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Target-Wide Induction and Synapse Type-Specific Robustness of 
Presynaptic Homeostasis

Özgür Genç1, Graeme W. Davis1,2

1Department of Biochemistry and Biophysics, Kavli Institute for Fundamental Neuroscience, 
University of California, San Francisco, San Francisco, CA 94158

Summary

Presynaptic homeostatic plasticity (PHP) is an evolutionarily conserved form of adaptive 

neuromodulation, observed at both central and peripheral synapses. We make several fundamental 

advances, interrogating the synapse-specificity of presynaptic homeostatic plasticity. We define 

how PHP remains robust to acute versus long-term neurotransmitter receptor perturbation. We 

describe a general property of PHP, which includes global induction and synapse-specific 

expression mechanisms. Finally, we detail a novel synapse-specific expression mechanism for 

PHP that enables the conversion from short to long-term PHP expression. If our data can be 

extended to other systems, including the mammalian central nervous system, it suggests that PHP 

can be broadly induced and expressed to sustain the function of complex neural circuitry.

eTOC:

Genc and Davis interrogate the synapse specificity of presynaptic homeostasis, demonstrating that 

all synapses at which postsynaptic neurotransmitter receptors are perturbed express PHP, thereby 

supporting a global induction mechanism. However, different synapse types contacting a single 

target can differentially express homeostatic plasticity.
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Introduction

Presynaptic homeostatic plasticity (PHP) is evolutionarily conserved from insects to rodents 

and human [1]. PHP is expressed at the glutamatergic synapses of the Drosophila 
neuromuscular junction (NMJ) following the perturbation of post-synaptic glutamate 

receptors (GluR), and is similarly expressed at the cholinergic NMJ of rodents and humans 

[2,3]. PHP is not restricted to peripheral neuromuscular synapses. PHP also can be induced 

by prolonged activity blockade in primary neuronal cell culture [4,5]. In every instance, PHP 

is expressed as an increase in presynaptic neurotransmitter release due to an increase in 

presynaptic calcium influx and a parallel expansion of the readily-releasable pool of synaptic 

vesicles [1,6].

A major outstanding question concerns whether the mechanisms of PHP are synapse-

specific. Nearly twenty years ago, it was demonstrated that PHP can be expressed in a target 

specific manner at the terminals of a single neuron [7]. This basic discovery was recently 

revisited and confirmed with an independent, target-specific manipulation [8]. These data do 

not, however, speak to the specificity of PHP among synapses that contact a single target 

cell. The importance of this issue can be best appreciated by considering the complex 

innervation of individual central neurons. A hippocampal neuron can receive thousands of 

presynaptic inputs [9]. If the target neuron is perturbed, it remains unknown whether every 

presynaptic input contacting that target cell is induced to express PHP. Indeed, it is unclear 

whether every synapse is capable of expressing PHP. Answering this question is essential for 

understanding whether PHP universally stabilizes synaptic transmission following a 

postsynaptic perturbation, or whether PHP might alter the differential flow of information 

through neural circuitry by stabilizing specific subsets of synapses.

The Drosophila NMJ is a model system where the specificity of PHP induction and 

expression can be directly addressed. Nearly every muscle in larval peripheral nervous 

system is innervated by two motoneurons, one referred to as tonic and the other phasic based 

on different, characteristic initial release probabilities [10]. There have been recent attempts 

to explore the synapse-specific expression of PHP at tonic versus phasic terminals on single 

muscle targets in Drosophila [11-14]. Synapse-specific changes in protein abundance, 

associated with the expression of PHP have been documented, but it remains uncertain 

whether these alterations are causal for the expression of PHP [11-13]. A separate study 

used optical quantal analysis, employing a postsynaptically expressed, genetically encoded 

calcium indicator (GCaMP) to assess the synapse-specificity of PHP. This study concluded 

that PHP is expressed exclusively at tonic nerve terminals, even though postsynaptic 

glutamate receptors are disrupted at all nerve terminals (phasic and tonic) contacting a single 

target [14]. If this model is correct, then the homeostatic increase in release at tonic 

terminals must be very large, completely offsetting a perturbation that affects both the phasic 

and tonic terminals. Furthermore, phasic and tonic terminals have different release 

properties, expressing different short-term dynamics of release during repetitive stimulation. 

It is well-established that PHP is achieved without altering the short-term dynamics of 

presynaptic release, when phasic and tonic synapses are stimulated simultaneously [15-17]. 

This observation implies that PHP is expressed equivalently at phasic and tonic terminal. By 

contrast, if PHP is expressed exclusively by tonic terminals, then the induction of PHP 
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should cause tonic synapses to dominate neurotransmission and release dynamics should 

shift to reflect a larger role of the tonic synapse, something that is not observed [15-17]. 

These questions prompted us to revisit the topic of synapse-specificity.

We employ new methods to study synapse-specific homeostatic plasticity, combining optical 

stimulation of single nerve terminals with electrophysiological quantification of synaptic 

transmission. We demonstrate that PHP is universally induced at all synapses contacting a 

single muscle target, inclusive of both phasic and tonic nerve terminals, contrasting with 

previously published data [14]. However, we do uncover evidence that the expression of 

PHP can differ at phasic and tonic nerve depending upon the concentration of external 

calcium and the acute versus long-term mechanisms of PHP induction. The differential 

expression of PHP, dependent upon specific recording conditions, can fully account for prior 

claims of synapse-specific PHP. Based on our findings, we propose a new model to account 

for the global expression of PHP at different synapse types, and the transition from acute to 

chronic expression of PHP.

Results

Optogenetic dissection of synaptic inputs at Drosophila neuromuscular junction

Two types of motoneurons, MN-1b and MN-1s form synapses at Drosophila larval muscles. 

These inputs have been previously mapped by dye-filling individual motoneurons in the 

ventral nerve chord and tracing their axons and terminals to specific muscle targets [10,18]. 

More recently, analysis of individual motoneurons has been enabled by the identification of 

highly specific GAL4 drivers [19].

We took advantage of previously characterized GAL4 drivers [19-21] and optogenetic 

reagents [22,23] to functionally isolate two glutamatergic neurons, MN-1b and MN-1s, that 

innervate muscles 6 and 7 in the larval periphery. We verified the specificity of each GAL4 

line by expressing UAS-CD8-GFP, revealing MN-1b and MN-1s specific labeling at 

muscles 6 and 7 (Figure 1A). Next, we drove the expression of channelrhodopsin (UAS-
ChR2T159C) using the MN-1s or MN-1b specific drivers (Figure 1B). Following a brief 

wide-field illumination pulse (470nm, 3ms), we record robust excitatory postsynaptic 

potentials (EPSPs) (Figure 1C-D, shown for MN-1b input) which were completely blocked 

by the application of the sodium channel blocker, tetrodotoxin (TTX) (Figure 1D, right). We 

also measured the light intensity threshold that is necessary to evoke EPSPs and demonstrate 

that EPSPs are recruited in an all-or-none fashion, consistent with optical triggering of a 

presynaptic action potential (Figure 1E, shown for MN-1b input, EPSCs at 3 mM Ca2+). We 

further tested ChR2-mediated activation of synaptic inputs using the ultrasensitive variant of 

channelrhodopsin, ReachR, which allowed us to perform 2-photon laser spiral scanning at 

the single bouton level. Bouton-level illumination of the synapse also provided a robust 

EPSPs recorded in muscle 6 (Figures 1F-H). Spiral scan illumination-induced responses 

were also blocked by the application of TTX (Figures 1G). Overall, this data verifies that 

excitation of the NMJ by ChR2 is able to generate action potential induced neurotransmitter 

release.
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Next, we quantified the magnitude of EPSPs and EPSCs induced by selective, optogenetic 

stimulation of each motoneuron contacting muscle 6. Stimulation of MN-1s evoked EPSPs 

that were 50% larger than those evoked following stimulation of MN-1b, recorded in muscle 

6 at 0.5 mM extracellular calcium concentration (Figure 1I-K, 25.7± 2.2 mV for 1s; 

15.6±1.3 mV for MN-1b, p<0.01). This result confirms previous findings that MN-1b 

synapses have smaller synaptic output compared to MN-1s synapses [24-26]. To obtain the 

full-extent of the neurotransmitter release at each synapse, we switched to two-electrode 

voltage-clamp and recorded excitatory post-synaptic currents (EPSC) at an elevated 

extracellular calcium concentration (3.0 mM). Before quantifying EPSCs, we ensured that 

electrically-induced EPSCs and ChR2-induced EPSCs share similar kinetic properties. To do 

so, we used electrical stimulation and set the electrical intensity threshold to isolate MN-1b 

fibers [26]. Then, we evoked EPSCs by light-illumination of UAS-ChR2T159C expressed in 

MN-1b (Figure S1A). EPSC kinetics are identical comparing electrical and optical 

stimulation (Figure S1B).

Next, we quantified light-evoked responses, comparing MN-1s and MN-1b synapses at 

elevated extracellular calcium concentrations, ranging from 0.5 to 3.0 mM. EPSCs initiated 

by stimulating either synaptic input were similar, (Figure 1L-N, 165.1± 8.5 nA for 1s; 

165.4±11.8 mV for 1b, p>0.5) when recordings were made at muscle 6. Then, we repeated 

the experiment at the synapses contacting a different muscle (muscle 1, M1) (Figure S2A). 

A different MN-1b driver was used that is exclusively expressed in the MN-1b neuron 

contacting muscle 1 (MN-1b, 40701 [19]). At low extracellular calcium concentration 

(0.5mM), we also observed that MN-1b mediated EPSPs were smaller compared to MN-1s 

EPSPs (Figures S2B-D, 9.3± 1.1 mV for MN-1s; 5.8±0.7 mV for MN-1b p<0.05). Whereas, 

when we elevated the extracellular calcium to 3.0 mM, MN-1b inputs were stronger, almost 

two-fold larger compared to MN-1s inputs (Figures S2E-G, 46.3± 1.5 nA for MN-1s; 88.7± 

5.1 nA for MN-1b p<0.0001). This suggests that calcium sensitivity of release is smaller at 

MN-1b tonic synapses, whereas increasing extracellular calcium can elevate the release rate 

of MN-1b synapses equal to or greater than the levels of MN-1s phasic synapses. Having 

defined the release properties of MN-1b and MN-1s synapses using optogenetic stimulation, 

we moved to address the synapse specificity of presynaptic homeostatic plasticity.

MN-1b and MN-1s both participate in acute induction and expression of homeostatic 
plasticity

Presynaptic homeostatic plasticity can be rapidly induced by application of sub-blocking 

concentrations of the glutamate receptor antagonist philanthotoxin (PhTx) [27]. PhTx binds 

to glutamate receptors and causes a reduction in ionic conductance which leads to a decrease 

in average miniature excitatory postsynaptic potential (mEPSP) amplitude (Figure 2A). In 

this protocol, a 10-minute incubation of Drosophila third instar larvae with PhTx is 

sufficient to induce and express presynaptic homeostatic plasticity via an increase in 

presynaptic neurotransmitter release [15,27-29].

First, we tested the contribution of MN-1s and MN-1b synapses during the acute induction 

and expression of homeostatic plasticity at the NMJ. Following application of PhTx, MN-1s 

neurons showed a robust, homeostatic increase in quantal content (Figure 2A-B, 175% of 

Genç and Davis Page 4

Curr Biol. Author manuscript; available in PMC 2020 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



baseline, p<0.001) at 0.5 mM extracellular calcium. When quantal content is plotted against 

mEPSP amplitudes (+/− PhTx) for each recording, a clear negative correlation is observed 

(Figure 2C, R2=0.63) demonstrating robust expression of PHP at the MN-1s synapse (see 

[17,27]). By comparison, the expression of PHP at the MN-1b synapse was less robust, 

being more variable and smaller in average magnitude (Figure 2D). On average, mEPSPs are 

significantly decreased and there is a statistically significant, homeostatic increase in quantal 

content (Figure 2E; 145% of baseline, p<0.01). However, when quantal content is plotted 

against mEPSP amplitude, although there is a negative correlation, the correlation is 

substantially weaker than that observed for the MN-1s synapse (Figure 2F, R2=0.23).

Next, we switched to two-electrode voltage clamp and raised the extracellular calcium 

concentration to 3.0 mM, a concentration at which release probability has plateaued to a 

maximum [16]. In this condition, the MN-1b and MN-1s synapses showed equivalent, 

highly robust PHP (Figure 2G-H and 2J-K; MN-1s, 175% homeostatic increase; MN-1b, 

178% homeostatic increase; p<0.01 for each comparison to baseline in the absence of 

PhTx). The robustness of PHP is also verified when quantal content is plotted against 

mEPSP amplitudes (Figures 2I and 2L; R2=0.71 for MN-1s, R2=0.55 for MN-1b). Again, 

the MN-1s correlation is stronger than that observed for MN-1b, but the MN-1b at 3.0 mM 

[Ca2+] reveals a stronger correlation than that observed at low extracellular calcium. Finally, 

we repeated the same set of experiments using another MN-1s specific GAL4 driver, 

MN-1sShakB-GAL4 [21]. Expression of UAS-ChR2T159C by ShakB-GAL4 gave similar 

EPSP and EPSC amplitudes compared to the MN-1s49722 driver (Figure S3), confirming that 

the GAL4 driver does not quantitatively affect our measurements. In addition, when we 

tested PhTx-induced homeostasis, the magnitude of potentiation was also similar both at low 

and high extracellular calcium concentrations (Figures S3B and E) as compared to 

MN-1s49227.

Two additional controls were performed. First, we controlled for synapse specific effects of 

PhTx application (Figure S4). To do so, we selectively stimulated either MN-1b or MN-1s 

prior to and following the application of PhTx. We assessed EPSP amplitudes 30s following 

PhTx application, a time point prior to the induction of PHP. This allowed us to determine 

the magnitude of the PhTx-dependent perturbation selectively at MN-1b and MN-1s 

terminals. We demonstrate that both terminals show a strong PhTx-dependent reduction in 

EPSP amplitude (54% reduction at MN-1b and 42% reduction at MN-1s). Thus, each 

synapse is similarly perturbed by PhTx application, with a slight bias toward MN-1b 

consistent with prior evidence that GluRIIA immunostaining is enriched at MN-1b terminals 

[30]. Second, we repeated experiments in 1.8mM external calcium, likely reflecting 

physiological calcium. Again, PHP is robustly induced at both MN-1b and MN-1s (Figure 

S5).

Taken together, these data demonstrate that MN-1b and MN-1s both participate in 

presynaptic homeostatic plasticity following a global impairment of postsynaptic glutamate 

receptors. We conclude that PHP is globally induced and expressed by MN-1b and MN-1s. 

We further propose that smaller release probability inherent to the MN-1b synapse renders 

the expression of PHP less robust when recordings are made at low extracellular calcium 

concentrations. Thus, the expression of PHP can be synapse-specific and condition specific, 
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an effect that correlates with basal presynaptic release probability, but which may reflect 

more specific differences in the molecular composition or architecture of presynaptic release 

sites.

MN-1b and MN-1s both participate in chronic expression of homeostatic plasticity

While an acute block of receptors leads to an expression of homeostasis on time scales of 

~10 minutes, genetic deletion of the GluRIIA subunit of glutamate receptors causes a 

sustained reduction in quantal amplitudes throughout the life of a larvae [31], which is 

interpreted to reflect the long-term, chronic expression of PHP. The long-term expression of 

PHP is believed to require transcription and translation, as it is selectively affected by 

mutations in the transcription factors gooseberry (Pax6 ortholog) and Relish (Rel-domain 

transcription factor) [32,33]. Furthermore, presynaptic ENaC channel subunits, which are 

necessary for the long-term expression of PHP, show increased transcript and protein level in 

the GluRIIA mutant background [34]. However, it remains unknown whether new 

transcription and translation simply consolidate the expression of PHP, or whether the long-

term expression of PHP involves a new mechanism of expression.

Initial experiments revealed a significant surprise. At low extracellular calcium levels (0.5 

mM), we found that PHP is completely absent at MN-1s synapses (Figure 3A-B, 101% 

baseline, p>0.1, Figure 3C, R2=0.0002) whereas presynaptic homeostasis is expressed at 

MN-1b synapses. The mEPSP and quantal content has a correlation similar to that observed 

during the PhTx-dependent rapid induction of PHP at the MN-1b synapse (Figure 3D-E, 

173% baseline, p<0.001, Figure 3F, R2=0.27). Thus, the participation of the MN-1s synapse 

during PHP changes dramatically when we compare the rapid induction of PHP (Figure 2) 

and the long-term expression of PHP (Figure 3). Note that the GluRIIA transcript is only 

expressed in muscle, and cannot account for the difference we observe [31]. Furthermore, it 

should be noted that the GluRIIA protein is expressed at both the MN-1s and MN-1b nerve 

terminals. It appears that the expression of PHP remains synapse-specific at low 

extracellular calcium, but it completely switches, relying on MN-1s following PhTx and 

relying on MN-1b in the GluRIIA mutant background.

Next, we elevated extracellular calcium to 3.0 mM and, again, tested for the expression of 

PHP. At elevated extracellular calcium, the MN-1s synapse fully expressed PHP (Figure 3G-

H, 213% baseline, p<0.001, Figure 3I, R2=0.69). The MN-1b synapse also demonstrated 

robust expression of PHP (Figure 3J-K, 188% baseline, p<0.001, Figure 3L, R2=0.66). The 

magnitude and robustness of PHP were similar at the MN-1b and MN-1s synapses. This 

result demonstrates that PHP is uniformly induced at the MN-1b and MN-1s synapses, 

consistent with GluRIIA being present at both synapses in the wild type animal and, by 

extension, both synapses being perturbed in the GluRIIA mutant. However, the failure to 

induce PHP at the MN-1s synapse cannot be accounted for by a lower initial release 

probability at baseline, as proposed for the failure of MN-1b synapses to fully express PHP 

following PhTx. Clearly, there are synapse-specific differences in the expression of PHP. 

These synapse-specific expression mechanisms differ depending upon how PHP is induced, 

acute versus chronic, and cannot be easily explained by differential initial release 
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probabilities. Therefore, we characterized the differences in presynaptic release that might 

correlate with synapse-specific expression of PHP.

EGTA-sensitive calcium domains contribute expression of PHP in GluRIIA mutants

First, we repeated the experiments in GluRIIA mutants, by electrical stimulation of both 

MN-1s and MN-1b, and tested whether PHP becomes more robust with increasing 

extracellular calcium concentration. We electrically stimulated the nerve fiber with 

suprathreshold intensities to recruit both 1b and 1s inputs. At low extracellular calcium 

concentration (0.3 mM), we observed clear evidence of PHP (Figures 4A-B, 205% of 

baseline, p<0.05) and a strong negative correlation of mEPSP and quantal content, as 

expected (Figure 4C, R2=0.51). When we elevated the extracellular calcium to 3.0 mM, PHP 

became more robust, with a larger magnitude (Figure 4D-E, 250% of baseline, p<0.001) and 

stronger negative correlation when plotting mEPSP versus quantal content (Figure 4F, 

R2=0.82). Thus, in GluRII mutants, the robustness of PHP improved as a function of 

increased extracellular calcium, whether the experiment is performed by stimulating both 

neurons independently using ChR2, or stimulating both neurons simultaneously using 

electrical stimulation.

How is it possible that PHP becomes more robust upon increasing extracellular calcium 

concentration? One possibility is that vesicles become functionally more tightly coupled to 

presynaptic calcium channels as extracellular calcium concentrations rise. To test this 

hypothesis, we used a calcium chelator, EGTA-AM, which has slow calcium-binding 

kinetics [35] and prevents the recruitment of loosely-coupled vesicles for fusion [29,36]. We 

first tested whether the acute induction of PHP is sensitive to EGTA-AM. We found that 

MN-1b and MN-1s synapses, following the induction of PHP, showed no differential 

sensitivity to EGTA-AM treatment, quantified as no change in average EPSC amplitude 

(Figure 4G, I, 92% for 1s, p>0.1 100% for 1b, p>0.1). Next, we tested the EGTA-AM 

sensitivity of synapses in GluRIIA mutants. Contrary to acute inhibition with PhTx, 

GluRIIA mutants, both the MN-1s and MN-1b synapses, were sensitive to EGTA-AM 

(Figure 4G-I, 72% for 1s, p<0.01, 69% for 1b, p<0.01). We verified this phenomenon by 

recruiting both inputs with electrical stimulation. We also saw a significant drop in EPSC 

amplitudes when preincubated with EGTA-AM (p<0.001, Figure 5A). Increased sensitivity 

to EGTA-AM suggests that there is a significant portion of synaptic vesicles located at a 

distance from presynaptic calcium channels in GluRIIA mutants. Chelating calcium prevents 

these distant vesicles from fusing, which in turn, suppresses EPSC amplitudes evoked with a 

single action potential. It appears that there has been a re-organization of the presynaptic 

release site during the long-term expression of PHP, and this re-organization occurs at both 

MN-1s and MN-1b.

It was previously demonstrated that glutamate receptor perturbation induces recruitment of 

PPK channels, which subsequently leads to increases in calcium influx at the presynaptic 

terminal [28]. Therefore, we also tested whether EGTA-AM-sensitive calcium domains in 

GluRIIA mutants are sensitive to PPK activity. When we applied a PPK channel inhibitor 

(benzamil, 50 μM) to larvae previously incubated with EGTA-AM, we saw a decrease in 

EPSC amplitudes that was slightly larger than those treated with EGTA alone (34% vs 22%, 
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p<0.01, Figure 5A-B). We also tested benzamil alone on GluRIIA mutants, and we saw a 

similar drop in EPSC amplitudes as compared to benzamil plus EGTA-AM (32% vs 34%, 

p>0.1, Figure 5A-B). Since the action of benzamil is not additive with EGTA-AM, it 

suggests that the two treatments converge on the same process, the homeostatic increase in 

vesicle fusion. The insertion of presynaptic ENaC channels drives increased presynaptic 

calcium influx per action potential as shown previously [15,28,37]. This occurs during both 

the rapid induction and sustained expression of PHP. Thus, we have identified calcium-

dependent, perturbation specific expression of PHP, effects that are summarized in Figure 

5C-D. We propose that, in GluRIIA mutants, the presynaptic release sites are modified such 

that neurotransmitter release and PHP become EGTA-AM sensitive. This may reflect a re-

organization of the presynaptic active zone, creating over-lapping calcium domains and 

enhanced vesicle release (Figure 5D). Accordingly, the failure of PHP at MN-1s synapses in 

the GluRIIA mutant might reflect the different organization of active zones at a phasic 

synapse, such that over-lapping calcium domains cannot occur at low extracellular calcium, 

and PHP expression selectively fails at this synapse in the GluRIIA mutant.

Discussion

We have taken advantage of cell-type specific GAL4 drivers to achieve selective, 

optogenetic stimulation of single motoneuron inputs to a single muscle fiber. This has 

enabled us to explore the synapse-specificity of presynaptic homeostatic plasticity. We 

demonstrate that the global disruption of postsynaptic glutamate receptors, either 

pharmacologically or genetically, induces robust presynaptic homeostatic plasticity at both 

tonic and phasic presynaptic terminals contacting a single muscle target. The fact that both 

phasic and tonic synapses participate in presynaptic homeostasis is consistent with 

previously published work demonstrating that the expression of PHP does not alter the short-

term dynamics of presynaptic release when both the phasic and tonic synapses are 

stimulated simultaneously [15,17].

We also demonstrate that PHP is differentially expressed at phasic and tonic synapses when 

external calcium concentration is decreased. Remarkably, however, the synapse-specific 

effects of reducing external calcium depend upon how PHP is initiated. Acute induction of 

PHP is robustly expressed by the phasic, but not as robustly at tonic synapses. However, the 

situation completely reverses during chronic induction of PHP, where PHP is robustly 

expressed by the tonic, not phasic synapses (see summary in Figure 5C). These data 

highlight a novel, fundamental difference in the mechanisms responsible for the rapid versus 

prolonged expression PHP.

It was previously argued that PHP is synapse-specific, being expressed exclusively by the 

tonic nerve terminal [14]. These prior experiments included an optical quantal analysis of 

synaptic transmission in the GluRIIA mutant. Here, we confirm that PHP is expressed solely 

by the tonic synapse under conditions of diminished release, the GluRIIA mutant 

background and low external calcium (conditions that reflect those pursued in the prior 

optogenetic study which utilized high concentrations of external magnesium, presumably 

done to stabilize the optical recording conditions [14]). However, by exploring multiple 

methods of PHP induction at multiple external calcium concentrations, we clearly 
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demonstrate that PHP is globally induced and expressed, with differences in PHP expression 

emerging only when external calcium is diminished, and dependent upon how PHP is 

induced, acutely versus chronically.

Synapse-specific expression: release probability and access to weakly coupled vesicles

The current understanding of PHP expression is based primarily on the genetic deletion of 

key molecular components of the presynaptic homeostatic machinery, discovered in forward 

genetic screens. A presynaptic ENaC channel, composed of subunits transcribed by the 

PPK11, PPK16 and PPK1 genes, is necessary for both the rapid induction and sustained 

expression of PHP, driving increased calcium influx through the presynaptic CaV2.1 

calcium channel [28]. ENaC channel function is required for both short and long-term PHP, 

and we now demonstrate that it functions at both phasic and tonic synapses. So, differential 

activity of the ENaC channel cannot account for synapse-specific PHP expression at low 

external calcium.

We propose that the differential expression of acute versus chronic PHP may relate to the 

EGTA sensitivity of presynaptic release. The chronic induction of PHP is differentially 

sensitive to EGTA, implying that the chronic expression of PHP includes a population of 

synaptic vesicles that are weakly coupled to presynaptic calcium channels. This finding 

could explain the differential synapse-specific expression of PHP at phasic and tonic 

synapses. During the acute induction of PHP, low-release probability tonic synapses release 

neurotransmitter less efficiently at low external calcium, and PHP expression is 

correspondingly impaired. During the chronic induction, we propose that there is a 

transformation of the release site, allowing the participation of weakly coupled vesicles in 

the release process. We hypothesize that the different anatomical geometry of release sites, 

comparing phasic and tonic synapses [26], causes PHP to selectively fail at phasic synapses. 

More specifically, phasic synapses may be organized in such a way that weakly coupled 

vesicles cannot be accessed when external calcium is diminished. Such an effect would only 

be observed following the chronic induction of PHP combined with diminished external 

calcium.

Implications for the homeostatic stabilization of neural function in complex circuitry

The trigger that initiates PHP, whether acute or chronic, is the loss or inhibition of 

postsynaptic neurotransmitter receptors, whether considering the glutamatergic Drosophila 
NMJ or the cholinergic mammalian NMJ. Based upon the data that we present here, it 

appears that any synapse at which postsynaptic receptors are perturbed will express PHP. 

However, it has yet to be determined whether selective disruption of glutamate receptors at 

one synapse on a given target will induce synapse-selective PHP. The tools to achieve this 

experiment in a clearly reproducible manner do not yet exist. If PHP is expressed at every 

synapse that becomes perturbed, then PHP should stabilize the flow of information through 

complex neural circuitry. The related question of synapse-specific induction will determine 

whether information transfer can be selectively sustained through the regulation of some, but 

not all, synapses on a given target. Finally, our data suggest that some synapses may be more 

or less efficient at expressing PHP, acutely and chronically. We note that the tonic synapse 

always expresses PHP in a more variable manner. There is a large range of synapse types 
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with different release probabilities throughout the complex neural circuitry in the 

mammalian CNS, suggesting that PHP could be more or less robustly expressed at different 

synapses. As such, we may expect that the global induction of PHP could differentially 

affect neural circuit function in previously unsuspected ways, a possibility that could be 

important for considering the action of chronically administered neural therapeutics or drugs 

of addiction.

STAR METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Graeme W. Davis (Graeme.davis@ucsf.edu). This study did 

not generate unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila melanogaster fly stocks were raised in standard cornmeal media at 25°C. For 

optogenetic experiments, 1 mM all-trans-retinal (Sigma-Aldrich) was added to the media 

and flies kept in the dark. All experiments were performed with Drosophila third-instar 

larvae.

METHOD DETAILS

All flies are on the w1118 genetic background. dhb9-GAL4 line was a kind gift from Dr. 

James Skeath. w; GMR94G06-Gal4, w; GMR27E09-Gal4, w; UAS-ChR2.T159C, w; UAS-
ReaChR were obtained from Bloomington Drosophila Stock Center. The GluRIIASP16 

mutation [31], w; UAS-mCD8:GFP [38] and the OK371-GAL4 [39] lines were previously 

published.

Optogenetic stimulation—For optogenetic stimulation of the motoneurons, an LED 

light source mounted on the epifluorescence light path of the microscope (Zeiss) and the 

blue light at 470 nm reflected directly onto the specimen through the 40X water immersion 

objective (Zeiss). LED is controlled by a T-Cube™ LED Driver, triggered by a TTL pulse 

delivered from Digidata 1440 D/A converter (Molecular Devices). Light intensity below the 

objective is measured by an optical power meter (Thorlabs). For the activation of ChR2, a 

power range between 5-20 mW/cm2 was used. For 2P-excitation of the ReachR, a 

Chameleon family 2p-laser (Coherent) tuned at 720 nm was used. 2p-laser was controlled by 

spiral scanning module of SlideBook 6 (Intelligent Imaging Inc.).

Electrophysiology—The Drosophila 3rd instar larvae were dissected in hemolymph-

like-3 (HL3) saline solution. HL3 is composed of 70mM NaCl, 5mM KCl, 10mM NaHCO3, 

115mM sucrose, 4.2mM trehalose, 5mM HEPES; 10mM MgCl2 and 0.5mM Ca (unless 

otherwise specified). Motoneuron fibers were cut from ventral nerve chord, and the fillet 

preparation was pinned to a Sylgard plate. Sharp electrode recordings were performed from 

abdominal muscle 6 (M6) and muscle 1 (M1). Data collected with a Multiclamp 900B 

amplifier and digitized with Digidata 1440, sampled with Clampex software. For the 

electrical stimulation of the afferent motoneurons, cut-end of the nerve fibers were sucked 
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by a glass pipette that was pulled and fire-polished with a final tip diameter <50 μm. To 

evoke an action potential at the motoneuron terminals, a minimal electrical stimulation was 

sent from a stimulus isolator (Isoflex) and stimulation intensity was raised 10-20% above the 

threshold to avoid action potential failures. Same logic was applied for optogenetic 

stimulation. For sharp electrode recordings, glass pipettes were pulled with a tip-resistance 

ranging between 8-25 MOhm, lower tip-resistance electrodes were used for current injection 

in voltage-clamp mode. Current-clamp mode was used to quantify resting-membrane 

potential (RMP), input-resistance (Rin), record EPSP and mEPSPs at 0.3-0.5 mM 

extracellular calcium concentration. Muscles with RMP below −60 mV or Rin below 4 

MOhm were discarded, unless otherwise specified. Voltage-clamp recordings were done at 

3.0 mM extracellular calcium with a muscle RMP clamped to −65 mV. Pharmacological 

reagents were applied according to previously described protocols. For acute induction and 

expression of PHP, Philanthotoxin (PhTx) was applied through a longitudinal cut across the 

abdomen and the larvae was incubated for 10 minutes. For EGTA-sensitivity experiments, 

larvae were incubated in a 25 μM EGTA, 0 mM calcium HL3 solution for 10 minutes then 

thoroughly washed with HL3. Benzamil (25-50 μM) and tetrodotoxin (1 μM) were directly 

applied to the recording chamber without any preincubation.

Immunohistochemistry of neuromuscular junction—Drosophila third-instar larvae 

were dissected in HL3 solution and fixed with Bouin’s solution for 3-5 minutes. Fixed larvae 

were permeabilized with Triton-X and overnight incubated at 4 C with primary GFP 

antibody (1:500 concentration). Alexa-488 (1:500) and Cy3-HRP (1:100) conjugated 

secondary antibodies were used for 30-minute incubations at room temperature. Samples 

were mounted in Vectashield (Vector laboratories), imaged with an inverted microscope 

(Carl Zeiss, Axiovert 200), equipped with 100X objective (Carl Zeiss, Plan Apochromat, 1.4 

NA) and a CCD camera (CoolSnap, Roper Scientific). Images were acquired via SlideBook 

5 (Intelligent Imaging), subsequently deconvolved and projected with maximum intensity.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as mean ± standard error of mean. To test the difference between two 

groups with the normal distribution, we used unpaired two-tailed Student’s t-test. To 

compare groups, we used one-way ANOVA, followed by Dunnett’s multiple comparisons. 

Statistical significance is denoted by asterisks, (n.s. >0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 

0.001, **** p ≤ 0.0001). Pearson correlation coefficients were calculated following a linear-

fit of the X-Y quantal size-quantal content data.

DATA AND CODE AVAILABILITY

This study did not generate any unique datasets or code.

Supplementary Material

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

• Presynaptic homeostasis is uniformly induced at synapses contacting a single 

target

• Presynaptic homeostasis is differentially expressed at synapses on a single 

target

• Expression mechanisms change after transition from short to long-term 

plasticity

• Long-term homeostatic plasticity includes altered calcium-coupled vesicle 

release
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Figure 1. Selective stimulation of single motoneurons using ChR2.
(A) Example images showing the expression of UAS-CD8-GFP by MN-1s (left) and MN-1b 

(right) GAL4 drivers. HRP staining (bottom panel, nerve terminal in red, highlighted with 

white arrow heads) uncovers the non-labeled MN-1b and MN-1s terminals for GFP. Scale 

bar: 50 μm (B) Muscle diagram showing the expression and illumination pattern of ChR2 for 

each MN type (red for MN-1s, black for MN-1b) at M6-M7. (C) NMJ diagram showing the 

expression of UAS-ChR2T159C driven by MN-1bdHB9-Gal4 (black lines and circles). (D) 
Example traces of EPSPs recorded from M6 in the absence (left) and presence (right) of 
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tetrodotoxin (TTX) at 0.5 mM [Ca2+]ext. (E) EPSC amplitudes (y-axis) plotted against 

corresponding light intensity values (x-axis) measured in the focal plane of the specimen. 

(F) NMJ diagram showing the expression of UAS-ReachR driven by OK371-Gal4 (green 

lines and circles). (G) Example traces of EPSPs recorded from M6 in the absence (left) and 

presence (right) of tetrodotoxin (TTX - 1μM) at 1.0 mM [Ca2+]ext. (H) 2-Photon image of 

an NMJ synapse stained live with conjugated HRP-488. Inset shows the bouton targeted by 

spiral scanning stimulation (white arrow head). Scale bar: 10 μm, inset 2 μm (I) Example 

traces of EPSPs recorded at M6 for MN-1s (left, red) and MN-1b (right, black) (J-K) 
Quantification of EPSP amplitudes and quantal content for MN-1s (n=8) and MN-1b (n=17). 

(L) Example traces of EPSCs recorded at M6 for MN-1s (left, red) and MN-1b (right, black) 

(M-N) Quantification of EPSC amplitudes and quantal content for MN-1s (n=17) and 

MN-1b (n=11). ** p<0.01, n.s. not significant, p>0.05; Data represent mean ±SEM. 

Student’s t-test, two tailed. See also Figure S1 and S2.
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Figure 2. Uniform induction and differential expression of PHP and phasic and tonic synapses.
(A) NMJ diagram showing the expression of UAS-ChR2T159C driven by MN-1s-49227-Gal4 
(red lines and circles) and example traces of EPSPs and mEPSPs recorded from M6 in the 

absence (red) and presence (pink) of philanthotoxin (PhTx) at 0.5 mM [Ca2+]ext. (B) 
Quantification of EPSP amplitudes (baseline, pink bar; PhTx, open bar) and percent change 

in mEPSP amplitude (pink bar) and quantal content (open bar) in PhTx (n=14) compared to 

baseline (n=8). (C) Correlation plot of mEPSP amplitudes versus quantal content, fitted with 

an exponential function (red line). (D-F) Same display as (A-C), showing results from 

MN-1bdHB9-Gal4 driving UAS-ChR2T159C (plots in black and gray tones). (PhTx, n=15; 

Genç and Davis Page 18

Curr Biol. Author manuscript; available in PMC 2020 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



baseline, n=17) (G) NMJ diagram showing the expression of UAS-ChR2T159C driven by 

MN-1s-49227-Gal4 (red lines and circles) and example traces of EPSCs and mEPSCs 

recorded from M6 in the absence (red) and presence (pink) of philanthotoxin (PhTx) at 3.0 

mM [Ca2+]ext. (H) Quantification of EPSC amplitudes (baseline, pink bar; PhTx, open bar) 

and percent change in mEPSP amplitude (pink bar) and quantal content (open bar) in PhTx 

(n=12) compared to baseline (n=17). (I) Correlation plot of mEPSP amplitudes versus 

quantal content, fitted with an exponential function (red line). (J-L) Same display as (G-I), 
showing results from MN-1bdHB9-Gal4 driving UAS-ChR2T159C (plots in black and gray 

tones). (PhTx, n=10; baseline, n=11) n.s. not significant, p>0.05; Data represent mean ± 

SEM. Student’s t-test, two tailed. See also Figure S3, S4 and S5.
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Figure 3. A switch in the synapse-specific expression of PHP
(A) NMJ diagram showing the expression of UAS-ChR2T159C driven by MN-1s-49227-Gal4 
(red lines and circles) and example traces of EPSPs and mEPSPs recorded from M6 from 

wild type (red) and GluRIIA (pink) at 0.5 mM [Ca2+]ext. (B) Quantification of EPSP 

amplitudes (wild type, pink bar; GluRIIA, open bar) and percent change in mEPSP 

amplitude (pink bar) and quantal content (open bar) for GluRIIA (n=26) compared to wild 

type (n=8). (C) Correlation plot of mEPSP amplitudes against quantal content, fitted with an 

exponential function (red line). (D-F) Same display as (A-C), showing results from 

MN-1bdHB9-Gal4 driver (plots in black and gray tones) (GluRIIA, n=18; wild type, n=17). 
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(G) NMJ diagram showing the expression of UAS-ChR2T159C driven by MN-1s-49227-
Gal4 (red lines and circles) and example traces of EPSCs and mEPSCs recorded from M6 

from wild type (red) and GluRIIA (pink) at 3.0 mM [Ca2+]ext. (H) Quantification of EPSC 

amplitudes (wild type, pink bar; GluRIIA, open bar) and percent change in mEPSP 

amplitude (pink bar) and quantal content (open bar) for GluRIIA (n=12) compared to wild 

type (n=17). (I) Correlation plot of mEPSP amplitudes versus quantal content, fitted with an 

exponential function (red line). (J-L) Same display as (G-I), showing results from 

MN-1bdHB9-Gal4 driving expression of UAS-ChR2T159C (plots in black and gray tones) 

(GluRIIA, n=7; wild type, n=11). ***p<0.001, ** p<0.01; Data mean ± SEM. Student’s t-

test, two tailed.
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Figure 4. The long-term maintenance of PHP is an EGTA-sensitive process
(A) NMJ diagram showing the electrical stimulation of MN-1s and MN-1b nerve terminals 

(black lines and circles) and example traces of EPSPs and mEPSPs recorded from M6 from 

wild type (black) and GluRIIA (red) at 0.5 mM [Ca2+]ext. (B) Quantification of EPSP 

amplitudes (wild type, gray bar, n=7; GluRIIA, red bar, n=9) and percent change in mEPSP 

amplitude (pink bar) and quantal content (open bar) for GluRIIA compared to wild type (C) 
Correlation plot of mEPSP amplitudes against quantal content, fitted with an exponential 

function (red line) (D) NMJ diagram showing the electrical stimulation of MN-1s and 
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MN-1b nerve terminals (black lines and circles) and example traces of EPSCs and mEPSCs 

recorded from M6 from wild type (black) and GluRIIA (red) at 3.0 mM [Ca2+]ext. (E) 
Quantification of EPSC amplitudes (wild type, gray bar, n=7; GluRIIA, red bar, n=8) and 

percent change in mEPSP amplitude (pink bar) and quantal content (open bar) for GluRIIA 
compared to wild type (F) Correlation plot of mEPSP amplitudes against quantal content, 

fitted with an exponential function (red line) (G) NMJ diagram showing the expression of 

UAS- ChR2T159C driven by MN-1s-49227-Gal4 (red lines and circles) and example traces of 

EPSCs recorded from M6 with PhTx alone (red) and with PhTx and EGTA-AM together 

(pink) at 3.0 mM [Ca2+]ext. (H) Quantification of EPSC amplitudes (On the left: PhTx, pink 

bar, n=11; PHTX+EGTA, open bar, n=8. On the right: GluRIIA, pink bar, n=12; GluRIIA
+EGTA, n=7, open bar) (I-J) Same content as (G-H) showing results from MN-1bdHB9 

driver (plots in black and gray tones, PhTx, n=11; PhTx+EGTA, n=5, GluRIIA, n=7; 

GluRIIA+EGTA, n=7, open bar). ***p<0.001, * p<0.05, n.s. not significant,; Data represent 

mean ±SEM. Student’s t-test, two tailed
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Figure 5. Differential synapse-specific expression of PHP.
(A) Example EPSC traces from GluRIIA (red), GluRIIA+EGTA (black), GluRIIA+benzamil 

(blue), GluRIIA+EGTA+benzamil (gray). (B) Quantification of EPSC amplitudes shown in 

(A) (GluRIIA, n=10; GluRIIA+EGTA, n=15; GluRIIA+benzamil, n=11; GluRIIA+EGTA

+benzamil, n=9). (C) On the left panel, average EPSP and EPSC amplitudes (y-axis) from 

MN-1b (black circles) and MN-1s (red circles) plotted at 0.5 and 3.0 mM Ca2+ (x-axis). On 

the right panel, average percent change in quantal content (y-axis) from MN-1b (black 

circles) and MN-1s (red circles) plotted at 0.5 and 3.0 mM Ca2+ (x-axis) for PhTx (top) and 

for GluRIIA (bottom). (D) Model for acute and chronic expression of PHP at two different 

calcium concentrations as indicated. The top row diagrams a synapse at elevated 

extracellular calcium. Under control conditions, tightly coupled vesicles are released in 

response to action potential induced calcium entry (green domain). Application of PhTx 

poisons postsynaptic receptors (red-to-gray) and induces the ENaC channel-dependent, 

benzamil-sensitive increase in presynaptic calcium influx (blue), driving increased release of 

vesicles. In the GluRIIA mutant, an additional EGTA-sensitive component is achieved that 

accesses weakly coupled vesicles, elevating release. The bottom row proposes why PHP 

may fail at reduced external calcium in the GluRIIA mutant. Decreased calcium influx 

prevents access to weakly coupled vesicles rendering PHP more variable and causing PHP to 

fail at phasic synapses. Statistical analyses are One-Way ANOVA with Dunnett’s multiple 

comparisons test with a single pooled variance
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Cy3-AffiniPure Goat Anti-Horseradish Peroxidase antibody Jackson ImmunoResearch Labs RRID: AB_2338959

Mouse Anti-Green Fluorescent Protein (GFP) Monoclonal 
Antibody, Unconjugated, Clone 3E6

Invitrogen (Thermo Fisher) RRID: AB_221568

Alexa Fluor 488-AffiniPure Goat Anti-Horseradish Peroxidase Jackson ImmunoResearch Labs RRID: AB_2338965

Chemicals, Peptides, and Recombinant Proteins

Philanthotoxin 433 tris(trifluoroacetate) salt Santa Cruz Biotechnology Cat# 255421, CAS 276684-27-6

Benzamil hydrochoride hydrate Sigma Aldrich Cat# B2417, CAS 161804-20-2

EGTA, Tetra(acetoxymethyl Ester) Invitrogen Cat# E1219

Tetrodotoxin citrate (TTX) Tocris Cat# 1078, CAS 18660-81-6

All-trans-retinal Sigma Aldrich Cat# R2500, CAS 116-31-4

Experimental Models: Organisms/Strains

wild type (w1118) Bloomington Drosophila Stock Center Stock #3605

w; GluRIIA-SP16 [31] PMID:9427247

w; Ok371-Gal4 [39] PMID:16378756

w; GMR94G06-Gal4 Bloomington Drosophila Stock Center Stock #40701

w; GMR27E09-Gal4 Bloomington Drosophila Stock Center Stock #49227

w; dHB9-Gal4 [20] PMID: 12123607

w; shakB-Gal4 [21] PMID: 17867850

w; UAS-ChR2.T159C Bloomington Drosophila Stock Center Stock #58373

w; UAS-ReaChR Bloomington Drosophila Stock Center Stock #53741

w; UAS-mCD8:GFP [38] PMID: 10197526

Software and Algorithms

Igor Pro 8.03 Wavemetrics RRID:SCR_000325

Graphpad PRISM 7.04 Graphpad RRID:SCR_002798

Adobe Illustrator CC 2018 Adobe RRID:SCR_010279

MiniAnalysis 6.0.7 SynaptoSoft RRID:SCR_002184

SlideBook 6 Intelligent Imaging RRID:SCR_014300
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