetate (Figures S3A-S9D).16 Yet the knockout of glial enriched genes has considerably different effects

on these sensory modalities. Indeed, octanol avoidance is the most affected with the knockout of 5 genes

causing delayed response to this odorant, whereas chemotaxis to diacetyl and Na-acetate are the least

affected with only kcc-1 and clh-3mutants, respectively, showing reduced attraction (Figure 1C). Although

glia ablation is known to disrupt the cilia of AWC and AWA olfactory neurons,16 phenotypes that we have

not observed in the mutants analyzed here (Figures 2E-2L), these differences suggest high specificity of

regulation of chemosensory functions by glial genes. One mechanism that could explain this specificity

is subcellular localization. This type of mechanism is enacted by the K+/Cl� cotransporter KCC-3, which

is localized in the Amsh membrane microdomain facing the cilia of AFD thermosensory neurons. In

mammals, KCC and NKCC co-transporters are expressed in glia,52,53 and their disruption can lead to sen-

sory neuropathy.54 KCC-3 regulates the extracellular concentration of Cl� around the AFD cilia, leading to

regulation of the function of guanylyl cyclase GCY-8 and consequently of the animal’s response to temper-

ature.21 However, possibly because of the spatially restricted expression of KCC-3, this transporter does

not influence the response to nose touch mediated by ASH neurons.24 Thus, other glial regulators of ion

and solute flux, not analyzed here, could play a more prominent role in regulating the function of AWA

and ASE neurons. Alternatively, AWA and ASE neurons may be less sensitive to the activity of glial regula-

tors of ion and solute flux. Given the proven impact of K+ and Cl� ions on the function of neurons, this

explanation seems less likely, but because Amsh glia ensheath only the cilia and not the entire neuron,

this could still be consistent with function.

Because the plasma membrane is mostly permeable to K+ at rest, the extracellular concentration of K+ has

amajor role in establishing themembrane potential and thus the excitability of neurons. Glia across species

have been shown to remove excess extracellular K+ during high electrical activity.55,56 However, we have
16 iScience 25, 105684, December 22, 2022
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also shown that glia mediate K+ excretion, thereby modulating neuronal excitability. Indeed, we have

previously published that Na+ channels of the DEG/ENaC family and the Na+/K+ ATPase expressed in

glia associated with sensory neurons regulate neuronal output, likely by regulating K+ excretion in the

microenvironment between glia and neurons.17–19,22 Potassium reuptake and excretion is also known to

occur in the sensory sensilla of insects and in the vertebrate inner ear, where the concentration of K+ is

well above the typical extracellular concentration of�5mM.57,58 So it is not surprising that two K+ channels,

kqt-2 and egl-36, were found in this study to be required for octanol avoidance and chemotaxis to isoamyl

alcohol. While kqt-2 is a homolog of KCNQ channels, egl-36 is a homolog of Kv 3 channels that underlie the

‘‘A’’ type inactivating K+ current. Both these channels are gated by voltage, are highly expressed in neu-

rons, and have been implicated in epilepsy and other neurological disorders.59–63 Of interest, though,

both KCNQ and Kv 3 channels have been reported to be expressed in glia including astrocytes, oligoden-

drocytes, and microglia.64–66 Here KCNQ channels have been suggested to be involved in migration of

these cells, whereas Kv 3 channels were proposed to help with the repolarization of the membrane of as-

trocytes and with the entry of calcium.65–67 The discovery that these voltage-gated K+ channels regulate

neuronal output in the amphid sensory organ of C. elegans adds to our understanding of the function of

these channels in glia in other systems and species, and suggests that these glial channels could be consid-

ered as targets for the treatment of epilepsy and other neurological disorders.

Recent work showed that there are paracrine signals between Amsh glia and sensory neurons inC. elegans,

much like between glial cells and neurons in the nervous system of higher organisms.23,24 Both Duan et al.

and our lab have shown that Amsh glia respond cell-autonomously to odorants and touch and conse-

quently release the neurotransmitter GABA. GABA released by the Amsh glia dampens the excitability

of the polymodal neurons ASH, mediating adaptation of these neurons to repeated stimulations. We

have also shown that glial expressed CLH-1 channel mediates efflux of Cl� ions from glia.24 These Cl�

ions then permeate through the GABAA receptor LGC-38, reducing neuronal excitability and thereby

mediating adaptation. Importantly, the CLH-1 mammalian homolog ClC-2 is also expressed in glia,

including astrocytes and oligodendrocytes, where it regulates ionic homeostasis and pH.68,69 Regulation

of Cl� homeostasis by glial ClC-2 might be important for GABA signaling given that ClC-2 is localized in

astrocytic endfeet that ensheath capillaries and in the neurophil of the stratum pyramidale in close prox-

imity to GABAergic neurons.70 In this study, we found that all the mutants displaying reduced response

to octanol are also characterized by reduced adaptation (Figure 5C), a sign that these genes might be

involved, either directly or indirectly, in regulating GABA signaling. Intriguingly, three of these genes

are mediators of Cl� homeostasis, the CLH-1 homolog CLH-3, the bestrophin channel BEST-9, and the

K+/Cl� cotransporter KCC-1, a close homolog of KCC-3. In particular, KCC-1 mediates transport of K+

and Cl� ions outside the cell and thus it is expected to cause either the removal or the accumulation of

Cl� in the microenvironment between glia and neurons, depending on whether the transporter is

expressed on the apical (cilia facing) or basolateral membrane of the Amsh glia, respectively. Our basal

intracellular Ca2+ analysis in ASH neurons plus and minus bicuculline suggests that KCC-1 is expressed

on the basolateral membrane. Indeed, ASH neurons of kcc-1mutants have lower basal intracellular calcium

than wild type, suggesting membrane hyperpolarization and therefore stronger GABA inhibition at base-

line. This idea is supported by the fact that bicuculline rescues this phenotype (Figure 5B). Future immune

electronmicroscopy studies will test this hypothesis directly. Of interest, in kcc-1ASH neurons do not adapt

upon repeated stimulations, suggesting that although tonic GABA may be elevated in these mutants,

phasic GABA release upon repeated stimulations with octanol is reduced (Figure 4F). This is different

than what we found in clh-1 mutants where both tonic and phasic GABA signaling were reduced, and

thus suggests that different Cl� imbalances lead to distinct phenotypes, perhaps as a result of different

effects on the membrane potential. A mechanism involving BEST-9 is more difficult to hypothesize, but

the slower Ca2+ transients in ASH neurons of best-9mutants suggest slower recruitment of Ca2+ permeable

channels upon stimulation with octanol. Given that bestrophins are highly permeable to bicarbonate,71 this

could be an effect of pH, perhaps specifically on the octanol receptor of ASH neurons or on Ca2+

permeable OSM-9 and EGL-19 channels.23

We report here also for the first time an analysis of AWC neuronal response to repeated exposures to

diluted and concentrated isoamyl alcohol, and the effect of knockout of glial enriched channel and trans-

porter genes on their activity. AWC are odorant-OFF neurons which means they are activated by odorant

removal.45–47 Thus, mutations that alter the OFF response of AWC neurons are expected to reduce chemo-

taxis to isoamyl alcohol. Our data support this idea with knockout of egl-36, kcc-1, and clh-3 all altering the
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OFF response and causing reduced attraction to isoamyl alcohol (Figures 1, 6 and 7). Moreover, our data

show that AWC neurons undergo adaptation. Future studies will establish whether this phenomenon is cell

autonomous or whether it is mediated by neuromodulators released by Amsh glia or both. However, the

involvement of GABA in AWC adaptation seems unlikely based on results of ASH/AWC cross-adaptation

and optogenetic experiments reported by Duan et al.23 If not via GABA or neuromodulator signaling, how

might K+ channel egl-36, K+/Cl� cotransporter kcc-1, and Cl� channel clh-3 regulate the response and

adaptation of AWC neurons to isoamyl alcohol? Although K+ may be needed to set the excitability of

AWC sensory neurons, as described above, Cl�might be needed in the Amph sensory organ to accompany

K+ movement and allow water transport. Future more mechanistic studies will distinguish between these

possibilities.

One of the genes identified in our small-scale screen of glial enriched genes required for octanol avoidance

is the equilibrative nucleoside transporter ENT-4 (Figure 1C). Intriguingly, it is the only gene whose

knockout does not alter basal Ca2+ in Amsh glia, consistent with the idea that it is not a mediator of ion

flux (Figure 5A). Equilibrative nucleoside transporters transport naturally occurring purines including aden-

osine, guanosine, and inosine, and pyrimidines such as uridine, cytidine, and thymidine, all of which are

metabolic precursors for DNA, RNA, and ATP. However, these nucleosides also serve as signaling

molecules and neuromodulators.72 For example, adenosine binds to adenosine receptors, and in the

nervous system it modulates neurotransmitter release and synaptic plasticity.73–75 It is noteworthy that

mammalian ENT-4 (also called PMAT) also mediates the low affinity transport of dopamine and serotonin,

raising the possibility that Amsh glia ENT-4 might be involved in clearing of neurotransmitters.76

Finally, one unexpected finding of our analysis is that there are several glial enriched ion channels and

transporters that seem to have little relevance for basic chemotaxis function. For example, we did not

observe any phenotype in mutants of the glutamate transporter glt-1 or in strains in which the two-pore

domain K+ channels twk-21 and twk-33 had been knocked down in glia, despite these being amongst

the most enriched genes in Amsh glia (Figures 1A–1C). Because we have not analyzed other sensory phe-

notypes, we think that this once again points to the possibility that different neurons may have different

requirements and sensitivity to perturbations in their microenvironment.

Taken together, our findings provide evidence that K+ channels of the KCNQ and Kv3 families, Cl� chan-

nels of the ClC and bestrophin families, K+/Cl� co-transporters, and equilibrative nucleoside transporters

are all needed in an accessory cell of a sensory organ for chemosensory responses. This work lays the

foundation for future investigations of the mechanisms underlying regulation of sensory functions by

accessory cells, and for a better understanding of how sensory signals are processed and integrated

at the periphery.
Limitations of the study

This is the first systematic unbiased small screen of glial regulators of the concentration of ions and

solutes in chemosensory function in C. elegans. Our work identifies players in the cross talk between

accessory and sensory cells in the Amphid organ of the worm that may be conserved across species and

across different parts of the nervous system. However, one of the limitations of this study is that it is not

comprehensive. Indeed, not all genes and not all the sensory modalities carried out by the Amphid sensory

organ were investigated. For example, there are several innexin genes enriched in Amsh glia and

many more are expressed in these cells (Figure S2). Innexins are homologs of mammalian Pannexins and

function both as gap junctions and plasma membrane channels.77–79 Because Amsh glia do not appear

to be connected to any other cell via gap junctions,80 innexins in these cells likely function as

plasma membrane channels involved in the control of the membrane potential or the release of

neuromodulators.77,78

In addition, Figure S2 shows many more channels and transporters that are detected in Amph glia by RNA

sequencing, all of which are bound to have a function in glial physiology and could potentially be impli-

cated in glia/neuron cross talk. These channels and transporters are not enriched in Amsh glia though,

thus they may be implicated in functions that are shared with other cell types. Finally, other sensory modal-

ities including response to temperature, UV light, sound, and electric fields were not investigated here and

could be altered in some of the mutants we studied.30–34
18 iScience 25, 105684, December 22, 2022
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Another limitation of this study is that it does not definitively identify the molecular mechanisms underlying

the regulation of sensory function by the investigated channels and transporters. Our results point to both

GABA-dependent and independent mechanisms potentially involving other neuromodulators. Future

studies in which the subcellular localization of these channels and transporters will be determined by

immunoelectron microscopy and in which intracellular pathways and various neurotransmitters will be

probed, will establish these molecular mechanisms. All these studies require optimization and are beyond

the scope of this manuscript. Our study though provides additional insights on the functional cross talk be-

tween the Amsh glia and sensory neurons in C. elegans and provides several leads for future studies.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Escherichia coli CGC OP50

Chemicals, peptides, and recombinant proteins

Octanol Sigma-Aldrich Cat#112615

Glycerol Sigma-Aldrich Cat#G5516

Isoamyl alcohol Sigma-Aldrich Cat#AX1440

Na-acetate Sigma-Aldrich Cat#S2889

Diacetyl Sigma-Aldrich Cat#B0682

Ethyl alcohol Pharmco Cat#111000200

Chloroform Sigma-Aldrich Cat#C2432

Dimethyl sulfoxide Sigma-Aldrich Cat#D5879

Bicuculline VWR Cat#TBC1890

a-MDG Sigma-Aldrich Cat#102987-308

Nifedipine Thomas Scientific Cat#C931M79

KCl Sigma-Aldrich Cat#9541

NaN3 Sigma-Aldrich Cat#S2002

Gluture Fisher Scientific Cat#NC0632797

Experimental models: Organisms/strains

N2 CGC81 N2

clh-3(ok768) CGC82 RB905

egl-36(n728n398) CGC83 KP1008

ent-4(ok2161) CGC82 VC1934

glc-3(ok321) CGC82 RB594

glt-5(bz70) CGC84 ZB1099

glt-5(ok1987) CGC82 RB1615

gtl-1(ok375) CGC82 VC244

kcc-1(ok648) CGC82 VC476

kcc-1(ok692) CGC82 VC542

tax-2(p691) CGC36 PR691

kqt-2(ok732) CGC82 RB883

nsls109 [F16F9.3p::DTA(G53E) +unc-

122p::GFP]

CGC16 OS2248

odr-3(n2150) CGC85 CX2205

kyIs722 [str-2p::GCaMP5(D380Y) + elt-

2::mCherry]

CGC CX17256

kqt-2(tm642) NBRP N/A

best-9(tm7876) NBRP N/A

Ex[PT02B11.3::abts-4 RNAi + unc-122p::GFP+

Pvap-1::RFP]

This study BLC340

Ex[PT02B11.3::best-9 RNAi + unc-122p::GFP+

Pvap-1::RFP]

This study BLC342

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Ex[PT02B11.3::clh-3 RNAi + unc-122p::GFP +

Pvap-1::RFP]

This study BLC337

Ex[PT02B11.3::egl-36 RNAi + unc-

122p::GFP + Pvap-1::RFP]

This study BLC336

Ex[PT02B11.3::glc-3 RNAi + unc-122p::GFP +

Pvap-1::RFP]

This study BLC345

Ex[PT02B11.3::kcc-1 RNAi + unc-122p::GFP +

Pvap-1::RFP]

This study BLC329

Ex[PT02B11.3::twk-21 RNAi + unc-

122p::GFP + Pvap-1::RFP]

This study BLC350

Ex[PT02B11.3::twk-33 RNAi + unc-

122p::GFP + Pvap-1::RFP]

This study BLC338

Ex[PT02B11.3:kqt-2 RNAi + unc-122p::GFP +

Pvap-1::RFP]

This study BLC358

Ex[pSra-6::GCaMP-6s + unc-122::GFP] This study BLC400

clh-3(ok768);Ex[PT02B11.3::clh-3b cDNA +

Punc-122::GFP]

This study BLC356

kcc-1(ok648);Ex[PT02B11.3::SLC12A4 + Punc-

122::GFP]

This study BLC547

best-9(tm7876);Ex[PT02B11.3::best-9 cDNA +

Punc-122::GFP]

This study BLC551

egl-36(n728n398);Ex[PT02B11.3::egl-36

cDNA + Punc-122::GFP]

This study BLC552

ent-4(ok2161);Ex[PT02B11.3::ent-4 cDNA +

Punc-122::GFP]

This study BLC555

kqt-2(ok732);Ex[PT02B11.3::kqt-2 cDNA +

Punc-122::GFP]

This study BLC491

Ex[PT02B11.3::unc-25 RNAi + unc-122p::GFP] This study BLC500

best-9(tm7876);[osm-10::GFP + lin-15(+)] This study BLC554

clh-3(ok768); [gcy-5p::GFP + lin-15(+)] This study BLC553

clh-3(ok768);[osm-10::GFP + lin-15(+)] This study BLC548

clh-3(ok768);[str-2::GFP + lin-15(+)] This study BLC550

egl-36(n728n398);[osm-10::GFP + lin-15(+)] This study BLC556

egl-36(n728n398);[str-2::GFP + lin-15(+)] This study BLC560

ent-4(ok2161);[osm-10::GFP + lin-15(+)] This study BLC557

kcc-1(ok648);[osm-10::GFP + lin-15(+)] This study BLC558

kcc-1(ok648);[str-2::GFP + lin-15(+)] This study BLC561

kqt-2(ok732);[osm-10::GFP + lin-15(+)] This study BLC559

best-9(tm7876);Ex[PT02B11.3::GCaMP6s +

Punc-122::GFP]

This study BLC562

clh-3(ok768);Ex[PT02B11.3::GCaMP6s + Punc-

122::GFP]

This study BLC563

egl-36(n728n398);Ex[PT02B11.3::GCaMP6s +

Punc-122::GFP]

This study BLC564

ent-4(ok2161);Ex[PT02B11.3::GCaMP6s +

Punc-122::GFP]

This study BLC566

kcc-1(ok648);Ex[PT02B11.3::GCaMP6s + Punc-

122::GFP]

This study BLC565

(Continued on next page)
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kqt-2(ok732);Ex[PT02B11.3::GCaMP6s + Punc-

122::GFP]

This study BLC567

best-9(tm7876);Ex[PT02B11.3::GCaMP6s +

Punc-122::GFP]

This study BLC568

egl-36(n728n398);Ex[pSra-6::GCaMP-6s +

unc-122::GFP]

This study BLC570

ent-4(ok2161);Ex[pSra-6::GCaMP-6s + unc-

122::GFP]

This study BLC572

kcc-1(ok648);Ex[pSra-6::GCaMP-6s + unc-

122::GFP]

This study BLC573

kqt-2(ok732);Ex[pSra-6::GCaMP-6s + unc-

122::GFP]

This study BLC 492

best-9(tm7876);Ex[pSra-6::GCaMP-6s + unc-

122::GFP]

This study BLC572

egl-36(n728n398);Ex[pSra-6::GCaMP-6s +

unc-122::GFP]

This study BLC577

ent-4(ok2161);Ex[pSra-6::GCaMP-6s + unc-

122::GFP]

This study BLC578

kcc-1(ok648);Ex[pSra-6::GCaMP-6s + unc-

122::GFP]

This study BLC579

clh-3(ok768);[str-2p::GCaMP5(D380Y) + elt-

2::mCherry]

This study BLC574

egl-36(n728n398);[str-2p::GCaMP5(D380Y) +

elt-2::mCherry]

This study BLC524

kcc-1(ok648);[str-2p::GCaMP5(D380Y) + elt-

2::mCherry]

This study BLC575

clh-3(ok768);Ex[PT02B11.3::clh-3b cDNA +

Punc-122::GFP];[str-2p::GCaMP5(D380Y) +

elt-2::mCherry]

This study BLC583

egl-36(n728n398);Ex[PT02B11.3::egl-36

cDNA + Punc-122::GFP];[str-

2p::GCaMP5(D380Y) + elt-2::mCherry]

This study BLC584

kcc-1(ok648);Ex[PT02B11.3::SLC12A4 + Punc-

122::GFP];[str-2p::GCaMP5(D380Y) + elt-

2::mCherry]

This study BLC585

best-9(tm7876);Ex[pSra-6::GCaMP-6s + unc-

122::GFP + PT02B11.3::best-9 cDNA + Pmec-

4::mcherry]

This study BLC587

egl-36(n728n398);Ex[pSra-6::GCaMP-6s +

unc-122::GFP + PT02B11.3::egl-36 cDNA +

Pmec-4::mcherry]

This study BLC588

ent-4(ok2161);Ex[pSra-6::GCaMP-6s + unc-

122::GFP + PT02B11.3::ent-4 cDNA Pmec-

4::mcherry]

This study BLC580

kcc-1(ok648);Ex[pSra-6::GCaMP-6s + unc-

122::GFP + PT02B11.3::SLC12A4 cDNA +

Pmec-4::mcherry]

This study BLC581

kqt-2(ok732);Ex[pSra-6::GCaMP-6s + unc-

122::GFP + PT02B11.3::kqt-2 cDNA + Pmec-

4::mcherry]

This study BLC582

(Continued on next page)
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kcc-1(ok648);Ex[pSra-6::GCaMP-6s + unc-

122::GFP + PT02B11.3::kcc-1a cDNA + Pmec-

4::mcherry]

This study BLC648

kcc-1(ok648);Ex[pSra-6::GCaMP-6s + unc-

122::GFP + Pstr-2::kcc-1a cDNA + Pmec-

4::mcherry]

This study BLC649

best-9(tm7876);Ex

[pT02B11.3::SuperClomeleon]

This study BLC616

kcc-1(ok648);Ex[pT02B11.3::SuperClomeleon] This study BLC628

clh-3(ok768);Ex[pT02B11.3::SuperClomeleon] This study BLC621

Ex[pT02B11.3::SuperClomeleon] This study BLC498

best-9(tm7876);Ex[PT02B11.3::kcc-1 RNAi +

unc-122p::GFP + Pvap-1::RFP]

This study BLC567

kqt-2(ok732);Ex[PT02B11.3::egl-36 RNAi +

unc-122p::GFP + Pvap-1::RFP]

This study BLC571

clh-3(ok768);kcc-1(ok648) This study BLC605

Ex[PT02B11.3:egl-19 RNAi + unc-122p::GFP] This study BLC630

Oligonucleotides

pPD95_75 A gift from Andrew Fire RRID:Addgene_1494

pPD95_75 (pSra-6::::GCaMP-6s) This study N/A

pPD95_75 (pT02B11.3::SLC12A4) This study N/A

pPD95_75 (pT02B11.3::clh-3b cDNA) This study N/A

pPD95_75 (pT02B11.3::kcc-1a cDNA) This study N/A

pPD95_75 (pstr-2::kcc-1a cDNA) This study N/A

pPD95_75 (pT02B11.3::sense kcc-1 RNAi) This study N/A

pPD95_75 (pT02B11.3::antisense kcc-1 RNAi) This study N/A

pPD95_75 (pT02B11.3::sense abts-4 RNAi) This study N/A

pPD95_75 (pT02B11.3::antisense abts-4 RNAi) This study N/A

pPD95_75 (pT02B11.3::sense best-9 RNAi) This study N/A

pPD95_75 (pT02B11.3::antisense best-9 RNAi) This study N/A

pPD95_75 (pT02B11.3::sense clh-3 RNAi) This study N/A

pPD95_75 (pT02B11.3::antisense clh-3 RNAi) This study N/A

pPD95_75 (pT02B11.3::sense egl-36 RNAi) This study N/A

pPD95_75 (pT02B11.3::antisense egl-36 RNAi) This study N/A

pPD95_75 (pUnc-122::GFP) (Grant et al., 2015)20 N/A

pPD95_75 (pVap-1::RFP) (Johnson et al., 2020)22 N/A

pPD95_75 (pT02B11.3::sense glc-3 RNAi) This study N/A

pPD95_75 (pT02B11.3::antisense glc-3 RNAi) This study N/A

pPD95.75 (pT02B11.3::sense twk-33 RNAi) This study N/A

pPD95.75 (pT02B11.3::antisense twk-33 RNAi) This study N/A

pPD95_75 (pT02B11.3::SuperClomeleon) This study N/A

pPD95_75 (pT02B11.3::sense twk-21 RNAi) This study N/A

pPD95_75 (pT02B11.3::antisense twk-21 RNAi) This study N/A

pPD95_75 (pT02B11.3::sense kqt-2 RNAi) This study N/A

pPD95_75 (pT02B11.3::antisense kqt-2 RNAi) This study N/A

pPD95_75 (pT02B11.3::best-9 cDNA) This study N/A

(Continued on next page)
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pPD95_75 (pT02B11.3::ent-4 cDNA) This study N/A

pPD95_75 (pT02B11.3::kqt-2 cDNA) This study N/A

pMec-4::mcherry This study N/A

pT02B11.3::sense egl-19 RNAi This study N/A

pT02B11.3::antisense egl-19 RNAi This study N/A

Software and algorithms

Fiji (ImageJ) NIH http://fiji.sc

RRID:SCR_002285

Micro-manager Vale Lab, UCSF https://micro-manager.org/

RRID:SCR_000415

RStudio RStudio http://www.rstudio.com/

RRID:SCR_000432

GraphPad Prism GraphPad software http://www.graphpad.com/

RRID:SCR_002798
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Con-

tact, Laura Bianchi (l.bianchi@med.miami.edu).

Materials availability

This study did not generate any new unique reagent.

Data and code availability

d Original data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans

Nematode strains were maintained at 20�C on standard nematode growth medium (NGM) seeded with Es-

cherichia coli strainOP50.81 The worms were tested when they reached the young adult stage (day 1 adults).

The strains listed above and labeled with BLCwere generated by injecting the correspondingDNAconstructs.

The crosses were carried out as described.86 The primers used for confirm the genotype of crosses are listed in

Table S1. Crosses using egl-36(n728n398) were confirmed by counting the number of eggs laid the first day of

adult and by attraction index to isoamyl alcohol. BLC587, BLC588, BLC580, BLC581, BLC582, BLC648, and

BLC649 were generated by injection of the rescue plasmid into the corresponding GCaMP strains, using

Pmec-4::mcherry as contransformation marker. Growth of worms on plates containing 150 mM alpha-

methyl-D-glucopyranose (a-MDG) or 150mMKCl was carried out as previously described.22,24 To avoid incon-

sistencies in the growth of the E. coli on a-MDG or KCl supplemented plates, theOP50 was concentrated by

centrifugation at 3000 rpm for 15 min and then seeded onto the plates. After theOP50 was dry, synchronized

eggs were seeded on the control and a-MDG or KCl supplemented plates. Randomly selected worms were

then used for quantification of body and ASH cilia size, for Ca2+ imaging, or behavioral assays.

METHODS DETAILS

Molecular biology

The RNAi strains were generated following standard procedures with minor modifications.87 Briefly, The

RNAi constructs were built using the pPD95.75 vector as backbone in which the Amsh glia promoter
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T02B11.3 was inserted using SphI and Acc65I restriction sites, as previously described.17 Following the pro-

moter sequence, a sense and, separately, an antisense 400–700 bp long sequence corresponding to an

exon rich region of genomic DNA was inserted. The primers used for the amplification of sense and anti-

sense constructs are listed in Table S1. Following DNA purification by Sigma columns, sense and antisense

DNA constructs were micro-injected in the gonadal syncytia at the concentration of 50 mg/mL each.88 The

egl-19 RNAi strain was generated by using double strand DNA fragment of Amsh glia promoter T02B11.3

and 570 bp of sense and antisense egl-19 fragment generated by overlapping PCR. Amsh glial marker vap-

1p::RFP16} and co-injection marker unc-122p::GFP89 were also co-injected at the concentration of 25 mg/mL.

To build rescue strains we used the same pPD95.75 plasmid containing the Amsh glia promoter T02B11.3

used for the RNAi strains. In this case, the cDNA corresponding to each gene (kqt-2, best-9, clh-3b, ent-4b,

kcc-1a) was amplified by RT-PCR (primers listed in Table S1) and cloned downstream of the T02B11.3 pro-

moter. To rescue kcc-1 and egl-36we used the cDNA corresponding to human KCC1 worm kcc-1a, and egl-

36 respectively (pDONR221_SLC12A4 clone, C. elegans cDNA library, #131932 and poX_Shaw2 clone,

#16114 from Addgene). Rescue constructs were injected at the concentration of 50 ug/uL. The coelomo-

cytes marker Punc-122::GFP was co-injected at the concentration of 25 mg/mL to generate all the rescue

strains used for behavioral assays. For the rescue strains used for ASH calcium imaging, the co-transforma-

tion marker Pmec-4::mcherry90 at the concentration of 25 ug/uL and the rescue construct at the concentra-

tion of 50 mg/mL were used. Injection of these DNA constructs was done into the mutant strains expressing

Psra-6:GCaMP-6s. For the strains used for Amsh glia chloride imaging, the kcc-1(ok648), clh-3(ok768), and

best-9(tm7876) mutants were crossed with the Ex[pT02B11.3::SuperClomeleon] strain. For the rescue

strains used for AWC calcium imaging, the knockout strains were crossed with the pstr-2:GCaMP5(D380Y)

strain then injected with the co-transformation marker Punc-122::GFP at the concentration of 25 mg/mL and

the rescue construct at the concentration of 50 mg/mL. For the kcc-1 AWC rescue strain, the kcc-

1(ok648);[pstr-2::GCaMP5(D380Y) + elt-2::mCherry] strain was injected with the co-transformation marker

Punc-122::GFP at the concentration of 25 ug/uL and the rescue construct at the concentration of 50 mg/

mL. Worms expressing both GFP and RFPmarkers were selected for chemotaxis assay and calcium imaging.

Comparison of gene-expression

For comparisons of gene expression, RNA-sequencing and DNA microchip data from other three

C. elegans Amsh cells datasets were used.16,25,26 The log2 number of transcripts per million reads, and

fold enrichment (FE) values were calculated as previously described.91WormBase gene ID number was

used as a unique identifier for C. elegans genes. To generate a volcano plot of Amsh glia-expressed

genes,20 FE values in each list were used and the volcano plot was generated using ggplot2 package of

R software (https://cran.r-project.org/web/packages/ggplot2).

Behavioral assays

For chemotaxis and avoidance assays we followed previously described procedures.27–29,42 For isoamyl

alcohol and diacetyl assays, 3 mL of odorant at the indicated dilution was placed on one side of the plate.

For Na-acetate assays, a chunk of agar 1-cm in diameter was removed from 10-cm plates and soaked in the

attractant for 3 h. Chunks were put back in the plate overnight to allow equilibration and formation of a

gradient. Fifty microliters of 100 mMNaN3 was placed on both the control and the test spots to anesthetize

animals once they reached the spot. Thirty worms were then placed between the test spot and a control

spot on the opposite side of the plate. After 1 h, animals on each side of the plate were counted and

the Attraction Index was calculated as follows: (number of animals at attractant — number of animals at

control)/(total number of animals). For octanol avoidance assays we dipped an eyelash hair glued on a

toothpick in 10% octanol and we placed in front of a forward moving animal on a plate with a thin layer

of bacteria. Wemeasured the time it took for the animal to respond to the odorant by reversing direction.42

Odorants were diluted in ethanol. All behavioral assays were performed blind to the genotype. For octanol

avoidance adaptation assays adult worms were transferred onto a 2.5 cm-diameter NGM plate and 5 mL of

undiluted octanol was applied on the lid which was then sealed with Parafilm. After 5-min adaptation, an-

imals were collected and washed twice with basal buffer (5 mm KPO4 [pH 6], 1 mm CaCl2, 1 mmMgSO4) in a

1.5 mL tube and then transferred onto seededNGMplates. Avoidance assays were performed after 30 min.

For nose touch avoidance assays young adults were transferred onto plates containing a thin layer ofOP50

bacteria and allowed to recover for 30 min. An eyelash was placed perpendicular to a forward-moving an-

imal and a positive response was recorded if the animal reversed direction or moved the head away from

the eyelash upon contact with the eyelash. A no response was recorded when the worm continued its
28 iScience 25, 105684, December 22, 2022
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forward movement to crawl under, above, or along the eyelash.24,37 Nose-touch insensitive trpa-1mutant

was used as control.37 Each worm was tested for 5 consecutive times with a�30 s interval. At least 10 worms

per strain were tested in each assay. The average positive response of each worm to the 5 touches was then

used to calculate the average response of each strain. For octanol avoidance and nose touch assays,

experiments were performed blind to the genotype.

Fluorescence and confocal microscopy

To measure the size of wild type, kcc-1, and clh-3mutant worms, randomly selected fluorescent/expressing

GCaMP-6s worms were anesthetized with 100 mM NaN3 and arranged on a 2% agar (in M9 buffer) pad for

each group. To quantify Amsh glia morphology, the EVOS FL auto 2 system was used and stacks of fluo-

rescent images with 3 mm spacing were taken using a 10X and 403 objective. To quantify the size of the

cilia in AWC and ASE neurons, fluorescent images were acquired using a Zeiss Axio Observer microscope

equipped with an ORCA-Flash 4.0 V2 digital CMOS camera using a 633 water objective. The HCImage

acquisition software was used to take the images, that were then processed with Fiji (ImageJ) software.

To determine the size of the cilia of ASH neurons, images were taken with an Olympus IX81 confocal mi-

croscope equipped with an 603 oil immersion objective (Olympus) using a 488 nm laser (10% intensity).

The scan speed was set as 8.0 ms per pixel and the spatial resolution was set as 1024 3 1024 pixels. To visu-

alize the cilia, a 9.5 digital zoom was used with an average of around 20 ‘‘Z’’ stacks with 0.3 mm step size for

AWC samples and around 10 ‘‘Z’’ stacks with 0.5 mm step size for ASH samples. The Images were further

analyzed with ‘‘Z project’’ maximum intensity function of Fiji (ImageJ software). The area and length of

ASH and area of AWC cilia were measured in the merged images.

Calcium imaging

Calcium imaging recordings were performed following standard procedure with minor modifications.24,92

The calcium sensor GCaMP-6s was used for recordings of Amsh cells and ASH neurons. The calcium sensor

GCaMP5 was used for recordings of AWC neurons. One-day-old adults were glued onto 2% agarose pads

prepared using extracellular saline solution (145 mM NaCl, 5 mM KCl, 1 mM CaCl2, 5 mM MgCl2, 20 mM

ᴅ-glucose, 10 mM HEPES buffer, pH 7.2) using Gluture (Fisher Scientific, #NC0632797) and immersed in

the same solution, as previously described.18,19,24,92octanol and IAA were dissolved 1:1 using DMSO

and then diluted in the perfusion buffer. The solution was vortexed each time before use and delivered

to a recording chamber (1156 mm3) via gravity perfusion; the speed of perfusion was 10 mL per mins.

The chamber was mounted on an Olympus IX70 microscope with anX10 objective (Olympus) and a PCO

SensiCam camera. The microscope was equipped with a Lambda DG-4 illumination system (Sutter Instru-

ment Co.) as a light source and excitation filter FF01-500/24–25 (Semrock) to monitor GCaMP fluorescence.

Images were acquired using Micro-Manager 2.0 software93 at a frequency of 1 Hz with 100 ms exposure

time and a spatial resolution of 1024x1024 pixels. Basal fluorescence was acquired for 10 s prior to the

perfusion with the odorant. The perfusion with the odorants and Na-acetate was for 30 s, followed by

wash with the control perfusion solution until the end of the recording. The fluorescence intensity was

calculated by subtracting the background. The background was obtained by selecting a small region of

the worm body near the imaged cell and by calculating its average fluorescence across the entire

recording. Images were analyzed using Fiji (ImageJ) and plotted using GraphPad Prism (version 8.4.2).

Data were normalized using the average fluorescence corresponding to the 10 s before the perfusion

with the odorants and Na-acetate.

For experiments using bicuculline we followed previously reported procedures.23,24 Briefly, 100 mL of bicu-

culline at the concentration of 10 mM (in 0.1% chloroform) was spread on an NGMplate and let dry before a

layer of bacteria was seeded on the agar. The control plate was prepared similarly but using chloroform

only. For experiments using Nifedipine, previously reported procedures with minor modifications were fol-

lowed.93 Briefly, 2 mL of Nifedipine at the concentration of 100 mM in 100% DMSO was added to 2 mL of S

medium (100 mM NaCl, 5.7 mM K2 HPO4, 44 mM KH2PO4, 12.9 mM cholesterol) containing 5 mg/mL of

OP50 and then transferred into a 35 mm Petri dish. The control group used 2 mL of DMSO instead. The

worms were allowed to crawl for 30 min before the calcium imaging experiments.

Chloride imaging

Chloride imaging was carried out as previously described.23,24,92 The change of chloride concentration was

determined using the YFP/CFP FRET-based chloride sensor SuperClomeleon. Briefly, the excitation

filter FF02-438/24 (Semrock) was used to excite the sensor and the emission filters FF01-483/32 and
iScience 25, 105684, December 22, 2022 29
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FF01-542/27 were used to capture CFP and YFP fluorescence, respectively, for 180 s. The fluorescence in-

tensity of each channel of glial cell body was calculated by subtracting the background intensity. Then, the

ratio YFP/CFP (R) was calculated for each frame accordingly. The average ratio of the 10 s (R0) before stim-

ulation was considered as basal level. The following YFP/CFP ratios were calculated by comparing the dif-

ference with the average basal level of the 10 s (R/R0) before stimulation.
QUANTIFICATION AND STATISTICAL ANALYSIS

To determine significance between two groups, unpaired two-sided student’s Test was used. For multiple

groups, one way ANOVA with Tukey correction was used. All the analyses were performed using GraphPad

Prism 9. The specific test used, and the pvalues are indicated in the Figure legends. Data are shown as

individual data points and as mean G SE.
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