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CELLULAR NEUROSCIENCE

Autocrine inhibition by a glutamate-gated chloride
channel mediates presynaptic homeostatic depression
Xiling Li", Chun Chien'?, Yifu Han"?, Zihan Sun', Xun Chen'?, Dion Dickman*

Homeostatic modulation of presynaptic neurotransmitter release is a fundamental form of plasticity that stabilizes
neural activity, where presynaptic homeostatic depression (PHD) can adaptively diminish synaptic strength. PHD

has been proposed to operate through an autocrine mechanism to homeostatically depress release probability in
response to excess glutamate release at the Drosophila neuromuscular junction. This model implies the existence
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of a presynaptic glutamate autoreceptor. We systematically screened all neuronal glutamate receptors in the fly
genome and identified the glutamate-gated chloride channel (GluCla) to be required for the expression of
PHD. Pharmacological, genetic, and Ca** imaging experiments demonstrate that GluCla acts locally at axonal
terminals to drive PHD. Unexpectedly, GluCla localizes and traffics with synaptic vesicles to drive presynaptic
inhibition through an activity-dependent anionic conductance. Thus, GluCla operates as both a sensor and effector
of PHD to adaptively depress neurotransmitter release through an elegant autocrine inhibitory signaling mecha-

nism at presynaptic terminals.

INTRODUCTION

Adaptive plasticity mechanisms act as sentinels at synapses to stabilize
neural circuit function, maintaining efficacy while still permitting
the flexibility necessary for learning and memory (1). These homeo-
static signaling systems operate on both sides of the synapse. On the
postsynaptic side, much is known about homeostatic receptor
scaling, in which the abundance of ionotropic AMPA-type gluta-
mate receptors (GluRs) is adaptively and bidirectionally modulated
at synapses (2). Homeostatic signaling systems also target the efficacy
of presynaptic neurotransmitter release, referred to as presynaptic
homeostatic plasticity (3, 4). Homeostatic control of presynaptic
function is a fundamental feature of synapses, conserved from
invertebrates to humans (4). Underscoring their importance, defects
in homeostatic signaling have been associated with a variety of
neural diseases (5). In one well-characterized form of homeostatic
plasticity, presynaptic release can be enhanced to compensate for
diminished postsynaptic receptor functionality, a process termed
presynaptic homeostatic potentiation (PHP). PHP operates to
stabilize synaptic strength at neuromuscular junctions (NMJs) of
Drosophila (6, 7), rodents (8), and humans (9) and was recently
shown to function in the mammalian central nervous system (10).
While much has been learned about the genes and mechanisms
involved in PHP, far less is understood about a seemingly inverse
process governing the homeostatic depression of presynaptic
neurotransmitter release.

A model for presynaptic homeostatic depression (PHD) has
been established at the glutamatergic Drosophila NM]. In this
system, neuronal overexpression of the vesicular glutamate trans-
porter vGlut (vGlut-OE) enlarges synaptic vesicles, which leads to a
concomitant increase in quantal size due to excess glutamate re-
leased from individual synaptic vesicles (7, 11). However, evoked
synaptic responses are maintained at baseline levels because of a
homeostatic decrease in the number of synaptic vesicles released
per stimulus (quantal content). PHD is also observed in mutations
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of genes involved in synaptic vesicle endocytosis, in which enlarged
synaptic vesicles are caused by defects in endocytic reformation
(12-14). Subsequent work has demonstrated that PHD requires
genes and physiological adaptations that are distinct from the ones
known to be involved in PHP (15, 16) and that PHD reduces
neurotransmitter release probability by decreasing presynaptic
Ca”* influx (15) without altering the abundance of endogenous
Ca®* channels at active zones (17). The only known way to induce
PHD is through excess presynaptic glutamate release due to synap-
tic vesicle enlargement; postsynaptic GluR overexpression enhances
quantal size but does not alter presynaptic function (16, 18). The
presynaptic neuron appears oblivious to the excitability state of the
postsynaptic muscle following PHD adaptation (16). Therefore, it was
proposed that a “glutamate homeostat” operates at the Drosophila
NM]J in which enlarged synaptic vesicles and/or excess glutamate
release triggers presynaptic inhibition through an autocrine signal-
ing system (16). This hypothesis implies the existence of a glutamate
autoreceptor that functions to signal PHD. However, the identity
of this receptor, if one does exist, is unknown, and not a single gene
has yet been identified to be necessary for PHD expression.

Two fundamental pathways have been defined that mediate pre-
synaptic inhibition in diverse nervous systems. First, metabotropic
signaling in presynaptic terminals can ultimately lead to diminished
neurotransmitter release. For example, metabotropic GluRs located
at axonal terminals of mammalian central neurons can modulate
presynaptic function, including the inhibition of neurotransmitter
release (19-22). At the fly NM]J, metabotropic GluRs are present at
motor neuron terminals where they function to depress the aug-
mentation of evoked responses during high levels of synaptic
stimulation (23). There is also evidence that presynaptic ionotropic
GluRs engage metabotropic pathways and contribute to the poten-
tiation or inhibition of presynaptic release (24, 25). One notable
example is illustrated in the rodent hippocampus, where elevated
glutamate release inhibits subsequent synaptic release through
autocrine activation of presynaptic N-methyl-p-aspartate (NMDA)-
type GluRs (26). A second mechanism for presynaptic inhibition
uses a chloride conductance at axonal terminals. In classical studies
of the crayfish NMJ, GABAergic axo-axonic synapses onto motor
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neuron terminals drives presynaptic inhibition through a “shunting
current” (27). Presynaptic inhibition has also been demonstrated at
afferent sensory inputs to the spinal cord, where activation of
presynaptic GABA (y-aminobutyric acid) receptors mediates an
inhibitory chloride conductance (28). Last, the acetylcholine-gated
chloride channel LGC-46 drives an activity-dependent autocrine
inhibition at the Caenorhabditis elegans NM] (29). Notably, both
metabotropic and chloride-mediated presynaptic inhibition converge
on a reduction in presynaptic Ca®" influx to ultimately diminish
neurotransmitter release (21, 30). However, whether and to what
extent metabotropic or chloride signaling contributes to PHD at the
Drosophila NM]J has not been determined.

To elucidate the molecular mechanisms underlying PHD induc-
tion and expression, we systematically screened the 11 neural GluRs
encoded in the Drosophila genome for roles in PHD at the NM]J
using an electrophysiological assay. While 10 of the GluRs were
dispensable, this approach identified the glutamate-gated chloride
channel GluClo to be required for PHD expression. Additional
studies reveal that GluClo functions locally at motor neuron termi-
nals to drive an activity- and chloride-dependent autocrine inhibi-
tion in response to excess glutamate release. GluClo may therefore
serve as both sensor and effector to couple enlarged synaptic vesi-
cles and excess glutamate release to an activity-dependent chloride
conductance that ultimately serves to homeostatically diminish
Ca®" influx at release sites to enable PHD expression.

RESULTS

An electrophysiology-based candidate screen identifies
GluClo. to be required for PHD

To identify the putative glutamate autoreceptor that mediates PHD
(Fig. 1A), we systematically screened all 11 GluR genes encoded in
the Drosophila genome [excluding the known muscle and olfactory
GluRs (31)]. These 11 GluRs are composed of five evolutionarily
distinct families that include homologs of kainate-, AMPA-, and
NMDA-type ionotropic GluRs, as well as the single metabotropic
(mGIuRA) and glutamate-gated chloride channels (Fig. 1B). We
established a collection of 18 mutants and/or RNA interference
(RNAI) lines that disrupt these GluRs from our own studies and/or
from public resources to screen for the defects in PHD expression
(table S1).

To assess whether PHD can be expressed after disruption of
these candidate GluRs, we used an established electrophysiological
assay to record synaptic transmission at the larval NM]J. First, we
determined baseline transmission by recording miniature and
evoked excitatory postsynaptic potentials (mEPSPs and EPSPs);
from this data, we estimated the number of synaptic vesicles re-
leased per stimulus (quantal content; table S1). To then specifically
assess PHD expression, we crossed each mutation or RNAi line into
a genetic background in which vGlut was overexpressed in motor
neurons using the vGlut driver OK371-Gal4 (vGlut-OE) and per-
formed electrophysiological recordings. vGlut-OE induces an
increase in mEPSP amplitude, as expected, but EPSP amplitudes
are maintained at baseline levels because of a homeostatic decrease
in presynaptic glutamate release (quantal content; Fig. 1, Cto F). As
in controls, vGlut-OE led to a significant increase in mEPSP ampli-
tude in all mutants screened (Fig. 1G and table S1). From the outset, we
considered it unlikely that the kainate- and AMPA-type receptors
encoded in the fly genome, which generally mediate excitatory
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currents, would function as autoreceptors to mediate PHD. However,
metabotropic functions have been reported for both kainate and
AMPA receptors (24, 25, 32). We found that PHD was robustly
expressed in these mutants (Fig. 1G and table S1). Thus, we find no
evidence for roles of Drosophila kainate- or AMPA-type GluRs in PHD.

Next, we focused on what we considered the most likely candi-
date GluRs for mediating PHD: NMDA and mGIuRA subtypes. In
the mammalian hippocampus, presynaptic NMDA receptors can
function as autoreceptors to inhibit synaptic vesicle release in re-
sponse to increased glutamate levels (26), and NMDA receptors
have also been reported to be present at the fly NMJ (33). We found
that both Drosophila NMDA receptors and the lone metabotropic
mGIuRA are expressed in the larval central nervous system and
motor neurons using GluR expression reporters (fig. SIA). However,
unambiguous mutations in the two Drosophila NMDA receptors,
NMDARI and NMDAR2, have not been established. We therefore
generated null mutations in both NMDARI and NMDAR?2 using
CRISPR-Cas9 gene editing approaches (see Materials and Methods
and table S1). While baseline synaptic function was largely un-
changed in these mutants, PHD was robustly expressed following
vGlut-OE (Fig. 1G and table S1). We also assessed PHD in muta-
tions of the sole metabotropic GluR encoded in the Drosophila
genome, mGIluRA. Metabotropic GluRs can function as autoreceptors
to mediate presynaptic inhibition in the mammalian central ner-
vous system (19, 22). Consistent with a conserved function in this
process, mGluRA receptors are present at motor neuron terminals
at the fly NM]J and function to inhibit neurotransmitter release in
response to high levels of synaptic stimulation (23). However, null
mutations in mGIuRA show robust PHD expression (Fig. 1, Cto F,
and table S1). We further tested potential roles for metabotropic
pathways in PHD signaling by screening pertussis toxin, which
inhibits Gi/o-dependent action, as well as seven additional genes
involved in G protein-coupled signaling. However, we found no
evidence for functions of any of these pathways in PHD (fig. S1,
B and C). Because unambiguous null mutations do not yet exist for
a subset the genes screened (namely, the AMPA and a few KARs;
table S1), we cannot completely rule out their potential functions in
PHD. Nonetheless, through screening of kainate-, AMPA-, NMDA-,
mGluRA-, and additional metabotropic signaling factors, we find
no evidence for these factors to be involved in PHD at the fly NM]J.

Last, we tested whether the final GluR candidate, GluCla, was
required for PHD expression. Unexpectedly, PHD failed to be
expressed when vGlut was overexpressed in a background contain-
ing a GluClo mutation identified from the MiMIC gene disruption
project (34). Specifically, although miniature amplitudes were
similarly enhanced in GluClo + vGlut-OE compared to vGlut-OE
alone, no change in quantal content was observed (Figs. 1G and
2, C to G), leading to a nonhomeostatic increase in the evoked
amplitude (Fig. 2, C and E). The GluClo mutant allele used in the
screen results from a MiMIC transposon insertion into an intron in
the GluCla locus that contains a mutagenic cassette predicted to
destabilize the transcript (Fig. 2A), and we named this allele
GluCla'. GluCla encodes a Cys-loop ligand-gated ion channel, a
highly conserved family that includes other GluCl homologs in
invertebrates and mammalian GABA and glycine receptors (35).
The crystal structure of a C. elegans GluCl has been solved, revealing
that these channels are composed of homopentamers (36).

We characterized synaptic physiology and PHD expression in
GluClo mutants in more detail using a two-electrode voltage clamp
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Fig. 1. A screen of Drosophila GluRs identifies the glutamate-gated chloride channel to be necessary for PHD. (A) Schematic illustrating enlarged synaptic vesicle
(SV) size and excess glutamate release following vGlut-OE (OK371-Gal4/UAS-vGlut). A putative presynaptic glutamate autoreceptor is shown mediating an autocrine,
homeostatic inhibition of neurotransmitter release that drives PHD. (B) Phylogenic analysis of putative GluRs encoded in the D. melanogaster genome. The maximum
likelihood (ML) topology tree is constructed by GluRs separated into the following GIuR subtypes: kainate (70), AMPA (2), NMDA (2), metabotropic (7), and glutamate-gated
(7). Note that the five muscle-specific GIuR subunits (GIuRIIA, IIB, IIC, IID, and IlE) were not screened but are shown in light gray. (C) Schematic and representative electro-
physiological traces of NMJ recordings from wild-type (w'’’®) and mGIuRA mutants (w;mGIuRA''?®) at baseline and following vGlut-OE (w;UAS-vGlut/OK371-Gal4:mGIuRA"'?°).
Increased mEPSP amplitudes are observed in both wild-type and mGIuRA mutant NMJs after vGlut overexpression due to excess glutamate released from individual
synaptic vesicles, while EPSP amplitudes are maintained at baseline levels due to a homeostatic decrease in neurotransmitter release (quantal content). (D to F) Quantifi-
cation of mEPSP amplitude (D), EPSP amplitude (E), and quantal content (F) in the indicated genotypes (wild type, n=14; +vGlut, n=12; mGIuRA, n=9; +vGlut, n=10).
**P <0.01 and ****P < 0.0001. (G) Quantification of mEPSP amplitude and quantal content in the indicated genotypes normalized to baseline values (-vGlut-OE; n > 8;
see table S1). **P < 0.01, ***P < 0.001, and ****P < 0.0001. Note that mEPSP amplitudes are enhanced following vGlut overexpression in each mutant, while a homeostatic
decrease in presynaptic glutamate release (quantal content) is observed in all mutants screened except GluClo. The homeostatic inhibition of glutamate release normally
induced by vGlut-OE fails to be induced in GluClo. mutants. ns, not significant.

(TEVC) configuration. No significant differences in baseline synap-  blocked in these alleles as well (Fig. 2, A and G, and table S2),

tic physiology were observed in GluClo mutants compared with
wild type, including miniature and evoked excitatory postsynaptic
current (mEPSC and EPSC) amplitude (Fig. 2, C to F). However,
when vGlut-OE was expressed in a GluClo mutant background,
mEPSC amplitudes were increased as expected, but no homeostatic
reduction in quantal content was induced, leading to enhanced
EPSC amplitudes (Fig. 2, C to G, and fig. S2, A and B). Similar
effects were found when the GIuCl" allele was crossed to a deficiency
that removed the entire GluClo locus (Fig. 2G and table S2), indi-
cating that the GluCla' allele behaves as a genetic null. We obtained
two additional, previously characterized mutant alleles, GluClas*
and GluCla!"S%" (37, 38), and confirmed that PHD expression is
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consistent with all three alleles being similar loss-of-function null
alleles. Baseline synaptic transmission and PHD expression were
not significantly changed in heterozygous conditions of any of these
alleles in trans with wild type (table S2). Thus, GluClo is required
for synapses to express PHD.

We next characterized synaptic structure, function, and plasticity
in GluCla mutants in more detail. First, we observed no obvious
changes in NM]J growth or structure in GluClo. mutants (fig. S3 and
table S2). As previously reported (16), the apparent calcium coopera-
tivity of neurotransmission is unaffected in vGlut-OE compared to
wild type, and we found no significant difference in calcium coopera-
tivity in GluCla' + vGlut-OE compared to GluCla mutants alone
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Fig. 2. The glutamate-gated chloride channel GluCla is necessary for PHD expression. (A) Schematic of the Drosophila GluCla locus with the MiMIC transposon insertion
causing the GluCla" mutation (GIuCIaMIOZSgO) and RNAi targeting sequence shown. Bottom: Protein structure and transmembrane domains of GluClo. (B) Diagram of the
membrane topology of a single GluCla subunit with the location of the GluClo? mutation illustrated; GluCl channels are homopentamers (36). (C) Schematic and representative
traces of two-electrode voltage clamp NMJ recordings from wild-type (w'’’®) and GluCla mutants (w;GluCle’) at baseline (w;0K371-Gal4/UAS-vGlut) and +vGlut-OE
(W;0K371-Gal4/UAS-vGlut;GluCla'). Increased mEPSC amplitudes are observed in both wild-type and GluCla’ NMJs following vGlut overexpression. PHD maintains stable
evoked amplitude in vGlut-OE NMJs, while EPSC amplitude is significantly enhanced in GluClo! + vGlut-OE because of a failure to homeostatically diminish quantal
content. (D to F) Quantification of mEPSC amplitude (D), EPSC amplitude (E), and quantal content (F) values in the indicated genotypes (wild type, n=18; +vGlut-OE,
n=19; GluCla', n=13; +vGlut-OE, n = 10). **P < 0.001 and ****P < 0.0001. (G) Quantification of mEPSC and quantal content values normalized to baseline values in the
indicated genotypes, including vGlut-OE, GluCla’ + vGlut-OE and GluCla'/Df + vGlut-OE (w;0K371-Gal4/UAS-vGlut;GluCl'/Df), and GluClo'/Df + vGlut-OE (w;0K371-

Gal4/UAS-vGlut;GIuCP'/Df). **P < 0.01 and ****P < 0.0001. bp, base pairs.

(fig. S4, A and B). Furthermore, the probability of neurotransmitter
release (P;), as assessed through failure analysis and short-term
plasticity, is reduced in vGlut-OE compared to wild type (fig. $4, C
to G) (11, 16). However, no changes in failure rate or short-term
plasticity were observed in GluCla mutants or GluCle" + vGlut-OE
compared to wild type (fig. S4C), consistent with a failure to express
the adaptations to P, in GluClo mutants that result from PHD. Last,
since GluClo is required for PHD expression, we considered whether
GluClo might also be necessary for an inverse homeostatic adapta-
tion well characterized at the Drosophila NMJ, PHP. In contrast to
PHD, PHP induces increased glutamate release through a homeo-
static enhancement in quantal content (6). Previous studies have
demonstrated that the genes and mechanisms required for PHP do
not have roles in PHD (15, 16). Consistent with these findings, we
found PHP to be robustly expressed in GluClo mutants in response
to pharmacological or genetic diminishment of postsynaptic GluRs
(fig. S5). Together, these data demonstrate that loss of GluClo
disrupts PHD expression without significantly affecting baseline
synaptic structure or function.

Lietal., Sci. Adv. 7, eabj1215 (2021) 1 December 2021

GluCla functions in motor neurons to drive chloride-dependent
presynaptic inhibition

In principle, GluClo could function in presynaptic motor neurons
and/or the postsynaptic muscle to respond to elevated glutamate
released at synapses. Although there is clear evidence that GluClo
functions in the Drosophila central nervous system (38, 39), the
peripheral expression of GluCla is not known. We cloned a genomic
fragment containing the putative GluCla promoter upstream of
Gal4 and crossed this to a GFP reporter. The GluClo-driven green
fluorescent protein (GFP) signal is broadly observed in the larval
brain and is also expressed in motor neurons that innervate NMJs
(Fig. 3A). However, no GFP signal is detected in muscle or peripheral
glia (Fig. 3A), suggesting that GluClo is exclusively expressed in the
nervous system. Consistent with this finding, we observed a similar
expression pattern using a recent GluCla driver generated by a
T2A-Gal4 knock-in strategy (40). Next, to assess the presynaptic
requirement of GluCla in PHD, we opted not to perform a standard
rescue experiment because we were concerned that overexpression
of GluClo alone might induce presynaptic inhibition (see below).
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content values in the indicated genotypes relative to baseline (wild type, n=12; +vGlut-OE, n = 13; pre>GluCla-RNAi, n = 16; +vGlut-OE, n = 20). ***P < 0.001 and
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Rather, we used an RNAI transgenic line to knock down GluCla
specifically in motor neurons. GluClo knockdown in motor neurons
phenocopied GluCle mutants, where baseline neurotransmission
was unperturbed and PHD failed to be expressed (Fig. 3, B and C).
Thus, GluCle is expressed and required in motor neurons to
enable PHD.

If GluClo mediates presynaptic inhibition in vGlut-OE through
a chloride conductance, then extracellular chloride ions should be
necessary for PHD to be expressed at vGlut-OE NM]Js. We therefore
performed electrophysiological recordings in chloride-free saline,
where the anion methanesulphonate was used to substitute for chloride
(see Materials and Methods). In chloride-free HL3 (hemolymph-like
saline 3) saline, baseline transmission at wild-type NMJs was not
significantly different compared to recordings in standard saline,
including mEPSC, EPSC, and quantal content values (Fig. 4, A to D).
However, in vGlut-OE, mEPSC values were increased, as expected,
but EPSC amplitudes were also enhanced because of a failure to
homeostatically diminish neurotransmitter release (Fig. 4, A to E).
Hence, PHD expression requires extracellular chloride ions to
enable presynaptic inhibition.

GluCla functions locally at NMJ terminals to drive
presynaptic inhibition
One possibility is that GluCla abundance or functionality is en-
hanced following vGlut-OE to sense and respond to excess gluta-
mate release. We therefore tested whether overexpression of GluCla
in motor neurons was capable of inducing presynaptic inhibition.
We engineered a full length GluClo cDNA alone and also with a
C-terminal “spaghetti monster” 10xFlag-eGFP epitope [GluClo::smFP
(41)] under the control of Gal4-responsive UAS (Upstream Activating
Sequence) sequences. Overexpression of GluCle in motor neurons
had no impact on mEPSC amplitude (fig. S2C) but led to a ~30%
reduction in EPSC amplitude and quantal content (Fig. 5, A to D).
A similar depression in evoked release was observed following
GluCla-smFP overexpression (table S2). Therefore, increased
expression of GluClo in motor neurons is capable of driving pre-
synaptic inhibition.

We next determined in which subcellular compartment GluClo.
functions in motor neurons to enable PHD expression. Previous
studies have suggested that GIuCle is located at dendrites and cell
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bodies of motor neurons, where the application of glutamate can
induce inhibitory currents to larval motor neurons (42). A recent
study demonstrated that GluCla is localized to axonal terminals
and dendrites in T4/T5 neurons of the adult Drosophila visual
system (39). Therefore, GluCla could be present at presynaptic
terminals of motor neurons to detect and respond to excess gluta-
mate; these distinct locations are schematized in Fig. 6A. To test
whether GluClo is functionally present at NM]J terminals, we used
the unique pharmacology of GluCla. The insecticide ivermectin
(IVM) is a strong agonist of GluCla (36), and Drosophila GluClo
can be irreversibly activated by application of IVM in heterologous
cells (37). We applied IVM to the semi-intact larval NM]J prepara-
tion where, notably, we cut the motor nerve from the cell body
before the acute application of IVM and before performing electro-
physiological recordings. Application of IVM to a wild-type prepa-
ration had no impact on mEPSC amplitude or decay kinetics (table
S$2), nor was there a significant effect on EPSC rise time (Fig. 6B and
table S2). However, a significant reduction in the EPSC decay time
constant was observed (Fig. 6, B and C). IVM application did not
affect EPSC decay kinetics when applied to GluClo mutant NMJs
(Fig. 6, B and C). IVM application to vGlut-OE NM]Js reduced both
the evoked EPSC amplitude and decay time (Fig. 6, B to E), leading
to a significant reduction in quantal content (Fig. 6E). Together,
these experiments indicate that GluClo channels are functionally
present at motor neuron terminals and capable of inhibiting late-
releasing synaptic vesicles during single action potentials. Further-
more, these data suggest that following vGlut-OE, there is an
apparent increase in the abundance or functionality of GluClo that
is likely related to PHD expression.

GluCla colocalizes and traffics with synaptic

vesicles at NMJ terminals

Genetic evidence demonstrates that GluCla is required in motor
neurons to enable PHD, and pharmacological data indicate that
GluClo channels are functionally present at motor neuron termi-
nals and capable of mediating local presynaptic inhibition. A recent
study has also shown that in central neurons of the Drosophila visual
system, GluCla is present not only in dendrites but also at axonal
terminals (39). If GluCla channels are able to sense excess gluta-
mate released from enlarged synaptic vesicles to induce inhibition,
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Fig. 5. Presynaptic GluClo. overexpression diminishes glutamate release. (A) Schematic and representative EPSC and mEPSC traces in wild type and presynaptic
overexpression of GluClo, (pre>GluCla: w;0K371-Gal4/UAS-GluCla). Presynaptic GluClo overexpression reduces EPSC amplitude without significantly changing mEPSCs,
indicating diminished neurotransmitter release. (B to D) Quantification of mEPSC amplitude (B), EPSC amplitude (C), and quantal content (D) in the indicated genotypes
(wild type, n=10; pre > GluClo, n=13). **P < 0.01 and ****P < 0.0001.

we hypothesized that these channels should be present at or near ~ GluClo::smFP may be present in the plasma membrane to respond
release sites where glutamate is secreted. We therefore determined  to glutamate. The smFP tag is inserted on the C-terminal tail of
the localization of GluCla by immunostaining GluCle:smFP ex-  GluClo::smFP, which should face the lumen of a synaptic vesicle
pressed in motor neurons alone and when coexpressed with vGlut. and the extracellular space if inserted in the plasma membrane
Unexpectedly, GluClo::smFP (spaghetti monster fluorescent protein)  (Fig. 7C). To determine the fraction of GluClo::smFP on the plasma
trafficked to NM]J terminals and colocalized with the synaptic vesi- membrane, we performed a similar staining as described above but
cle markers vGlut and synaptotagmin (Syt; Fig. 7A). Furthermore, in the absence of the detergent Triton-X-100, thus preventing the
vGlut signals were increased, while Syt signals were unchanged in  anti-Flag antibody from accessing intracellular GluCla::smFP pools
vGlut-OE compared to baseline (Fig. 7, A and B), as expected.  (schematized in Fig. 7C). Very little GluClo::smFP signal was found
However, GluCla::smFP signals were also significantly increased at NM]J terminals in the absence of detergent (Fig. 7, C and D).
when coexpressed with vGlut compared to GluClo::smFP expression ~ Thus, GluCla::smFP traffics to NM]J terminals, colocalizes with
alone (Fig. 7, A and B), consistent with increased GluCla incorpo-  synaptic vesicle markers, and is predominantly located in intra-
rating into enlarged synaptic vesicles. cellular compartments.

We considered that GluClo::smFP may simply traffic to termi- Next, we considered that if GluClo channels were indeed incor-
nals with synaptic vesicles but that a substantial proportion of porated into synaptic vesicles, then these channels should become
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Fig. 6. Acute application of the GluCla agonist IVM induces local presynaptic inhibition. (A) Schematic illustrating the putative subcellular locations of GluClo (illustrated
in red) at dendrites and axon terminals of motor neurons. Cutting the motor nerve and then applying IVM enables a pharmacological and functional test for the local and
acute action of GluCla at motor neuron terminals. (B) Schematic and representative EPSC traces in wild type, GluClo, and vGlut-OE before (gray) and after (color) IVM
application to the same NMJ. IVM application to wild-type NMJs significantly increases the EPSC decay time constant while having no significant effect on GluClo-mutant
NMJs. In contrast, IVM application to vGlut-OE diminishes EPSC amplitude and decay kinetics, suggesting an increased sensitivity to IVM. (C) Quantification of the average
EPSC decay time constant of the indicated genotypes after IVM application normalized to baseline (before IVM application) values (wild type, n=5; GluCla!, n=5; vGlut-OFE,
n=7).**P<0.01 and ***P < 0.001. (D) Quantification of the average EPSC total charge transfer in the indicated genotype after IVM application normalized to its baseline
value before IVM application (wild type, n=5; GluCla', n=5; vGlut-OE, n=7). *P <0.05 and ***P <0.001. (E) Quantification of mEPSC and quantal content values in the

indicated genotypes after IVM application normalized to baseline values (wild type, n =5; GluCla', n = 5; vGlut-OE, n = 7). **P < 0.01 and ***P < 0.001.

inserted into the plasma membrane following synaptic vesicle
exocytosis. To test this hypothesis, we used a temperature-sensitive
allele of Drosophila dynamin (shibire"") to trap synaptic vesicles in
the neuronal membrane after fusion. If synaptic vesicles are trapped
in the plasma membrane, then the antigens of vGlut and Syt should
face the cytosol and no signal should be detected in nonpermeabi-
lized conditions, while the Flag antigen of GluCla::smFP should
now face the extracellular space and be labeled (schematized in
Fig. 7E). We expressed GluClo::smFP in a shi mutant background
using larvae in 0 Ca”" saline (rest) at the permissive temperature
(22°C) as the control, while synaptic vesicles were fused and trapped
in the neuronal plasma membrane by stimulation using high K"
saline at the restrictive temperature (34°C). In the absence of
Triton, no immunofluorescence signals were detected at rest in the
permissive temperature, nor was any vGlut or Syt signal found after
high K" stimulation at the restrictive temperature (Fig. 7, E and F),
as expected. However, high levels of the GluClo:smFP signal
were now found after stimulation at the restrictive temperature
(Fig. 7, E and F), strongly suggesting that GluCla::smFP traffics
with synaptic vesicles during synaptic stimulation, where it typically
remains transiently inserted before being rapidly endocytosed.

CI” is necessary for the homeostatic reduction

in presynaptic Ca** levels

Last, we hypothesized that PHD is achieved through a homeostatic
reduction in presynaptic Ca** influx driven by Cl"-mediated inhibi-
tion. A previous study using Ca**-sensitive chemical dyes observed
a significant reduction in presynaptic Ca** levels in vGlut-OE (15).

Lietal., Sci. Adv. 7, eabj1215 (2021) 1 December 2021

To determine Ca" levels at presynaptic boutons, we developed a
genetically encoded, ratiometric Ca®" indicator by combining the
monomeric, red-shifted Ca®*-insensitive protein mScarlet with the
newest and fastest GCaMP variant, GCaMP8f, fused to the synaptic
vesicle protein Syt (Fig. 8A; see Materials and Methods). Expression
of this transgene in motor neurons revealed the expected colocaliza-
tion of mScarlet and GCaMP8f with Syt at NMJ boutons (Fig. 8B).
We recorded the change in Ca®* induced by single action potential
stimulation at individual boutons using high-frequency line scan-
ning (Fig. 8A). We first confirmed the previously observed reduction
in Ca*" levels in vGlut-OE compared to wild type (Fig. 8, C and D).
However, no change in Ca** levels was found in vGlut-OE when
this experiment was performed in saline lacking Cl™ (Fig. 8, E and F).
This demonstrates that the reduction in presynaptic Ca**, which
presumably drives the homeostatic modulation of neurotransmitter
release necessary for PHD, requires extracellular CI". We propose
that GluClo mediates an activity-dependent anionic conductance at
NM]J terminals, enabling a negative feedback loop that ultimately
reduces glutamate release through diminished Ca®" influx at re-
lease sites.

DISCUSSION

Through a screen of all 11 neuronal GluRs encoded in the fly
genome, we have identified GluCla to be necessary for PHD. Our
data suggest that GluCla functions locally at nerve terminals to drive
homeostatic depression through a chloride-dependent mechanism.
GluClo traffics with synaptic vesicles to enable an activity-dependent

70f 13



SCIENCE ADVANCES | RESEARCH ARTICLE

A | vGlut | GluCla | NSV B 300
GluCla-smFP w .
o. bﬁ dehekk 0
=] = cee
= 3] 2 22004 ...
o 3 88
= o c O
= =3
:
=
OéluCIC(-OE + vGlut-OE
C =300
4 :
5 2E
o o F
c E; 2 +200-
£ ¥ 28
ww £G
Lo oQ S Z4004----------
1 35 N3]
o § 2
¥ Y 82 o e P
O+ X 0
=~ GluCla-OE
w
E shits 34°C % 300+ K
Endocytosis blocked 2§
o5 2~
3 43
s & " g
.'g E Qs £
= O Sy B c =
= < o g R
I & o % . =
g+ d
@ shi;GluCla-OE

Fig. 7. GluCla colocalizes and traffics with synaptic vesicles. (A) Schematic illustrating permeabilized neuronal membrane and antibodies binding to their antigens on
synaptic vesicles (left). Representative images of NMJs immunostained for the synaptic vesicle markers vGlut and Syt, as well as GluCla:smFP (anti-Flag) at presynaptic
boutons in control (GluClo-OE: w;0K371-Gal4/UAS-GluCla::smFP) or in combination with vGlut-OE (GluCla-OE + vGlut-OE: w;0K371-Gal4/UAS-GluCla::smFP,UAS-vGlut).
(B) Quantification of fluorescence intensity of the indicated signals in GluCla-OE + vGlut-OE normalized to GluClo-OE alone. Note that both anti-vGlut and anti-GluClo
signals are enhanced, while anti-Syt signals remain unchanged (GluCla-OE, n = 24; GluClo-OE + vGlut-OE, n = 22). *P < 0.05. (C) Schematic illustrating nonpermeabilized
membrane, in which case the antibodies do not access intracellular compartments. Representative images as described in (A) but in the absence of the detergent Triton.
Little antigenic signal was observed in this nonpermeabilized condition, indicating that the majority of GluCla is located in intracellular compartments. The dashed line
indicates the neuronal membrane [horseradish peroxidase (HRP) signal]. (D) Quantification of fluorescence intensity of nonpermeabilized GluCl-OE staining normalized
to the signal found in permeabilized conditions (GluClo-OE, n = 16; GluCla-OE + vGlut-OE, n=16). ****P < 0.0001. (E) Schematics of the antigens trapped at the plasma
membrane using the temperature-sensitive shibire mutant (shi®) at the restrictive temperature (34°C) following high K* stimulation. Representative images of NMJsimmu-
nostained with synaptic vesicle markers as described in (C) in permissive or restrictive temperatures without membrane permeabilization. (F) Quantification of fluorescence

intensities of the indicated antigens in shi®*’;0K371-Gal4/UAS-GluCl-smFP at 34°C after high K normalized to the baseline signal at 22°C. **P < 0.05.

anionic conductance at presynaptic terminals that is necessary to
reduce presynaptic Ca>* levels. Thus, GluCla acts as an autoreceptor
to couple increased vesicular glutamate release with inhibition to
adaptively recalibrate neurotransmitter release probability.

GluCla as the sensor and effector of PHD

The induction of PHD, as articulated at the fly NM]J, is intimately
associated with enhanced synaptic vesicle size. PHD is observed
following overexpression of vGlut (11, 15, 16) and in synaptic vesi-
cle endocytosis mutants where vesicle size is increased because of
defective vesicle reformation (12-14). Therefore, the finding that
GluClo traffics with synaptic vesicles suggests that the abundance of
this channel may scale with vGlut levels and/or vesicle size. Such a
relationship would enable an elegant coupling of GluCla with vesicle
size and may actually suggest the possibility that GluClo functions
not as a sensor of excess glutamate itself but rather a sensor of
synaptic vesicle size. By extension, PHD itself may be a form of
adaptive plasticity designed to respond to increased synaptic vesicle
size. Since a single vGlut transporter is sufficient to fill a vesicle (43),
vesicle size should largely determine glutamate content. By scaling

Lietal., Sci. Adv. 7, eabj1215 (2021) 1 December 2021

inhibition with vesicle size through GluCla, this relationship would
tune inhibition to glutamate content. Similar to GluClo, several
other factors associated with synaptic vesicles also couple synaptic
vesicle fusion with adaptive responses at synapses, including Syt
and endophilin, which traffic on or with synaptic vesicles to couple
exocytosis with endocytic rates during activity (44, 45), as well as
the Ca** channel Flower, which traffics with synaptic vesicles to
drive Ca?" influx after exocytosis to accelerate endocytosis (46).
GluClo receptors also traffic to axonal terminals in the adult fly
visual system (39), suggesting the potential for parallel autocrine
functions in presynaptic inhibition in the brain. This novel pre-
synaptic function for GluClo, in addition to established actions in
driving inhibition at dendrites, may subserve a uniquely specialized
role to couple vesicle size with adaptive inhibition.

In contrast to coupling synaptic vesicle size to PHD, there appears
to be a distinct and conserved mechanism to drive adaptive pre-
synaptic inhibition in response to enhanced synaptic activity. Here,
increased synaptic stimulation leads to increased global glutamate
release without changing synaptic vesicle size. In response, pre-
synaptic GluRs initiate metabotropic signaling to adaptively inhibit
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Fig. 8. PHD is achieved through a ClI"-dependent reduction in presynaptic
Ca**. (A) Schematic and live confocal images of the Syt:mScarlet:GCaMP8f ratio-
metric Ca®* reporter. The white line indicates a line scan across a single bouton.
(B) Representative images of NMJ boutons stained with anti-Syt and endogenous
signals of mScarlet and GCaMP8f. (C) Representative averaged trace of single action
potential-evoked Ca®" transients (AR = Fags/Fse1) across time normalized to the
baseline F4gs/Fse1 ratio (R) before stimulation in the indicated genotypes: wild type
(W;0K371-GAL4/+;UAS-syt-mScarlet-GCaMP8f/+) and vGlut-OE (w;0K371-GAL4/
UAS-vGlut;UAS-syt-mScarlet-GCaMP8f/+). SEM of 10 independent single action
potential-evoked traces is shown in the shaded area (wild type, n=12; vGlut-OE,
n=12). (D) Quantification of AR/R, rise time (10 to 90% to peak), and decay time
constant (tgecay) at individual boutons in the indicated genotypes in (C).
**¥*P < 0.0001. (E) Representative averaged trace of the same experiment and
genotypes shown in (C) in 0 CI™ HL3 saline (wild type, n=12; vGlut-OE, n=12).
(F) Quantification as described in (D) but of the data shown in (E).

release. This phenomenon has been described at the Drosophila
NM]J by mGIuRA (23) and in the rodent brain by mGluRs and
NMDA receptors (19, 20, 26). A similar adaptive reduction in release
that does not alter synaptic vesicle size may also be induced in cases
of synaptic overgrowth at the fly NMJ to maintain stable synaptic
strength (47, 48). Note that enhanced glutamate release is also
induced by postsynaptic receptor perturbation, the process referred
to as PHP. It would seem possible that GluClo. could serve to inhibit
excess glutamate release in the context of this form of adaptive plas-
ticity. However, we find no evidence that GluCle is involved in PHP
(fig. S5), consistent with GluClo and PHD being uniquely dedicated
to perturbations involving increased synaptic vesicle size. Although
glutamate-gated chloride channels are not conserved in mammals,
vGlut overexpression in rodents does increase quantal size (49) simi-
larly to that observed in Drosophila. There is a chloride conduc-
tance present in mammalian synaptic vesicles that is necessary to
properly fill vesicles with glutamate (50). Although further studies
will be needed to understand how vesicle size, glutamate transport
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through vGlut, and chloride conductance are regulated in synaptic
vesicles, it is possible that GluCla in flies serves a core function
subsumed by other processes in mammals. Thus, the GluCla-
dependent mechanism for adaptive presynaptic inhibition may be
one of a number of strategies synapses have developed to compen-
sate for excess glutamate release.

How might GluClo abundance and/or activity ultimately
modulate synaptic function during PHD signaling? Previous Ca**
imaging experiments suggested that the homeostatic reduction in
presynaptic glutamate release is achieved through diminished Ca**
levels at presynaptic terminals following synaptic stimulation (15),
which we confirmed using a new ratiometric, genetically encoded
GCaMP38f reporter (Fig. 8). However, there is no apparent change
in the abundance of endogenously tagged Ca®* channels at active
zones as a result of PHD adaptation (14, 17). Together, these obser-
vations suggest that Ca** levels are functionally modulated during
PHD adaptation. The majority of Ca** influx through P/Q voltage-
gated Ca”" channels happens during the “tail current” of the repo-
larization phase of the action potential (51, 52). Therefore, autocrine
inhibitory currents through GluCla channels may accelerate this
repolarization and reduce Ca®" influx at active zones, homeostati-
cally tuning synaptic vesicle release. Glutamate autoreceptors can
modulate release during single action potentials (25, 53). This model
is also consistent with no change exhibited in the readily releasable
vesicle pool in PHD (16). Additional lines of evidence support the
possibility that the abundance of GluCla channels scale with synaptic
vesicle size. Baseline transmission is mildly sensitive to the GluCla
agonist IVM, where EPSC decay is accelerated (Fig. 6), while EPSC
amplitude itself is inhibited by GluClo-OE (Fig. 5) and vGlut-OE
after IVM application (Fig. 6). This effect on reducing EPSC ampli-
tude likely reflects an increased GluCla-dependent inhibitory
current that alters Ca** dynamics at earlier stages of the action
potential compared to baseline conditions, in which late-releasing
vesicles are differentially affected. Furthermore, increased levels of
GluClo::smFP are observed in vGlut-OE (Fig. 7). Although GluCla
channel abundance scaling with synaptic vesicle size provides an
elegant mechanism to tune autocrine inhibition with vesicle size, it
is possible that GluClo could traffic through a separate, activity-
dependent membrane trafficking pathway to the plasma membrane,
a process for which there is precedence (54). Such a pathway would
need to be extremely rapid for GluClo-mediated inhibitory currents
to diminish release of synaptic vesicles during a single action poten-
tial. It is difficult to picture such a mechanism working without
GluClo actually trafficking with synaptic vesicles, and hence, we
consider such a model unlikely. Conversely, it would be interesting
to test whether smaller synaptic vesicles contain less GluClo and
accordingly impose less inhibition, although it is not clear at present
what mutations or manipulations would enable a diminishment of
synaptic vesicle volume to test this possibility. GluCla-mediated
inhibition provides an analog control mechanism to enable the
homeostatic tuning of Ca** influx and neurotransmitter release
probability with synaptic vesicle size.

Synaptic control of glutamate homeostasis

PHD has been presumed to function as a synaptic homeostat
designed to maintain proper levels of synaptic strength, similar to
PHP but inverse in direction (11, 15). In contrast, PHD was recently
proposed to function as a glutamate homeostat, operating as a
sentinel against glutamate imbalance (16). Homeostatic control of

90of 13



SCIENCE ADVANCES | RESEARCH ARTICLE

glutamate levels in the nervous system is crucial. Excess ambient
glutamate leads to excitotoxicity, seizures, stroke, and neurodegen-
eration. vGlut-OE itself drives neurodegeneration in the Drosophila
brain (55). To avoid this toxicity, nervous systems have evolved nu-
merous clearance mechanisms to control and sequester glutamate,
with the major mechanism being glutamate transporters located in
glia and neurons (56). Although the fly genome encodes a single
glutamate transporter, dEAATI, that functions in glutamate
clearance in the brain and adult periphery, this transporter is not
expressed in the larval peripheral nervous system (57). Therefore,
PHD may actually be a primary mechanism that maintains gluta-
mate balance in the larval periphery.

Adaptive plasticity at synapses controlling presynaptic gluta-
mate release may provide a complementary mechanism with
transporter-based clearance to achieve and maintain glutamate
homeostasis. A variety of negative feedback mechanisms exist at
synapses in other systems that use autocrine inhibition. In addition
to the processes discussed above that use GluRs to drive inhibition,
it is possible that parallel chloride-based autocrine inhibition
mechanisms exist. GluCla is a close homolog to mammalian glycine
receptors. There is evidence for glutamate and glycine co-release in
the mouse visual system (58), and presynaptic glycine receptors can
influence glutamate release (59). In addition, GABA receptors are
present at presynaptic terminals (60), and a recent study demon-
strated that glutamate and GABA can also be co-released (61). Such
co-release of glutamate and glycine or GABA may enable an
autocrine inhibitory current at glutamatergic synapses analogous
to PHD at the Drosophila NM]. Thus, autocrine inhibition of
glutamate release may be a fundamental mechanism that ensures
glutamate balance in the nervous system.

MATERIALS AND METHODS

Experimental model and subject details

Drosophila stocks were raised at 25°C on standard molasses food in
an incubator with a 12-hour light/12-hour dark cycle. All experi-
mental flies were collected at the wandering third-instar larval
stage. No significant sex differences were observed in this study. An
isozygous w'!'® strain was used as the wild-type control unless
otherwise noted because this is the genetic background in which all
genotypes are bred. Each genotype used in this study, including
transgenic lines, were backcrossed into this same genetic back-
ground for at least five generations. A complete list of all Drosophila
stock sources and genotypes used in this study can be found in tables S1
and S2. All Institutional Review Board guidelines were followed.
Fly stocks

Drosophila stocks were raised at 25°C on standard molasses food.
The w'!'® strain is used as the wild-type control unless otherwise
noted, as this is the genetic background of the transgenic lines and
other genotypes used in this study. The fly stocks used in this study
are detailed in the table S3. The complete list of all GluR alleles
screened is detailed in table S1.

Molecular biology

There are 11 predicted Drosophila GluClo isoforms based on
expressed sequence tags (http://flybase.org/reports/FBgn0024963.
html). Among the isoforms, GIuCIl-RM appears to be the major one
based on reverse transcription polymerase chain reaction (PCR)
from Drosophila heads (37). To generate UAS-GIuClo, we cloned
the full-length GluClo-RM cDNA by reverse transcription of total
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RNA samples extracted from adult heads of the w'!'® strain and

inserted this sequence into the pACU2 vector (31223, Addgene,
Cambridge, MA). Separately, a spaghetti monster 10xFLAG GFP
tag (41) was PCR-amplified and placed in-frame before the stop
codon of the GluCla open reading frame to generate pACU2-
GluClo::smFP. The Gibson Assembly Cloning Kit (New England
Biolabs Inc., E5510S) was used to generate the final construct. To
generate UAS-Syt::mScarlet::GCaMP8f, we obtained the previously
engineered UAS-Syt:GCaMP6s plasmid (62) and replaced the
GCaMP6s sequence with sequences encoding mScarlet (85069,
Addgene) and GCaMP8f (162379, Addgene). This construct was
injected into the VK27 insertion site by BestGene Inc. (Chino Hill, CA).
To generate the GluCle promotor fusion with Gal4, a PCR fragment
of 3.98 kb upstream of the GluCla transcriptional start site was
cloned into the pDEST-APIGH vector to drive Gal4 expression. This
construct was injected into the VK18 insertion site by BestGene Inc.
We generated NMDAR1 and NMDAR2 mutants using a
CRISPR-Cas9 genome editing strategy (63, 64). Briefly, we selected
three target Cas9 cleavage sites in the first coding exon of NMDAR1
[single guide RNAs (sgRNAs): CCCTCGACGTACAACATTGG;
TCCGCATGGACAAGAATCCC; GGTGCCGCCGTACTACCACC]
and NMDAR2 (sgRNA: ATGATGAACAACGAACAGTT; AAC-
CGGGATGCCCAGGTAGC; GGAGGCCTACCTAACGGATC)
without obvious off-target sequences in the Drosophila genome.
DNA sequences covering these target sequences were synthesized
and subcloned into the pAC-U63-tgRNA-Rev vector (65). This
plasmid was then injected into the attP40 insertion site by BestGene
Inc. These sgRNA stocks were crossed to vas-Cas-9 (63), and
20 putative mutant lines were generated, with the relevant locus
amplified by PCR and sequenced. Independent deletions or inser-
tions with predicted frameshifts leading to early stop codons were
isolated, which indicated null mutations in the NMDARI open
reading frame, named NMDARIX®! (R80H...L104STOP) and
NMDARI*® (I41W...L54STOP). Two similar alleles were obtained in
NMDAR2, named NMDAR2" (G14A...C40STOP) and NMDAR2"™"
(L71F...A178STOP).
Immunocytochemistry
Larvae were dissected in ice-cold 0 Ca**-modified HL3 saline (12)
containing 70 mM NaCl, 5 mM KCI, 10 mM MgCl,, 10 mM
NaHCO3;, 115 mM sucrose, 5 mM trehelose, and 5 mM Hepes (pH
7.2) and immunostained as described (64). Briefly, dissected larvae
were washed three times with modified HL3 saline and fixed in
Bouin’s fixative (HT10132-1L, Sigma Chemical, St. Louis, MO) for
5 min. Larvae were washed with phosphate-buffered saline containing
0.1% Triton X-100 (PBST) and blocked with 5% normal donkey
serum followed by incubation in primary antibodies at 4°C over-
night. The following day, larvae underwent three 10-min washes in
PBST (or PBS to prevent membrane permeabilization) and were
incubated in secondary antibodies at room temperature for 2 hours.
Samples were transferred in VECTASHIELD (Vector Laboratories,
Burlingame, CA) and mounted on glass cover slides. The following
antibodies were used: guinea pig anti-vGlut (1:2000) (66), rabbit anti-
SYT1 (1:2500) (67), and mouse anti-flag (1:1000; Sigma-Aldrich,
F1804). Donkey anti-mouse, anti-guinea pig, and anti-rabbit Alexa
Fluor 488-conjugated (715-545-150, 706-545-148, and 711-545-152;
Jackson ImmunoResearch); DyLight 405-conjugated (715-475-150,
706-475-148, and 711-475-152; Jackson ImmunoResearch); and
cyanine 3-conjugated (715-165-150, 706-165-148, and 711-165-152;
Jackson ImmunoResearch) secondary antibodies were used at 1:400.
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Tetramethylrhodamine-conjugated phalloidin (R415, Thermo Fisher
Scientific) and Alexa Fluor 647-conjugated goat anti-horseradish
peroxidase (HRP) (123-605-021, Jackson ImmunoResearch) were
used at 1:200.
Confocal imaging and analysis
Samples were imaged using a Nikon A1R resonant scanning confo-
cal microscope equipped with NIS-Elements software and a 100x
APO (Apochromatic) 1.4 numerical aperture (NA) or 20x 1.4 NA
oil immersion objective using separate channels with four laser
lines (405, 488, 561, and 637 nm) at room temperature. Both type Ib
and Is boutons on muscle 6/7 of segments A2 and A3 were counted
by considering vGlut and HRP-stained NM]J terminals. For fluores-
cence quantifications of synaptic vesicle markers and GluClo::smFP,
all genotypes within a dataset were immunostained in the same
tube with identical reagents and then mounted and imaged in the
same session. z stacks were obtained using identical settings for
all genotypes, with z-axis spacing between 0.15 and 0.25 um within
an experiment and optimized for detection without saturation of the
signal. Maximum intensity projections were used for quantitative
image analysis with the NIS-Elements Software General Analysis
toolkit. All quantifications were performed for type Ib boutons on
muscle 6/7 and muscle 4 of segments A2 and A3. Measurements
were taken from at least 10 synapses acquired from at least six
different animals. For all images, fluorescence intensities were
quantified by applying intensity thresholds to the relevant channel,
and the mean puncta intensity was calculated as the total fluores-
cence intensity signal of the puncta divided by the area of the puncta.
The experiments using shibire to trap synaptic vesicles on the
plasma membrane after exocytosis were performed as previously
described (12). Briefly, shi*;0K371-Gal4/UAS-GluCla::smFP larvae
were dissected in ice-cold HL3 and then transferred to 0 Ca®*-HL3
saline at 34°C for 2 min to acclimate. Preparations were then incu-
bated in high K" saline [15 mM NaCl, 115 mM sucrose, 60 mM KCl,
10 mM MgCl, 1.5 mM CaCl,, 10 mM NaHCO3, 5 mM trehalose,
and 5 mM Hepes (pH 7.2)] at 34°C for 10 min. After stimulation,
the samples were transferred to Ca**-free saline (34°C) briefly and
then fixed in Bouins and washed with PBS to prevent membrane
permeabilization. The samples were labeled with anti-vGlut, anti-
Flag, anti-Syt, and HRP primary antibodies and imaged and
quantified as described above.
Ca**imaging
Third-instar larvae were dissected in modified HL3 saline. Dissected
larvae were imaged using a Nikon A1R confocal microscope
equipped with NIS-Elements software and a 60x APO 1.0 NA water
immersion objective as described (68). Imaging was performed in
either modified standard HL3 saline or 0 CI” saline containing 1 mM
Ca®*. Single stimuli were evoked using a Master-9 Pulse Stimulator
and an ISO-Flex Stimulus Isolator (A.M.P.1.) at 1 Hz and 0.5-ms
duration. Line scans across single boutons were acquired at 521 Hz
with 488- and 561-nm lasers during 120-s imaging sessions from
multiple boutons in at least two different larvae. Mean fluorescence
ratios (R) were calculated as Fygs/Fs6; of each line scan at a region of
interest (ROI). Fluorescence amplitudes for each evoked event was
quantified as AR/R = (R(f) — Rpaseline)/ Rbaseline> Where R(#) is the
fluorescence ratio in an ROI at any time point and Rpaseline 1 the
mean fluorescence ratio of the 2-s period obtained before the onset
of the evoked event. The Ca®" transient for each ROI is averaged for
10 single stimulation events. Imaging data with severe muscle
movements or fluorescence decay in the 561 channel were rejected.

Lietal., Sci. Adv. 7, eabj1215 (2021) 1 December 2021

The time constant (t) of the decay phase for each Ca** transient was
calculated using a monoexponential fit to the transient decay when
extrapolated backward to the time of peak fluorescence. Data analysis
was performed using custom Jupyter Note codes.
Electrophysiology

All dissections and recordings were performed in modified HL3
saline (12, 53) at room temperature containing the following: 70 mM
NaCl, 5 mM KCI, 10 mM MgCl,, 10 mM NaHCOs3, 115 mM
sucrose, 5 mM trehalose, 5 mM Hepes, and 0.4 mM CaCl, (unless
otherwise specified; pH 7.2) as described (69). Recordings were
performed on an Olympus BX61WI microscope using a 40x/0.80 NA
water-dipping objective and acquired using an Axoclamp 900A
amplifier, Digidata 1440A acquisition system, and pCLAMP 10.5
software (Molecular Devices). Electrophysiological sweeps were
digitized at 10 kHz and filtered at 1 kHz. For the PHD screen, sharp
electrode (electrode resistance between 10 and 25 megohms) re-
cordings were performed on muscles 6 or 7 of abdominal segments
A2 or A3 in wandering third-instar larvae. Muscle input resistance
(Rip) and resting membrane potential (Vy.s) were monitored during
each experiment. Recordings were rejected if the Vi was more
depolarized than —60 mV or if the R;, was less than 5 megohms.
TEVC recordings were performed on muscle 6 of abdominal segments
A2 and A3 as described (68, 69). In all TEVC recordings, muscles
were clamped at —70 mV with a leak current of absolute value
below 5 nA.

mEPSPs or mEPSCs were recorded for 1 min from each muscle
cell in the absence of stimulation. Twenty evoked responses (EPSPs
or EPSCs) were acquired for each cell under stimulation at 0.5 Hz
using 0.5-ms stimulus duration and with stimulus intensity adjusted
with an ISO-Flex Stimulus Isolator (A.M.P.I.). Averaged mEPSPs
(or mEPSCs) and EPSPs (or EPSCs) were calculated for each re-
cording, and quantal content (QC) was determined for each geno-
type by the equation: QC = EPSC/mEPSC or EPSP/mEPSP. Failure
analysis was performed in 0.18 mM Ca®* modified HL3. The
number of failures was quantified during 50 evoked responses using
the same stimulation protocol for EPSP/EPSC recordings. To acutely
block postsynaptic receptors, larvae were incubated with or without
philanthotoxin-433 (PhTx; 20 pM, Sigma-Aldrich) in modified
HL3 for 10 min before recordings. Data were analyzed using
Clampfit (Molecular Devices), MiniAnalysis (Synaptosoft), and Excel
(Microsoft) software.

For acute pharmacological activation of GluCla, EPSCs were
recorded with 50 continuous stimuli delivered to the cut motor axons
at 0.5 Hz. During this protocol, the bath saline was perfused with
0.4 mM Ca**-modified HL3 containing 10 uM IVM (Millipore Sigma,
18898) after the 20th stimulation. Average EPSC amplitude for each
genotype before the drug was calculated from the 1st to 20th stimuli,
and the average EPSC amplitude after IVM treatment was assessed
from the 30th to 50th stimuli. The recordings acquired in the
chloride-free saline were done as described above. Chloride-free
saline was composed of modified HL3 in which the NaCl, KCl,
MgCl,, and CaCl, chemicals were replaced with methylsulfate sodium
salt (Sigma-Aldrich, 318183), potassium methaesulfonate (Sigma-
Aldrich, 83000), magnesium nitrate hexahydrate (Sigma-Aldrich,
63084), and calcium nitrate tetrahydrate (Sigma-Aldrich, C1396)
with the same final ionic concentrations.

Phylogenetic GIuR sequence analysis
Phylogenetic analysis was conducted using amino acid se-
quence alignments for the 11 GluR sequences culled from the
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Drosophila melanogaster genome in MEGAX. If more than one
isoform was present, the shortest isoforms with essential functional
domains were chosen for the analysis to avoid discrepancy arising
from different isoforms. The maximum likelihood (ML) fits of
56 different amino acid substitution models were tested, with the
best model estimated by MEGAX, and GluR amino acid sequence
relationships were obtained using the ML tree reconstruction method
and Le-Gascuel model. Initial tree(s) for the heuristic search were
obtained by applying the neighbor-joining method to a matrix of
pairwise distances estimated using a JTT (Jones-Taylor-Thornton)
model. A discrete gamma distribution was used to model evolutionary
rate differences among sites [five categories (+G, parameter = 2.0465)].
The tree is drawn to scale, with branch lengths measured in the
number of substitutions per site.

Statistical analysis

Data were compared using either a one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparisons test or a
Student’s t test (where specified). For analysis of miniature distri-
bution, a Kolmogorov-Smirnov test was used to assess the signifi-
cance between indicated genotypes. P values were obtained: ns (not
significant), *P < 0.05 (significant), **P < 0.01, ***P < 0.001, and
¥*¥*¥P < 0.0001. Asterisks indicate statistical significance using
one-way ANOVA followed by multiple comparisons. Data were
analyzed using GraphPad Prism or Microsoft Excel software. Error
bars indicate +SEM. n values indicate biologically independent
cells. Additional statistical information and absolute values for
normalized data in relevant figures can be found in tables S1 and S2.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj1215

View/request a protocol for this paper from Bio-protocol.
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