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SUMMARY

Homeostatic signaling systems are thought to interface with other forms of plasticity to ensure 

flexible yet stable levels of neurotransmission. The role of neurotransmitter receptors in this 

process, beyond mediating neurotransmission itself, is not known. Through a forward genetic 

screen, we have identified the Drosophila kainate-type ionotropic glutamate receptor subunit 

DKaiR1D to be required for the retrograde, homeostatic potentiation of synaptic strength. 

DKaiR1D is necessary in presynaptic motor neurons, localized near active zones, and confers 

robustness to the calcium sensitivity of baseline synaptic transmission. Acute pharmacological 

blockade of DKaiR1D disrupts homeostatic plasticity, indicating that this receptor is required for 

the expression of this process, distinct from developmental roles. Finally, we demonstrate that 

calcium permeability through DKaiR1D is necessary for baseline synaptic transmission, but not 

for homeostatic signaling. We propose that DKaiR1D is a glutamate autoreceptor that promotes 

robustness to synaptic strength and plasticity with active zone specificity.
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INTRODUCTION

The nervous system is endowed with potent and adaptive homeostatic signaling systems that 

maintain stable functionality despite the myriad changes that occur during neural 

development and maturation (Davis and Muller, 2015; Pozo and Goda, 2010). The 

importance of homeostatic regulation in the nervous system is underscored by associations 

with a variety of neurological diseases (Wondolowski and Dickman, 2013), yet the genes 

and mechanisms involved remain enigmatic. A powerful model of presynaptic homeostatic 

plasticity has been established at the Drosophila neuromuscular junction (NMJ), a model 

glutamatergic synapse with molecular machinery that parallels central synapses in 

mammals. Here, genetic and pharmacological manipulations that reduce postsynaptic 

(muscle) glutamate receptor function trigger a trans-synaptic, retrograde feedback signal to 

the neuron that increases presynaptic release to precisely compensate for this perturbation 

(Frank, 2013). This process is referred to as presynaptic homeostatic potentiation (PHP), 

because the expression mechanism requires a presynaptic increase in neurotransmitter 

release.

In recent years, forward and candidate genetic approaches have revealed several new and 

unanticipated genes necessary for PHP expression (Frank, 2013). While perturbations to the 

glutamate receptors in muscle are crucial events in the induction of PHP (Frank et al., 2006; 

Petersen et al., 1997), whether other ionotropic glutamate receptors (iGluRs) function in 

PHP or are even expressed at the Drosophila NMJ is unknown. Finally, although evidence 

has emerged that homeostatic modulation is synapse-specific (Davis and Goodman, 1998; 

Newman et al., 2017), no roles for neurotransmitter receptors or other factors have been 

found to enable the presynaptic tuning of release efficacy at individual synapses.

We have identified the kainate-type iGluR subunit DKaiR1D to be necessary for PHP 

expression at the Drosophila NMJ. We find that DKaiR1D is necessary for the calcium 

sensitivity of baseline synaptic transmission, as well as for the acute and chronic expression 

of homeostatic potentiation. Recently, the functional reconstitution of DKaiR1D was 

achieved in heterologous cells, revealing that these receptors form homomeric calcium 

permeable channels with atypical pharmacological properties compared to their vertebrate 

homologs (Li et al., 2016). We find that DKaiR1D is expressed in the nervous system and 

not the muscle, is present near presynaptic active zones, and is required specifically in motor 

neurons to enable the robustness of baseline neurotransmission and homeostatic plasticity. 

We propose that glutamate activates DKaiR1D at presynaptic release sites to translate 
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autocrine activity into the robust stabilization of synaptic strength with active zone 

specificity.

RESULTS

DKaiR1D encodes a neural kainate-type glutamate receptor subunit

In the course of an electrophysiology-based, forward genetic screen to isolate genes 

necessary for PHP expression (Dickman and Davis, 2009), we identified a mutant that failed 

to homeostatically increase presynaptic release following acute application of 

Philanthotoxin-433 (PhTx), a drug that specifically blocks postsynaptic glutamate receptors 

at the Drosophila NMJ (Frank et al., 2006). Within 10 mins following application of this 

antagonist, mEPSP amplitudes are reduced but EPSP amplitudes are maintained at baseline 

values because of a homeostatic increase in presynaptic release (Frank et al., 2006). This 

mutation contained a transposon insertion into an intronic region of a gene, DKaiR1D, 

predicted to encode an ionotropic, kainate-type glutamate receptor subunit (Fig. 1A). We 

named this allele DKaiR1D1. We identified a second, independent transposon inserted into a 

coding exon of DKaiR1D (now named DKaiR1D2), as well as a deficiency which removes 

the entire open reading frame.

Phylogenetic analysis revealed that DKaiR1D is distinct from the five iGluR subunits 

expressed in the Drosophila muscle that drive the postsynaptic response to presynaptic 

glutamate release (Li et al., 2016). There is evidence that DKaiR1D functions in the adult fly 

visual system (Karuppudurai et al., 2014), but DKaiR1D has not been investigated at the 

NMJ and its expression pattern is unknown. We therefore performed in situ hybridization in 

embryos to determine DKaiR1D mRNA expression, which demonstrated that DKaiR1D was 

exclusively expressed in the nervous system (Fig. 1B). Finally, we generated an antibody 

against DKaiR1D which revealed a single 95 KDa band by immunoblot analysis, 

corresponding to the predicted size of DKaiR1D (Fig. 1C). This band was observed in larval 

brain lysates, while no detectable signal was found in lysates made from larval muscle (Fig. 

1C). Further, both DKaiR1D1 and DKaiR1D2 alleles are protein nulls, as no expression was 

detected in brain lysates from these mutants. Thus, we have identified two independent null 

alleles of DKaiR1D, a kainate receptor expressed in the nervous system and putatively 

required for presynaptic homeostatic potentiation.

DKaiR1D is required in motor neurons for the acute and chronic expression of presynaptic 
homeostatic potentiation

iGluRs have been shown to function in baseline synaptic transmission, contributing to both 

postsynaptic currents and presynaptic facilitation (Lerma and Marques, 2013). We therefore 

characterized baseline synaptic transmission in addition to homeostatic plasticity in 

DKaiR1D mutants. We observed no significant change in mEPSP amplitude in DKaiR1D 
mutants, consistent with DKaiR1D being expressed presynaptically and not present in the 

muscle to mediate the postsynaptic responsiveness to glutamate release (Fig. 1D). Baseline 

EPSP amplitudes were slightly reduced in DKaiR1D mutants. However, following acute 

inhibition of postsynaptic glutamate receptors by application of PhTx, mEPSP values were 

reduced, and EPSP amplitudes were also reduced, indicating no adaptive increase in 
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presynaptic release (quantal content) in either mutant allele alone, or in mutant alleles in 
trans to a deficiency that removes the entire DKaiR1D locus (Fig. 1D,E). Next, we asked if 

DKaiR1D expression is necessary cell autonomously in motor neurons for PHP expression. 

Expression of DKaiR1D specifically in motor neurons restored PHP expression in DKaiR1D 
mutants, while PHP remained disrupted when DKaiR1D was expressed in muscle (Fig. 

1F,G). Thus, DKaiR1D expression is necessary in motor neurons for the acute expression of 

PHP.

PhTx was shown to inhibit reconstituted DKaiR1D homomers in vitro (Li et al., 2016), so 

we performed several experiments to test whether PhTx influenced DKaiR1D receptors in 
vivo. First, mutations in the postsynaptic GluRIIA receptor subunit is a genetic means of 

inducing PHP expression, independently of PhTx application. Loss of GluRIIA leads to a 

chronic reduction in mEPSP amplitude throughout larval development and a robust 

compensatory increase in presynaptic release (Fig. 1H). In GluRIIA, DKaiR1D double 

mutants, we observed reduced mEPSPs but no increase in presynaptic release compared to 

DKaiR1D mutants alone, confirming that DKaiR1D is required for PHP expression over 

chronic time scales and, importantly, independently of PhTx application (Fig. 1H). Further, 

PHP expression is restored in GluRIIA, DKaiR1D mutants when DKaiR1D expression is 

driven in motor neurons (Fig. 1H), as expected. Next, we confirmed that application of PhTx 

to GluRIIA mutants does not impact mEPSP amplitudes, while PHP is robustly expressed 

(Fig. S1D–H), as shown previously (Frank et al., 2006). This indicates that the only 

physiological target of PhTx in the conditions we are using are GluRIIA-containing 

postsynaptic glutamate receptors. Finally, we used a second drug to block postsynaptic 

GluRIIA-containing receptors, NSTX-3 (Frank et al., 2006), which has no reported 

specificity for DKaiR1D receptors. Application of NSTX-3 reduced mEPSP values to the 

same level in the absence or presence of PhTx in both wild type and DKaiR1D mutant 

synapses (Fig. 1I,J and Fig. S1A–C). Importantly, while PHP was robustly expressed at 

wild-type NMJs following NSTX-3 application, PHP was blocked in DKaiR1D mutants, 

and PhTx application had no additional impact (Fig. 1I,J and Fig. S1A–C). Taken together, 

there is no evidence that DKaiR1D receptors are targets of PhTx in vivo, and PHP 

expression requires DKaiR1D independently of PhTx application.

Finally, we also examined synaptic growth and structure in DKaiR1D mutants by 

immunostaining synaptic structures at the NMJ. We found no significant difference in the 

number or area of synaptic boutons or active zones in DKaiR1D mutants compared with 

controls (Fig. S2). This indicates there are no obvious changes to synaptic growth or 

structure in DKaiR1D mutants that may contribute to the inability to express PHP. Thus, 

DKaiR1D is a glutamate receptor required in motor neurons for both the acute and chronic 

expression of presynaptic homeostatic potentiation.

Altered calcium cooperativity and short term plasticity in DKaiR1D mutants

Presynaptic iGluRs modulate neurotransmission in rodent systems, particularly during high 

levels of activity (Kamiya, 2002; Pinheiro and Mulle, 2008). We therefore examined 

baseline synaptic transmission in DKaiR1D mutants in more detail. Recording in reduced 

extracellular calcium (0.2 mM) revealed a decrease in EPSP amplitude in DKaiR1D mutants 
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compared to wild type (Fig. 2A) and an apparent increase in the calcium cooperativity of 

synaptic transmission (Fig. 2B). We went on to probe short term plasticity in lowered 

extracellular calcium, where wild-type synapses show a moderate facilitation in synaptic 

transmission when stimulated at 20 Hz (Fig. 2C). Consistent with reduced initial release 

probability in DKaiR1D mutants, facilitation was markedly increased, as has been observed 

in other homeostatic mutants (Dickman and Davis, 2009; Younger et al., 2013). Together, 

these experiments reveal increased calcium cooperativity and facilitation at DKaiR1D 
mutant synapses.

An inverse process to PHP, referred to as presynaptic homeostatic depression (PHD), has 

been demonstrated at the Drosophila NMJ. Here, excess glutamate release is observed 

through overexpression of the vesicular glutamate transporter (vGlut; (Daniels et al., 2004)). 

This leads to increased synaptic vesicle and quantal size but normal EPSP amplitude, due to 

a homeostatic decrease in presynaptic release (Daniels et al., 2004; Gavino et al., 2015). 

Some have speculated that PHD utilizes a presynaptic glutamate receptor as part of a 

homeostatic feedback sensor and signaling mechanism (Daniels et al., 2004; Frank, 2013), 

and we tested whether DKaiR1D receptors may subserve this role. Overexpression of vGlut 
(vGlut-OE) in motorneurons led to the expected increase in mEPSP amplitude and 

homeostatic reduction in quantal content (Fig. 2D,E). Similarly, in DKaiR1D mutants 

overexpressing vGlut (DKaiR1D+vGlut-OE), mEPSP amplitudes were increased and 

quantal content was similarly reduced. Finally, in lowered extracellular calcium, quantal 

content and EPSP amplitudes were further reduced in DKaiR1D+vGlut-OE mutants 

compared to vGlut-OE alone (Fig. 2F). Both DKaiR1D mutants and vGlut-OE lead to 

independent reductions in release probability, so a further reduction at lowered extracellular 

calcium when these manipulations are combined may be expected, given that vGlut-OE 

involves a reduction in presynaptic calcium influx (Gavino et al., 2015). Thus DKaiR1D, 

while necessary for PHP expression, is dispensable for the expression of PHD.

Elevated extracellular calcium restores PHP expression in DKaiR1D mutants

Since DKaiR1D mutants exhibited a pronounced reduction in release at lowered 

extracellular calcium, we next probed baseline synaptic transmission and PHP at elevated 

extracellular calcium using two-electrode voltage clamp (TEVC). As expected, baseline 

transmission was unperturbed in DKaiR1D mutants in this condition. However, PHP 

expression was now restored in DKaiR1D mutants, with GluRIIA, DKaiR1D double 

mutants showing similar EPSC amplitudes compared with GluRIIA mutants alone (Fig. 

3A,B). This suggests that the requirement of DKaiR1D in both PHP and baseline 

transmission is sensitive to extracellular calcium, where lowered calcium highlights the 

importance of DKaiR1D in facilitating baseline neurotransmission and PHP, while elevated 

calcium circumvents the need for DKaiR1D in these processes.

One key expression mechanism underlying PHP is a homeostatic increase in the readily 

releasable synaptic vesicle pool (RRP). This pool is defined as the number of vesicles 

available for immediate release, and has been shown to be homeostatically modulated 

following PhTx application and necessary for the expression of PHP (Muller et al., 2012; 

Weyhersmuller et al., 2011). The state of the RRP has not been determined in GluRIIA 

Kiragasi et al. Page 5

Cell Rep. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mutants. We therefore investigated the RRP in wild type, GluRIIA, and DKaiR1D mutants, 

as well as in GluRIIA; DKaiR1D double mutants. Using TEVC in 3 mM extracellular 

calcium, we estimated the RRP size by back extrapolating the cumulative EPSC amplitude 

following 30 stimuli at 60 Hz (Fig. 3C,D; see methods). Both GluRIIA and GluRIIA; 
DKaiR1D double mutants exhibited a robust increase in the RRP relative to baseline (Fig. 

3D), consistent with no defect in PHP expression in DKaiR1D mutants at high extracellular 

calcium following homeostatic challenge. Finally, we controlled for the possibility that the 

vesicle pool size may change in DKaiR1D mutants at high and low calcium conditions. We 

measured the sucrose-sensitive synaptic vesicle pool using hypertonic sucrose in zero 

extracellular calcium, and observed no significant difference compared with controls (Fig. 

3E,F). Together, this indicates that while PHP expression is completely blocked in lowered 

extracellular calcium, elevated calcium restores the expression of PHP along with the 

expected RRP modulation in DKaiR1D mutants.

DKaiR1D localizes to synaptic neuropil and presynaptic terminals

The most obvious sources of glutamate that would activate DKaiR1D in motor neurons are 

at dendrites, where glutamatergic inputs may signal to postsynaptic DKaiR1D receptors, or 

at presynaptic terminals, where DKaiR1D receptors at or near release sites may respond to 

synaptically released glutamate in an autocrine mechanism. Indeed, DKaiR1D has been 

suggested to function postsynaptically in dendrites in the Drosophila visual system 

(Karuppudurai et al., 2014), while rodent kainate and NMDA receptors function 

presynaptically near active zones to modulate synaptic transmission (Bouvier et al., 2015; 

Chittajallu et al., 1996; Pinheiro et al., 2007). To determine the subcellular expression of 

DKaiR1D, we used antibody staining in third-instar larvae. The polyclonal antibody we 

generated against DKaiR1D revealed specific expression in a broad, synapse-rich region of 

the central nervous system in the larval ventral nerve cord (Fig. 4A). This signal highly 

overlapped with the active zone marker BRP, and was absent in DKaiR1D mutants (Fig. 

4A,B), indicating that in the central nervous system, DKaiR1D traffics to synaptic neuropil. 

While the majority of synaptic inputs onto motor neurons are cholinergic (Baines and Bate, 

1998; Baines et al., 1999; Daniels et al., 2008), and the glutamate that is released onto motor 

neurons is thought to be inhibitory through activation of glutamate-gated chloride channels 

(Rohrbough and Broadie, 2002), we cannot rule out the possibility that DKaiR1D may be 

present in the dendrites of motor neurons.

We then stained NMJs to determine whether DKaiR1D was present at presynaptic terminals 

of motor neurons. We were unable to detect a consistent endogenous DKaiR1D signal in 

wild-type motor neuron terminals (data not shown). However, following overexpression of 

DKaiR1D in motor neurons, we observed a punctate signal at presynaptic NMJ terminals, 

which localized at or near active zones labeled by BRP (Fig. 4C–F). Interestingly, only a 

subset of BRP positive active zones colocalized with DKaiR1D puncta (Fig. 4E), suggesting 

a heterogeneity of DKaiR1D presence and position relative to individual active zones. We 

observed no significant changes in the density or intensity of BRP signals at active zones 

following DKaiR1D overexpression (Fig. 4D–F, Table S1). Given that overexpressed 

DKaiR1D can traffic near active zones, we examined active zone ultrastructure in DKaiR1D 
mutants, but did not detect any significant changes in NMJ ultrastructure in DKaiR1D 
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mutants (Fig. S3). Together, this demonstrates that DKaiR1D traffics to synapses in central 

neuropil and to presynaptic NMJ terminals where it could, in principle, respond to 

synaptically released glutamate.

Glutamate uncaging triggers calcium influx at active zones through DKaiR1D

DKaiR1D receptors were demonstrated to be calcium permeable in vitro (Li et al., 2016), 

and we next sought to utilize calcium imaging to test for the functional presence of 

endogenous presynaptic DKaiR1D activity at active zones. Conventional presynaptic 

calcium imaging uses action-potential evoked stimulation to elicit presynaptic calcium 

influx through voltage gated calcium channels at active zones (Muller and Davis, 2012; Yao 

et al., 2017). This standard approach would be unlikely to specifically detect the calcium 

signal through DKaiR1D receptors for two reasons. First, much less calcium is passed 

through DKaiR1D receptors compared to the voltage gated calcium channels that trigger 

synaptic vesicle release (illustrated in Fig. S4). Second, conventional calcium imaging 

necessarily measures the spatially averaged calcium signal across the entire synaptic bouton, 

and not the specific signal at individual active zones. Further, the contribution of calcium 

through DKaiR1D receptors is likely non-uniform, given the heterogeneity of DKaiR1D 

expression and localization relative to active zones (Fig. 4). Thus, we sought an alternative 

means to image presynaptic calcium influx through DKaiR1D at active zones independently 

of action potential-evoked activity.

We developed a genetically encoded ratiometric calcium indicator targeted specifically to 

active zones. We first engineered a transgene in which we fused GCaMP6s (Chen et al., 

2013) to the red-shifted, calcium insensitive fluorophore mCherry (Fig. 5A). This enables 

the ratiometric analysis of the calcium-dependent GCaMP6s signal to that of a constant 

mCherry signal. This indicator would also permit the visualization of active zones at rest if 

targeted to release sites. To target this indicator specifically to active zones, we inserted a 

short fragment of the active zone scaffold BRP to the GCaMP6s::mCherry fusion. 

Fluorophores fused to BRP-short (BRPs) localize specifically to active zones at the 

Drosophila NMJ (Schmid et al., 2008). Expression of this transgene in motor neurons 

revealed co-localization of BRP, mCherry, and GCaMP6s signals, as expected (Fig. 5B). 

Finally, to uncouple presynaptic calcium influx through voltage-gated calcium channels and 

DKaiR1D receptors, we used photo-uncaging of glutamate instead of electrical stimulation 

to trigger extracellular glutamate release.

Glutamate uncaging at motor neuron terminals expressing BRPs::mCherry::GCaMP6s 

revealed a GCaMP6s signal at individual mCherry-positive active zones in 2 mM calcium 

(Fig. 5C,D,E). These calcium transients did not occur spontaneously in the absence of 

photo-stimulation, and consistently failed to be evoked in 0 mM extracellular calcium (Fig. 

5D,E). Indeed, we found that only a subset of mCherry-positive active zones were 

responsive to photo-stimulation (Fig. 5C,F), consistent with DKaiR1D receptors being 

heterogeneously localized at BRP-positive active zones. Lastly, to test whether this signal 

was due to glutamate activating DKaiR1D receptors rather than an alternative glutamate-

responsive target at presynaptic terminals, we took advantage of both DKaiR1D 

pharmacology and genetics. NMDA was reported to be an antagonist of DKaiR1D in 
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heterologous systems (Li et al., 2016), and we confirmed this in vivo (Fig. 6). We therefore 

repeated glutamate uncaging in the presence of NMDA in the extracellular saline to block 

DKaiR1D receptors. NMDA application reduced the frequency of calcium signal responses 

after photo-uncaging from over 75% to below 20% (Fig. 5F). We also genetically validated 

that these calcium transients consistently fail to be evoked in DKaiR1D mutant synapses 

(Fig. 5D,F). Together, these experiments demonstrate that endogenous DKaiR1D receptors 

are capable of passing calcium in response to extracellular glutamate near presynaptic active 

zones at the Drosophila NMJ.

Acute pharmacological blockade of DKaiR1D disrupts the expression, but not induction, of 
PHP

Heterologous expression of DKaiR1D was recently achieved, where DKaiR1D was 

determined to form homomeric channels, to be activated by glutamate, and to be calcium 

permeable (Li et al., 2016). Interestingly, NMDA, an agonist for NMDA-type vertebrate 

glutamate receptors, was found to be a reversible antagonist of DKaiR1D channels (Li et al., 

2016). We therefore tested whether NMDA could serve as an acute pharmacological 

antagonist of DKaiR1D activity in vivo using the semi-intact Drosophila NMJ preparation. 

Importantly, we sever the motor nerve from the cell body prior to application of NMDA in 

this preparation. Thus, acute blockade of DKaiR1D by NMDA would provide conclusive 

insight into whether this receptor was functioning in the dendrites or presynaptic terminals 

of motor neurons during baseline synaptic transmission and homeostatic plasticity, and 

resolve whether DKaiR1D had developmental roles or was necessary for the acute induction 

and/or expression of PHP.

We previously observed a substantial reduction in baseline EPSP amplitude in 0.2 mM 

extracellular calcium in DKaiR1D mutant synapses (Fig. 2). If NMDA is indeed an 

antagonist of DKaiR1D in vivo, we reasoned that acute application of NMDA to a wild-type 

preparation in similar conditions should reduce EPSP amplitudes to DKaiR1D mutant levels. 

While acute application of NMDA to wild-type synapses did not affect mEPSP amplitude 

(Fig. 6C and Fig. S5), EPSP amplitudes were reduced to similar levels as observed in 

DKaiR1D mutants at low calcium (0.2 mM) (Fig. 6A,B). We went on to test whether the 

acute blockade of DKaiR1D by NMDA, after severance of the motor nerve, disrupts the 

expression of PHP. At moderate extracellular calcium (0.4 mM), application of NMDA had 

no effect on baseline transmission in wild-type synapses, as expected (Fig. 6D). However, 

following incubation with PhTx, NMDA completely disrupted the expression of PHP in 

wild-type synapses (Fig. 6D,E). NMDA application had no impact on DKaiR1D mutants in 

this condition (PHP was blocked with no additional changes, Fig. 6E). Finally, we 

specifically tested whether DKaiR1D activity was needed for the induction and/or 

expression of PHP. First, we applied NMDA to semi-intact preparations before, during, and 

following PhTx application, then washed out NMDA and recorded mEPSP and EPSP 

values. PHP was restored to control levels within 2 mins of NMDA washout (Fig. 6F), 

demonstrating that DKaiR1D activity is not necessary for the acute induction of PHP. To test 

the reversibility and necessity of DKaiR1D for the expression of PHP, we applied NMDA to 

wild-type synapses after PhTx application, recorded reduced EPSP values, then washed out 

NMDA and found EPSP values returned to baseline levels, restoring PHP expression (Fig. 
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6G). Together, this demonstrates that DKaiR1D activity at presynaptic terminals is necessary 

for the acute and rapid expression, but not induction, of presynaptic homeostatic 

potentiation.

We went on to perform several controls for the specificity of DKaiR1D pharmacology. First, 

application of NMDA at moderately elevated extracellular calcium (1 mM) had no effect on 

baseline transmission (Fig. S5C), as expected, while PHP expression was greatly diminished 

(Fig. S5E). In addition, DKaiR1D heterozygous mutants exhibited an increased sensitivity to 

NMDA over a range of concentrations compared with wild type (Fig. S5D), consistent with 

DKaiR1D being a specific target of NMDA in vivo at the larval NMJ. Notably, AP5 also 

functions as an antagonist of DKaiR1D (Li et al., 2016), and we found that acute application 

of AP5 indeed disrupts PHP expression, with DKaiR1D heterozygous mutants exhibiting an 

increased sensitivity to AP5 (Fig. S5F–H). The blockade of DKaiR1D by both NMDA and 

AP5 excludes any possibility of NMDA receptors influencing synaptic physiology at the 

Drosophila NMJ in our assay, since one is an NMDA receptor agonist and the other is a 

competitive antagonist. We did observe that AP5 was less effective at disrupting homeostatic 

plasticity than NMDA, consistent with NMDA being a more potent antagonist in vitro (Li et 

al., 2016). However, we find that both NMDA and AP5 are effective at lower concentrations 

in vivo than might be expected from their actions in vitro, suggesting there are 

pharmacological differences for DKaiR1D receptors in vivo compared to in vitro. Thus, 

NMDA is a specific antagonist of DKaiR1D receptors in vivo.

Calcium permeability through DKaiR1D is necessary for baseline transmission but not 
PHP expression

The unedited versions of vertebrate kainate and AMPA receptors are calcium permeable 

(Lerma and Marques, 2013; Pinheiro and Mulle, 2008) and DKaiR1D forms calcium 

permeable channels when expressed in heterologous cells (Li et al., 2016). We therefore 

tested the importance of calcium influx through DKaiR1D in driving baseline presynaptic 

release as well as presynaptic homeostatic potentiation. To accomplish this, we engineered a 

Q604R mutation in DKaiR1D that renders this channel calcium impermeable in 

heterologous cells (Li et al., 2016). This calcium impermeable DKaiR1D transgene (referred 

to as DKaiR1DR) was tested for the ability to rescue baseline and homeostatic synaptic 

function compared with the native, calcium permeable DKaiR1DQ transgene when 

expressed in motor neurons of DKaiR1D mutants.

We first tested baseline synaptic release at 0.2 mM extracellular calcium. First, we 

confirmed that overexpression of DKaiR1DQ and DKaiR1DR transgenes in motor neurons 

display similar expression and localization (data not shown). Expression of the calcium 

permeable DKaiR1DQ transgene in motor neurons of the DKaiR1D mutant restored wild-

type EPSP amplitudes, while expression of DKaiR1DR had no effect on reduced EPSP 

amplitudes (Fig. 7A,B). This demonstrates that calcium permeability through DKaiR1D is 

necessary for proper baseline presynaptic release. We then performed the same experiment 

in elevated extracellular calcium (0.4 mM) following PhTx application to test whether 

calcium permeability through DKaiR1D was similarly necessary for the homeostatic 

potentiation of presynaptic release. Following PhTx application, PHP expression was 
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rescued when DKaiR1DQ was expressed in DKaiR1D mutants. Surprisingly, PHP was also 

fully restored following DKaiR1DR expression in motor neurons (Fig. 7C,D). Importantly, 

this demonstrates that expression of DKaiR1DR is functional, in that it can fully restore PHP 

expression to similar levels as observed with DKaiR1DQ expression. These results suggest 

that calcium influx through DKaiR1D serves to potentiate presynaptic release in low 

extracellular calcium conditions, but that calcium influx through DKaiR1D is not necessary 

to enable the expression of PHP.

DISCUSSION

We have revealed a role for presynaptic glutamatergic signaling modulating baseline and 

homeostatic neurotransmitter release at the Drosophila NMJ. This unexpected role for 

iGluRs in sensing glutamate at presynaptic terminals indicates an autocrine mechanism that 

responds to glutamate release to adaptively modulate presynaptic activity at individual active 

zones.

Autocrine mechanisms for iGluRs in modulating presynaptic neurotransmitter release

Glutamate receptors have diverse functions in modulating presynaptic excitability and short 

term plasticity in addition to their established roles in postsynaptic excitation (Lerma and 

Marques, 2013). Similar to what we observe with DKaiR1D at the Drosophila NMJ, rodent 

iGluRs also localize to presynaptic active zone, are activated by high concentrations of 

glutamate, and can modulate release during single action potentials (McGuinness et al., 

2010; Pinheiro et al., 2007; Schmitz et al., 2000). This suggests conserved autocrine 

modulatory mechanisms shared between these systems.

Rodent autoreceptors are known to modulate presynaptic activity on rapid time scales 

(Kamiya, 2002; Schmitz et al., 2000), including potentiating release during single action 

potentials (McGuinness et al., 2010; Scott et al., 2008). Activation of presynaptic iGluRs can 

modulate presynaptic voltage and calcium influx in less than 3.5 milliseconds (McGuinness 

et al., 2010; Scott et al., 2008). In these cases, most of the impact on release is likely to 

derive from a calcium store-dependent mechanism, or from modulation of the action 

potential during the repolarization phase, when most of the calcium influx that drives vesicle 

release occurs (Schneggenburger and Rosenmund, 2015). In a similar fashion, activation of 

presynaptic DKaiR1D during a single action potential could lead to a rapid additional source 

of presynaptic calcium influx from DKaiR1D itself and/or through modulation of 

presynaptic membrane potential to drive increased vesicle release (Fig. S4). Voltage imaging 

at the Drosophila NMJ has found the half width of the action potential waveform to be ~5 

milliseconds (Ford and Davis, 2014), sufficient time to be modulated through such a 

mechanism. Therefore, dynamic changes in voltage or calcium influx at or near active zones 

could, in principle, drive additional vesicle release during a single action potential. This 

modulation may be restricted to nearby active zones and compartments relative to the site of 

glutamate release. Indeed, presynaptic kainate autoreceptors have the capacity to confer 

short-range, synapse-specific modulation to synaptic transmission (Scott et al., 2008), while 

presynaptic ligand-gated ion channels in C. elegans can also rapidly modulate synaptic 

transmission (Takayanagi-Kiya et al., 2016). Local activation of DKaiR1D could, therefore, 
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subserve a powerful and flexible means of tuning presynaptic efficacy at or near individual 

release sites.

Rapid, synapse-specific modulation during presynaptic homeostatic plasticity

How does DKaiR1D promote the expression of presynaptic homeostatic plasticity? In 

contrast to the role of DKaiR1D in baseline release discussed above, our data indicates that 

the DKaiR1D-dependent mechanism that drives presynaptic homeostatic potentiation is 

calcium independent. This implies two changes to DKaiR1D functionality that are unique to 

homeostatic adaptation compared to baseline transmission. First, because presynaptic release 

is acutely potentiated following application of PhTx, the activity, levels, and/or localization 

of DKaiR1D receptors must change to acquire a novel influence on neurotransmitter release 

following PHP induction. The activity of synaptic glutamate receptors can change through 

associations with additional subunits and auxiliary factors such as Neto (Kim et al., 2012; 

Straub et al., 2011). Furthermore, various forms of plasticity are expressed through dynamic 

changes in the levels and localization of glutamate receptors trafficking between active zones 

and endosome pools or extra-synaptic membrane (Anggono and Huganir, 2012; Kneussel 

and Hausrat, 2016; Yan et al., 2013). Indeed, when DKaiR1D is overexpressed in motor 

neurons, it rescues baseline transmission and PHP expression while localizing to 

heterogenous puncta of varying distances relative to active zones. Notably, there is evidence 

that DKaiR1D interacts with other glutamate receptor subunits in vivo (Karuppudurai et al., 

2014), which may contribute to the pharmacological differences observed in this study 

compared with the in vitro characterization (Li et al., 2016), and may also be targets of 

modulation during PHP.

Second, calcium signaling through DKaiR1D differentially drives baseline release and 

homeostatic plasticity. Therefore, mechanisms distinct from calcium permeability of the 

channel must contribute to PHP expression. One possibility is that DKaiR1D signals through 

an undefined metabotropic mechanism during PHP (Petrovic et al., 2017; Rozas et al., 2003; 

Rutkowska-Wlodarczyk et al., 2015), which might contribute to the ability of the calcium 

impermeable DKaiR1DR transgene, with reduced conductance (Li et al., 2016), to rescue 

PHP expression. Alternatively, an attractive possibility is that following PHP induction, 

glutamate released from nearby active zones may dynamically modulate the presynaptic 

membrane potential and/or action potential waveform to promote additional synaptic vesicle 

release. Indeed, small, sub-threshold depolarizations of the presynaptic resting potential, as 

small as 5 mV, are sufficient to induce a two-fold increase in presynaptic release 

(Awatramani et al., 2005). The timescale of this activity could occur within a few 

milliseconds as discussed above, and studies at the Drosophila NMJ have revealed that 

glutamate is released from single synaptic vesicles over time scales of milliseconds (Pawlu 

et al., 2004). Interestingly, ENaC channels have been proposed to enable PHP expression 

through changes in the presynaptic membrane potential (Younger et al., 2013), and such a 

mechanism could be shared by DKaiR1D, but gated by glutamate release at individual active 

zones. Thus, DKaiR1D may serve to homeostatically modulate presynaptic release through 

modulation of presynaptic voltage and, intriguingly, with active zone specificity.
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Glutamate signaling and homeostatic synaptic plasticity

Our characterization of DKaiR1D has revealed the first role for presynaptic glutamate 

signaling in homeostatic plasticity. In the mammalian central nervous system, glutamate 

signaling drives the adaptive regulation of postsynaptic AMPA receptor insertion and 

removal, known as homeostatic scaling (Turrigiano, 2008). Further, kainate receptors were 

recently demonstrated to regulate postsynaptic homeostatic scaling (Yan et al., 2013). 

Together with our present study, these results demonstrate that glutamatergic signaling 

through kainate receptors orchestrate the potent and adaptive homeostatic control of synaptic 

strength on both sides of the synapse. Future studies will reveal the integration between 

synaptic glutamate signaling and other forces that modulate synaptic strength to enable 

robust, flexible, and stable neurotransmission.

EXPERIMENTAL PROCEDURES

Fly Stocks

Drosophila stocks were raised at 25°C on standard molasses food. The w1118 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 DKaiR1D mutant stocks 

DKaiR1D1 (PBac{WH}CG3822f03502) and DKaiR1D2 (Mi{ET1}CG3822MB01010) as well 

as the DKaiR1D deficiency (Df(3R)BSC819) were obtained from the Bloomington 

Drosophila Stock Center.

Molecular Biology

We obtained an EST (RE06730) encoding the entire DKaiR1D open reading frame from the 

Berkeley Drosophila Genome Project (www.fruitfly.org). We inserted the DKaiR1D cDNA 

into the pACU2 vector (Han et al., 2011) using standard cloning methods. pACU2-

Brps::mCherry::GCaMP6s was generated by PCR amplifying the region coding for the Brp-

short sequence (Brps), mCherry sequence, and the GCaMP6s sequence, and cloned using 

Gibson Assembly.

Immunochemistry

Third-instar larvae were dissected in ice cold 0 Ca2+ HL-3 and immunostained as described 

(Chen et al., 2017). The following antibodies were used: mouse anti-Synapsin, 3C11 (1:10; 

Developmental Studies Hybridoma Bank; DSHB); mouse anti-Bruchpilot (BRP), (nc82; 

1:100; DSHB); affinity-purified rabbit anti-GluRIII (1:2000; (Marrus et al., 2004)); rabbit 

anti-GFP (1:1000; A-11122; Invitrogen) and rat anti-DKaiR1D (1:1000). To generate 

polyclonal antibodies against DKaiR1D, we engineered a recombinant protein consisting of 

amino acids 31–219 and an N-terminal 10X-His tag. Recombinant protein was injected into 

3 rats by PrimmBiotech, Inc. (Boston, MA), and polyclonal antibodies were affinity purified.

Western Blotting

Third-instar larval brain and muscle tissue extracts (50 animals of each genotype) were 

prepared and used for immunoblotting as previously described (Chen et al., 2017). 

DKaiR1D (1:1000) and α-Tubulin (1:2000; JLA20, DSHB) primary antibodies were used 
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with a 1:5000 dilution of horseradish peroxidase-conjugated anti-rat or anti-mouse 

secondary antibodies (Jackson ImmunoResearch).

Confocal imaging and analysis

Samples were imaged using a Nikon A1R Resonant Scanning Confocal microscope 

equipped with NIS Elements software and a 100x APO 1.4NA oil immersion objective using 

separate channels with laser lines 488 nm, 561 nm, and 637 nm. The general analysis toolkit 

in the NIS Elements software was used to quantify BRP and DKaiR1D puncta, density, and 

intensity by applying the same intensity thresholds and filters to binary layers on each of the 

three channels for each genotype compared. BRP and DKaiR1D puncta were counted within 

a synapse area labeled by HRP. BRP and DKaiR1D intensities were normalized to the HRP 

signal intensity, then normalized to wild-type values. Density and intensity measurements 

based on confocal images were taken from at least twelve synapses acquired from at least 

six different animals.

For Ca2+ imaging experiments, third-instar larvae were dissected and incubated in ice-cold 

HL3 containing 2 mM Ca2+ and 10 mM MNI-caged glutamate (#1490, Tocris, resuspended 

in H2O) in the absence or presence of 1 mM NMDA (Abcam). Control experiments were 

performed in 0 mM Ca2+ saline. GCaMP and mCherry signals were measured at mCherry-

positive active zones of type-1b and 1s boutons synapsing onto muscle 6/7 of abdominal 

segments A2/A3. Live imaging was performed using a Nikon A1R Resonant Scanning 

Confocal microscope equipped with NIS Elements software. Band scanning at a resonance 

frequency of 113 fps (512 × 86 pixels) was performed across the field of view. One synapse 

(4–12 boutons) was imaged each session. Measurements based on calcium imaging were 

taken from at least 12 synapses (approximately 100 boutons) from at least 6 animals.

Electrophysiology

All dissections and recordings were performed as previously described (Chen et al., 2017). 

Larvae were incubated with or without philanthotoxin-433 (Sigma; 20 μM) and resuspended 

in HL-3 for 10 mins, as described (Dickman and Davis, 2009; Frank et al., 2006). Larvae 

were also incubated with or without NSTX-3 (Enzo Life Sciences; 20 μM in 0.1% acetic 

acid) and resuspended in HL-3 for 15 mins, as described (Frank et al., 2006). For the acute 

blockade of DKaiR1D by NMDA or AP5, larvae were dissected and following 10 min 

incubation with PhTx, the central nervous system was removed and the larvae were 

incubated with 1 mM NMDA (Abcam, ab120052, resuspended in dH20) or 5 mM AP5 

(ab120003, resuspended in dH20) for 5 mins, with recordings performed in the continued 

presence of NMDA or AP5. The readily releasable pool (RRP) size was estimated by 

examining cumulative EPSC amplitudes while recording using a two-electrode voltage 

clamp (TEVC) configuration (Muller et al., 2012; Schneggenburger et al., 1999; 

Weyhersmuller et al., 2011).

Statistical Analysis

All data are presented as mean +/−SEM. Data were compared using either a one-way 

ANOVA, followed by Tukey’s multiple-comparison test, or using a Student’s t-test (where 

specified), analyzed using Graphpad Prism or Microsoft Excel software, and with varying 
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levels of significance assessed as p<0.05 (*), p<0.01 (**), p<0.001 (***), ns=not significant. 

See Table S1 for additional statistical details and values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DKaiR1D, a neural kainate-type glutamate receptor subunit, is required in motor 
neurons for the acute and long term expression of presynaptic homeostatic potentiation
(A) Diagram of two transposon insertions in the DKaiR1D locus (DKaiR1D1 and 

DKaiR1D2), and a deficiency that removes this entire locus (DKaiR1DDf; Df(3R)BSC819). 

(B) in situ hybridization of Drosophila embryos reveals that DKaiR1D is expressed in the 

central nervous system, with no apparent expression in other tissues. Sense strand DNA 

probe is used as the control. (C) Immunoblot analysis confirms nervous system expression 

of DKaiR1D protein and demonstrates that both mutant alleles are protein nulls. (D) 
Representative EPSP and mEPSP traces from electrophysiological recordings of wild type 

(w1118) and DKaiR1D mutant synapses (DKaiR1D2: w1118;Mi{ET1}CG3822MB01010) 
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before and after PhTx application at 0.4 mM extracellular Ca2+. EPSP amplitude fails to 

return to baseline levels in DKaiR1D mutants following PhTx application because there is 

no homeostatic increase in presynaptic release (quantal content). (E) Quantification of 

mEPSP amplitude and quantal content values after PhTx treatment, normalized to baseline 

values of the same genotype. (F) Representative EPSP and mEPSP traces of motor neuron 

rescue (MN rescue: w;OK6-Gal4/UAS-DKaiR1D;DKaiR1D2) and muscle rescue (muscle 

rescue: w;G14-Gal4/UAS-DKaiR1D;DKaiR1D2) by tissue-specific expression of DKaiR1D 
in the DKaiR1D2 mutant background following PhTx application at 0.4 mM extracellular 

Ca2+. (G) Quantification of mEPSP and quantal content values normalized to baseline 

values of the same genotype. (H) The chronic expression of PHP, induced by loss of the 

postsynaptic GluRIIA receptor subunit, requires DKaiR1D, and can be restored by 

presynaptic expression of DKaiR1D. Quantification of mEPSP amplitude and quantal 

content values at 0.4 mM extracellular Ca2+ in the indicated mutant genotypes 

(w;GluRIIASP16 and w;GluRIIASP16;DKaiR1D2) and MN rescue (w;OK6-
Gal4,GluRIIASP16/UAS-DKaiR1D, GluRIIASP16;DKaiR1D2). (I) Representative EPSP and 

mEPSP traces of wild type and DKaiR1D mutant synapses incubated with NSTX-3, another 

neurotoxin that targets Drosophila postsynaptic glutamate receptors. NSTX-3 was either 

applied alone or together with PhTx at 0.4 mM extracellular Ca2+. Note that while NSTX-3 

induces PHP at wild-type NMJs, PHP fails to be expressed in DKaiR1D mutants. (J) 
Quantification of mEPSP amplitude and quantal content after NSTX-3 application (as well 

as with and without PhTx), normalized to baseline values of the same genotype. No 

significant differences were observed between NSTX-3 and PhTx treatments in wild type or 

DKaiR1D mutant synapses. Error bars indicate ±SEM. Asterisks indicate statistical 

significance using one-way analysis of variance (ANOVA), followed by Tukey’s multiple-

comparison test: (*) p<0.05; (**) p<0.01; (***) p<0.001; (ns) not significant. Detailed 

statistical information for represented data (mean values, SEM, n, p) is shown in Table S1.
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Figure 2. Altered calcium cooperativity and short term plasticity in DKaiR1D mutant synapses
(A) Representative electrophysiological recordings at 0.2 mM extracellular Ca2+ reveals 

reduced baseline transmission in DKaiR1D2 mutants. (B) Quantal content in wild type, 

DKaiR1D1, and DKaiR1D2 mutants plotted as a function of extracellular Ca2+concentration 

on logarithmic scales. Note that DKaiR1D mutants have increased apparent slopes (wild 

type= 1.002; DKaiR1D1=2.248 (***), and DKaiR1D2=2.126 (***)). (C) Increased short 

term facilitation is observed in DKaiR1D2 mutants. EPSP values at each stimulus are 

normalized to the starting EPSP value during a train of 50 stimuli at 20 Hz. (D) 
Representative traces of homeostatically depressed synapses induced by presynaptic 

overexpression of the vesicular glutamate transporter alone (vGlut-OE: w;OK371-Gal4/
UAS-vGlut) or in combination with the DKaiR1D mutation (DKaiR1D+vGlut-OE: 

w;OK371-Gal4/UAS-vGlut;DKaiR1D2). Note the increased mEPSP amplitude but normal 

EPSP amplitude, indicating a homeostatic decrease in quantal content. (E) Quantification of 

mEPSP amplitude and quantal content values normalized as a percentage of wild-type 

values. (F) Representative mEPSP and EPSP traces of the indicated genotypes at 0.2 mM 

extracellular Ca2+ concentrations. Note the large reduction in EPSP amplitude in DKaiR1D

+vGlut-OE. Error bars indicate ±SEM. Asterisks indicate statistical significance using one-

way analysis of variance (ANOVA), followed by Tukey’s multiple-comparison test: (*) 

p<0.05; (**) p<0.01; (***) p<0.001; (ns) not significant. Detailed statistical information for 

represented data (mean values, SEM, n, p) is shown in Table S1.
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Figure 3. Elevated extracellular Ca2+ restores PHP expression in DKaiR1D mutants
(A) Representative EPSC traces of the indicated genotypes. Although PHP is blocked in 

DKaiR1D mutants at lower extracellular calcium (0.4 mM), PHP expression is restored in 

high calcium (3 mM). (B) Quantification of EPSC amplitudes in the indicated genotypes. 

(C) Representative EPSC traces of 30 stimuli at 60 Hz. (D) Estimated RRP sizes for the 

indicated genotypes under baseline and in GluRIIA mutant backgrounds. (E) Recordings 

from wild type and DKaiR1D mutants using high sucrose (420 nM for 3s, red bar) to evoke 

vesicle release. (F) Quantification of mEPSP events per second as a measure of the 

hypertonic sucrose-sensitive vesicle pool. Error bars indicate ±SEM. Asterisks indicate 

statistical significance using one-way analysis of variance (ANOVA), followed by Tukey’s 

multiple-comparison test: (*) p<0.05; (**) p<0.01; (***) p<0.001; (ns) not significant. 

Detailed statistical information for represented data (mean values, SEM, n, p) is shown in 

Table S1.
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Figure 4. Endogenous DKaiR1D receptors localize to synaptic neuropil and to presynaptic 
terminals when overexpressed
Representative images of the ventral nerve cord (VNC) in wild type (A) and DKaiR1D 
mutants (B) immunostained with anti-DKaiR1D and anti-BRP. DKaiR1D is enriched in 

synapse-rich areas of the neuropil (highlighted by BRP signal), and is absent in DKaiR1D 
mutants. (C) DKaiR1D puncta are observed near BRP positive active zones at presynaptic 

NMJ terminals when overexpressed in motor neurons (DKaiR1D-OE: w;OK6-Gal4/UAS-
DKaiR1D) and immunostained with anti-DKaiR1D and anti-BRP. Quantification of BRP 

and DKaiR1D puncta density in DKaiR1D-OE (D), percent BRP puncta co-localized with 

DKaiR1D puncta in wild-type synapses and DKaiR1D-OE (E), and fluorescence intensities 

of BRP and DKaiR1D puncta normalized to wild type backgrounds (F). Error bars indicate 

±SEM. Asterisks indicate statistical significance using t-test: (*) p<0.05; (**) p<0.01; (***) 

p<0.001; (ns) not significant. Detailed statistical information for represented data (mean 

values, SEM, n, p) is shown in Table S1.
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Figure 5. Glutamate uncaging induces calcium influx through DKaiR1D receptors at active 
zones
(A) Schematic illustrating the design of the BRPs::mCherry::GCaMP6s active zone calcium 

indicator. (B) mCherry and GCaMP6s (immunostained with anti-GFP) localize to BRP-

positive active zones (immunostained with anti-BRP) when this indicator is expressed in 

motor neurons (w;OK6-Gal4/UAS-BRPs::mCherry::GCaMP6s). (C) Glutamate uncaging at 

motor neuron terminals expressing BRPs::mCherry::GCaMP6s reveals a GCaMP signal at 

individual active zones (visualized with mCherry fluorescence) in 2 mM extracellular 

calcium. No change in the GCaMP signal is observed when glutamate is uncaged in the 

presence of the DKaiR1D antagonist NMDA (1 mM). (D) Quantification of GCaMP and 

mCherry fluorescence intensities (ΔF/F) at individual active zones following glutamate 

photo-uncaging in 2 mM extracellular Ca2+, 0 mM extracellular Ca2+, 2 mM Ca2+ plus 

NMDA (1 mM extracellular NMDA), and 2 mM Ca2+ in DKaiR1D2 mutants. (E) 
Quantification of GCaMP6s/mCherry fluorescence ratios at 2 mM and 0 mM extracellular 

Ca2+. (F) Quantification of the percentage of synapses responding to glutamate photo 

uncaging (+405 nm) imaged in 2 mM extracellular Ca2+ with and without 1 mM NMDA and 

in DKaiR1D2 mutants. Error bars indicate ±SEM. Asterisks indicate statistical significance 

using one-way analysis of variance (ANOVA), followed by Tukey’s multiple-comparison 

test: (*) p<0.05; (**) p<0.01; (***) p<0.001; (ns) not significant. Detailed statistical 

information for represented data (mean values, SEM, n, p) is shown in Table S1.

Kiragasi et al. Page 22

Cell Rep. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Acute pharmacological blockade of DKaiR1D disrupts the expression but not induction 
of PHP
(A) NMDA application to wild-type NMJs reduces baseline transmission in 0.2 mM 

extracellular calcium, but has no effect on DKaiR1D mutants in this condition. 

Representative mEPSP and EPSP traces in wild type and DKaiR1D2 mutants recorded in 

baseline or 1 mM NMDA added to 0.2 mM Ca2+ saline. Quantification of EPSP (B) and 

mEPSP (C) amplitudes in the conditions indicated. (D) NMDA application to wild-type 

NMJs blocks PHP expression. Representative mEPSP and EPSP traces recorded in 1 mM 

NMDA and 0.4 mM Ca2+ in wild type and DKaiR1D mutants with or without PhTx 

application. (E) Quantification of mEPSP and quantal content values following PhTx 

application in the indicated genotypes and conditions. (F) DKaiR1D is not required for the 

induction of PHP. Representative traces and quantification of wild-type NMJs incubated in 

NMDA before rapidly washing out NMDA and recording. (G) Reversible blockade of PHP 

expression by NMDA. Representative traces and quantification of wild-type NMJs following 

PhTx application and NMDA washout. Note that the motor axon is severed and the central 

nervous system is removed before all recordings. Error bars indicate ±SEM. Asterisks 

indicate statistical significance using one-way analysis of variance (ANOVA), followed by 
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Tukey’s multiple-comparison test: (*) p<0.05; (**) p<0.01; (***) p<0.001; (ns) not 

significant. Detailed statistical information for represented data (mean values, SEM, n, p) is 

shown in Table S1.
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Figure 7. Calcium permeability through DKaiR1D receptors is necessary for baseline 
transmission but not for PHP expression
(A) Calcium permeability through DKaiR1D is necessary to potentiate baseline release at 

low extracellular calcium. Representative mEPSP and EPSP traces in indicated genotypes. 

Motor neuron rescue with DKaiR1DQ (w;OK6-Gal4/UAS-DKaiR1DQ; DKaiR1D2) or 

DKaiR1DR (w;OK6-Gal4/UAS-DKaiR1DR;DKaiR1D2) transgenes expressed in DKaiR1D2 

mutant backgrounds. (B) Quantification of EPSP amplitudes in indicated genotypes. (C) 
Calcium permeability through DKaiR1D is not required for PHP expression. Representative 

traces of indicated genotypes. (D) Quantification of indicated genotypes following PhTx 

application. Error bars indicate ±SEM. Asterisks indicate statistical significance using one-

way analysis of variance (ANOVA), followed by Tukey’s multiple-comparison test: (*) 

p<0.05; (**) p<0.01; (***) p<0.001; (ns) not significant. Detailed statistical information for 

represented data (mean values, SEM, n, p) is shown in Table S1.
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