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Synapses grow, prune, and remodel throughout development, experience, and disease. This structural plasticity can destabilize infor-
mation transfer in the nervous system. However, neural activity remains stable throughout life, implying that adaptive countermeasures
exist that maintain neurotransmission within proper physiological ranges. Aberrant synaptic structure and function have been associ-
ated with a variety of neural diseases, including Fragile X syndrome, autism, and intellectual disability. We have screened 300 mutants in
Drosophila larvae of both sexes for defects in synaptic growth at the neuromuscular junction, identifying 12 mutants with severe reduc-
tions or enhancements in synaptic growth. Remarkably, electrophysiological recordings revealed that synaptic strength was unchanged
in all but one of these mutants compared with WT. We used a combination of genetic, anatomical, and electrophysiological analyses to
illuminate three mechanisms that stabilize synaptic strength despite major disparities in synaptic growth. These include compensatory
changes in (1) postsynaptic neurotransmitter receptor abundance, (2) presynaptic morphology, and (3) active zone structure. Together,
this characterization identifies new mutants with defects in synaptic growth and the adaptive strategies used by synapses to homeostati-
cally stabilize neurotransmission in response.
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Introduction
Dramatic changes in synapse number, morphology, and struc-
ture occur throughout nervous system development and during

various forms of plasticity and remodeling in the mature nervous
system. Expansion and retraction of synaptic terminals contrib-
ute to the refinement of neural circuits during developmental
pruning, sleep/wake behavior, and experience-dependent plas-
ticity (Cohen-Cory, 2002; Holtmaat and Svoboda, 2009; Ricco-
magno and Kolodkin, 2015; de Vivo et al., 2017). While these
dynamic changes enable the flexibility necessary to wire the ner-
vous system during development and to modify synapses during
learning and memory, they pose a major challenge to the stability
of neural function. Indeed, it is interesting to note that the period
of highest susceptibility to seizures occurs during the first years of
life, a period of dramatic synaptic growth and pliability in the
nervous system (Holmes and Ben-Ari, 1998; Baram, 2012).
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Significance Statement

This study reveals compensatory mechanisms used by synapses to ensure stable functionality during severe alterations in synaptic
growth using the neuromuscular junction of Drosophila melanogaster as a model system. Through a forward genetic screen, we
identify mutants that exhibit dramatic undergrown or overgrown synapses yet express stable levels of synaptic strength, with
three specific compensatory mechanisms discovered. Thus, this study reveals novel insights into the adaptive strategies that
constrain neurotransmission within narrow physiological ranges while allowing considerable flexibility in overall synapse num-
ber. More broadly, these findings provide insights into how stable synaptic function may be maintained in the nervous system
during periods of intensive synaptic growth, pruning, and remodeling.
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Despite the potential for these processes to disrupt coherent in-
formation transfer, homeostatic mechanisms maintain physio-
logically stable levels of functionality (Pozo and Goda, 2010;
Turrigiano, 2017).

The Drosophila neuromuscular junction (NMJ) is a powerful
model system to illuminate the genes and mechanisms that inte-
grate synaptic growth, function, and homeostatic plasticity. At
this model glutamatergic synapse, stereotyped levels of synaptic
strength are consistently observed despite a dramatic expansion
in synaptic growth, where the NMJ rapidly enlarges by �100-fold
during larval development (Atwood et al., 1993; Schuster et al.,
1996). Remarkably, neurotransmission is maintained within nar-
row physiological ranges during this process (Davis and Good-
man, 1998b), implying that adaptive forms of plasticity stabilize
synaptic function in coordination with growth. This robust scal-
ing of synaptic growth with muscle target growth has also been
shown to homeostatically maintain muscle excitation in classical
studies in crayfish (Lnenicka and Mellon, 1983a,b). A variety of
homeostatic mechanisms are triggered at the Drosophila NMJ in
response to excess glutamate release (Daniels et al., 2004; Gavino
et al., 2015; Li et al., 2018a), diminished postsynaptic neurotrans-
mitter receptor functionality (Petersen et al., 1997; Frank et al.,
2006), injury-related signaling (Goel and Dickman, 2018), and
biased innervation (Davis and Goodman, 1998a; Goel and Dick-
man, 2018). These mechanisms can operate with specificity at
individual motor inputs and synapses (Davis and Goodman,
1998a; Newman et al., 2017; Li et al., 2018b). There is also evi-
dence that additional homeostatic processes stabilize global syn-
aptic strength when total synapse numbers are drastically altered
at the NMJ. For example, it has been estimated that as many as
44% of the genes encoded in the Drosophila genome influence
synaptic growth and structure (Liebl et al., 2006), while far fewer
genes appear to be involved in neurotransmission (Dickman and
Davis, 2009; Müller et al., 2011). The mechanisms that serve to
stabilize global synaptic strength when confronted with varia-
tions in synaptic growth have yet to be defined.

Mutations in genes linked to neurological and neuropsychiat-
ric diseases are attractive candidates to screen for defects in syn-
aptic growth, structure, and plasticity. Indeed, aberrations in
these processes are associated with a variety of neural diseases,
including Fragile X syndrome, autism spectrum disorder, schizo-
phrenia, and intellectual disability (Zoghbi and Bear, 2012; Won-
dolowski and Dickman, 2013; Forrest et al., 2018). We have
therefore screened a collection of mutations in genes with links to
these neural diseases for roles in synaptic growth and transmis-
sion at the Drosophila NMJ, discovering new mutants with de-
fects in these processes. Interestingly, this approach also
confirmed that, while synaptic growth can vary considerably
across mutations in diverse genes, neurotransmission is con-
strained within much narrower physiological ranges. Given these
results, we chose not to characterize in detail the specific func-
tions of individual genes in regulating synaptic growth. Rather,
we investigated synaptic structure and function in the subset of
mutants that exhibited the most extreme changes in synaptic
growth but that, remarkably, maintained stable synaptic
strength. This effort defined three mechanisms that targeted both
presynaptic and postsynaptic structures for homeostatic modu-
lation. Together, these results elucidate adaptive strategies that
can be used by synapses to maintain set point levels of synaptic
strength when confronted with extreme alterations to synaptic
growth.

Materials and Methods
Fly stocks. Drosophila stocks were raised at 25°C on standard molasses
food. The w1118 strain (RRID:BDSC_5905) is used as the WT control
unless otherwise noted, as this is the genetic background of the genetic
mutants used in this study. For experiments with the transgenic RNAi
lines, control larvae were generated by crossing C15 (c155-Gal4;Sca-
Gal4;BG57-Gal4 ) (Brusich et al., 2015) to UAS-RFP (BDSC #32218;
RRID:BDSC_32218). Because the average synaptic growth and electro-
physiological values for the mutant control (w1118) and RNAi control
(c155-Gal4;Sca-Gal4/�;BG57-Gal4/UAS-RFP) were not significantly
different (Table 1-1, available at https://doi.org/10.1523/JNEUROSCI.
2601-18.2019.t1-1), we pooled all mutant and RNAi line data shown in
Figures 1, 2, and 3. The WRNexo null mutants (WRNexo�) were previ-
ously described (Bolterstein et al., 2014). All other genetic mutants and
transgenic RNAi lines were obtained from the Bloomington Drosophila
Stock Center (BDSC). All experiments were performed on male or fe-
male third-instar larvae. A complete list of all stocks used in this study,
their full genotypes, and their origin can be found in Table 1-1 (available
at https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t1-1).

Immunocytochemistry. Third-instar male or female larvae were dis-
sected in ice-cold 0 Ca 2� HL-3 and fixed in Bouin’s fixative for 5 min as
described previously (Chen et al., 2017). Larvae were washed with PBS
containing 0.1% Triton X-100 (PBST) for 30 min, and then blocked for
1 h with 5% normal donkey serum in PBST. Larvae were incubated
overnight in primary antibodies at 4°C followed by a 30 min wash in
PBST, 2.5 h incubation in secondary antibodies at room temperature
(20°C-22°C), a final 30 min wash in PBST, and equilibration in 70%
glycerol. Blocking was done with 5% normal donkey serum in PBST.
Samples were mounted in VectaShield (Vector Laboratories). The
following antibodies were used: mouse anti-Bruchpilot (nc82; 1:100; De-
velopmental Studies Hybridoma Bank; RRID:AB_2314866); rabbit anti-
DLG (1:10,000) (Pielage et al., 2005); guinea pig anti-vGlut (1:2000)
(Goel and Dickman, 2018); mouse anti-GluRIIA (8B4D2; 1:100; Devel-
opmental Studies Hybridoma Bank; RRID:AB_528269); rabbit anti-
GluRIIB (1:1000), generated by Cocalico Biologicals using the peptide
described by Qin et al. (2005); and guinea pig anti-GluRIID (1:1000)
(Perry et al., 2017). Donkey anti-mouse, anti-guinea pig, and anti-rabbit
AlexaFluor-488-, Cyanine 3 (Cy3)-, and Dy Light 405-conjugated sec-
ondary antibodies (Jackson ImmunoResearch Laboratories) were used at
1:400. AlexaFluor-647 conjugated goat anti-HRP (Jackson ImmunoRe-
search Laboratories) was used at 1:200.

Imaging and analysis. Samples were imaged using a Nikon A1R Reso-
nant Scanning Confocal microscope equipped with NIS Elements soft-
ware and a 100� APO 1.4 NA oil-immersion objective using separate
channels with four laser lines (405, 488, 561, and 637 nm). For fluores-
cence quantifications of Bruchpilot (BRP) intensity levels, z stacks were
obtained using identical settings for all genotypes with z axis spacing
between 0.15 and 0.2 �m within an experiment and optimized for detec-
tion without saturation of the signal as described. Boutons were counted
using vGlut and HRP-stained NMJ terminals on muscle 6/7 and muscle
4 of segment A3, considering each vGlut puncta to be a bouton. Consis-
tent changes in bouton numbers were observed across both muscle types
(Table 4-1, available at https://doi.org/10.1523/JNEUROSCI.2601-18.
2019.t4-1). The general analysis toolkit in the NIS Elements software was
used for image analysis as described previously (Kikuma et al., 2017).
Neuronal surface area was calculated by creating a mask around the HRP
channel that labels the neuronal membrane. BRP puncta number, area,
and total BRP intensity per NMJ were quantified by applying intensity
thresholds and filters to binary layers on the BRP labeled 488 channel as
described previously (Goel et al., 2019b). GluRIIA, GluRIIB, and
GluRIID puncta intensities were quantified by measuring the total sum
intensity of each individual GluR puncta, and these values were then
averaged per NMJ to get one reading (n). Measurements based on con-
focal images were taken from at least 12 synapses acquired from at least 6
different animals.

Electrophysiology. All dissections and recordings were performed in
modified HL-3 saline (Stewart et al., 1994; Dickman et al., 2005; Kiragasi
et al., 2017) containing the following (in mM): 70 NaCl, 5 KCl, 10 MgCl2,

4052 • J. Neurosci., May 22, 2019 • 39(21):4051– 4065 Goel, Khan et al. • Synaptic Growth and Stability

https://scicrunch.org/resolver/BDSC_5905
https://scicrunch.org/resolver/BDSC_32218
https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t1-1
https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t1-1
https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t1-1
https://scicrunch.org/resolver/AB_2314866
https://scicrunch.org/resolver/AB_528269
https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t4-1
https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t4-1


10 NaHCO3, 115 sucrose, 5 trehelose, 5 HEPES, and 0.4 CaCl2, pH 7.2.
Neuromuscular junction sharp electrode (electrode resistance between
10 and 30 M�) recordings were performed on muscles 6 and 7 of abdom-
inal segments A2 and A3 in wandering third-instar larvae as described
previously (Goel et al., 2019a). Consistent changes in values of mEPSP,
EPSP, and quantal content were observed at muscle 4 across genotypes
(Table 4-1, available at https://doi.org/10.1523/JNEUROSCI.2601-18.
2019.t4-1). Briefly, larvae were dissected and loosely pinned; the guts,
trachea, and ventral nerve cord were removed from the larval body walls
with the motor nerve cut, and the preparation was perfused several times
with HL-3 saline. Recordings were performed on an Olympus BX61 WI
microscope using a 40�/0.80 water-dipping objective, and acquired us-
ing an Axoclamp 900A amplifier, Digidata 1440A acquisition system, and
pClamp 10.5 software (Molecular Devices). Electrophysiological sweeps
were digitized at 10 kHz and filtered at 1 kHz. Data were analyzed using
Clampfit (Molecular Devices), MiniAnalysis (Synaptosoft), and Excel
(Microsoft) software.

mEPSPs were recorded in the absence of any stimulation, and cut
motor axons were stimulated to elicit EPSPs. An ISO-Flex stimulus iso-
lator (A.M.P.I.) was used to modulate the amplitude of stimulatory cur-
rents. Intensity was adjusted for each cell, set to consistently elicit
responses from both neurons innervating the muscle segment, but avoid-
ing overstimulation. Average mEPSP, EPSP, and quantal content were
calculated for each genotype by dividing EPSP amplitude by mEPSP
amplitude. Muscle input resistance (Rin) and resting membrane poten-
tial (Vrest) were monitored during each experiment. Recordings were
rejected if the Vrest was ��60 mV, if the Rin was �5 M�, or if either
measurement deviated by �10% during the course of the experiment.
Larvae were incubated with or without philanthotoxin-433 (PhTx; Sig-
ma-Aldrich; 20 �M) resuspended in HL-3 for 10 min, as described pre-
viously (Frank et al., 2006; Dickman and Davis, 2009).

Experimental design and statistical analysis. For electrophysiological
and immunostaining experiments, each NMJ terminal (muscle 6 for
physiology, and muscle 4 for immunostaining analyses of synaptic ter-
minals and active zones) is considered an n of 1 because each presynaptic
motor neuron terminal is confined to its own muscular hemi-segment.
For these experiments, muscles 4 or 6 were analyzed from hemi-segments
A3 for each larvae, and thus each larvae contributes 2 NMJs per experi-
ment. To control for variability between larvae within a genotype, for
immunostaining experiments involving BRP and glutamate receptors,
NMJs were analyzed from at least 6 individual larvae. In the mutants
characterized in Figures 4, 5, 6, 7, and 8, we observed similar differences
in synaptic structure or function between NMJs on muscles 6 and 4
(Table 4-1, available at https://doi.org/10.1523/JNEUROSCI.2601-
18.2019.t4-1).

Statistical analysis was performed using GraphPad Prism (version 7.0)
or Microsoft Excel software (version 16.22). Data were tested for normal-
ity using a D’Agostino-Pearson omnibus normality test, which deter-
mined that the assumption of normality of the sample distribution was
not violated. Normally distributed data were analyzed for statistical sig-
nificance using a t test (pairwise comparison), or an ANOVA and Tukey’s
test for multiple comparisons. Data were then compared using either a
one-way ANOVA and tested for significance using a Tukey’s multiple
comparison test or using an unpaired two-tailed Student’s t test with
Welch’s correction. All data are presented as mean 	 SEM with varying
levels of significance. For additional statistical details and values, see
Table 4-1 (available at https://doi.org/10.1523/JNEUROSCI.2601-18.
2019.t4-1).

Results
A forward screen identifies mutants with aberrant synaptic
growth and transmission at the Drosophila NMJ
To systematically screen a collection of mutations for defects in
synaptic growth and function, we first established a list of
Drosophila homologs of mammalian genes linked to synaptic
function and neural disease. The initial list consisted of �800
mammalian genes encoding proteins present at synapses and/or
linked with neural disease (Table 1-1, available at https://doi.org/

10.1523/JNEUROSCI.2601-18.2019.t1-1). A subset of these
genes encoded putative transcripts associated with FMRP (Dar-
nell et al., 2011; Thomson et al., 2017), whereas additional genes
were selected because of associations with schizophrenia and au-
tism spectrum disorder (Gilman et al., 2011; Sando et al., 2012;
Jurado et al., 2013; Serretti and Fabbri, 2013). From this list, we
identified a final group of 300 Drosophila homologs: 132 putative
FMRP targets and 168 genes encoding proteins present at syn-
apses and/or associated with other diseases. From this initial list,
we obtained a collection of 109 putative genetic mutations and
191 RNAi lines from public resources (Table 1-1, available
at https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t1-1). Fi-
nally, we assessed the lethal phase of homozygous mutants and
RNAi lines crossed to NMJ drivers, removing any that failed to
survive to at least the third-instar larval stage. Together, this effort
established a collection of 297 mutants to screen for defects in
synaptic growth and function at the third-instar larval NMJ.

We first assessed synaptic growth in this collection of 297
mutants and RNAi lines. Specifically, we characterized homozy-
gous mutants or larvae in which RNAi transgenes were driven in
both motor neurons and muscle (see Materials and Methods)
(Brusich et al., 2015). Immunostaining of synaptic boutons at the
Drosophila NMJ was used to quantify synaptic growth. WT NMJs
typically exhibit �30 boutons at the muscle 4 synapse (Fig.
1A,B,D). We immunostained the NMJ with markers for synaptic
vesicles (vGlut) and the neuronal membrane (HRP), and consid-
ered a single puncta of vGlut intensity to represent a synaptic
bouton (Fig. 1A,B). Quantification of bouton numbers across all
297 mutants and RNAi lines revealed a broad distribution, with
31.2 boutons as the mean and a SD of 6.8 (Fig. 1D). From this
analysis, we selected the subset of mutants or RNAi lines that
displayed the most extreme difference in bouton number, using 2
SDs above or below the mean (�44% increase or decrease; Fig.
1C,D) as cutoffs for further study.

Twelve mutants with extreme changes in synaptic growth at
the NMJ were identified (Fig. 1C,D). All 12 were genetic mutants;
four exhibited a reduction of �44% in bouton number and were
termed “undergrowth mutants” (Fig. 1C–E, blue), whereas the
other eight exhibited an increase of �44% in bouton number and
were termed “overgrowth mutants” (Fig. 1C–E, red). Of the 12
positive hits from our initial screen, three genes were previously
reported to have defects in synaptic growth (Fig. 1D,E), serving
to validate our approach. These include the G-protein-coupled
receptor flamingo (Bao et al., 2007), the serine-threonine kinase
Akt1 (Natarajan et al., 2013), and the translation factor eIF-4E
(Sigrist et al., 2003). Thus, from this initial screen of 297 lines, we
identified four undergrowth and five overgrowth genes that have
not previously been reported to regulate synaptic growth. The
putative functions of these genes are detailed in Table 1-2 (avail-
able at https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t1-2).

We also assayed synaptic transmission in the collection of 297
lines (Fig. 2A). We used electrophysiology to quantify mEPSP
amplitude and evoked EPSP amplitude, and to calculate the
number of synaptic vesicles released per stimulus (quantal con-
tent, a measure of neurotransmitter release) from each mutant
screened (Table 1-1, available at https://doi.org/10.1523/
JNEUROSCI.2601-18.2019.t1-1). Electrophysiological record-
ings from all mutant and RNAi lines revealed a mean EPSP
amplitude of 35.4 mV and an SD of 6.5 mV (Fig. 2B). We iden-
tified 40 mutant and RNAi lines with EPSP amplitudes �2 SDs
below the mean (�36%; Fig. 2A,B), although no targets exhib-
ited an increase in EPSP amplitude of �36% relative to the
mean (Fig. 2A; Table 1-1, available at https://doi.org/10.1523/
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JNEUROSCI.2601-18.2019.t1-1). Quantification of bouton
numbers in the 40 synaptic transmission mutants or RNAi lines
revealed values similar to WT (Fig. 2C), consistent with previous
studies that have shown that aberrant synaptic function often
occurs without any major defects in synaptic growth (Kittel et al.,
2006; Dickman and Davis, 2009; Reddy-Alla et al., 2017). This
suggests that defects in synaptic function alone, independently of
reduced growth, disrupts neurotransmission in these lines.

Synaptic strength remains constant despite variations in
synaptic growth
We next focused on understanding how synaptic function re-
mains stable across the broad variation in synaptic growth by
analyzing synaptic growth and structure in the 257 remaining
mutants and RNAi lines with relatively stable EPSP amplitudes.
First, we considered two possible models to describe the relation-
ship between synaptic growth (bouton numbers) and synaptic
strength (EPSP amplitude). In a “scaling” model, each individual
bouton operates as an independent unit of synaptic function,
with all boutons functionally equivalent (Fig. 3A). Hence, synap-
tic strength would be predicted to scale in amplitude in propor-
tion to the total number of synaptic boutons, with the number of
individual synapses (active zone and glutamate receptor dyads)

linearly increasing with the number of boutons. Assuming the
functionality of each dyad to be constant, as bouton number
increases or decreases, total synaptic strength would scale accord-
ingly (Fig. 3A). Alternatively, in a “homeostatic” model, synapses
would be adaptively modulated to counteract variations in syn-
aptic growth and maintain stable levels of global synaptic
strength (Fig. 3B). In this case, adaptations in total active zone
number, presynaptic release probability, and/or postsynaptic re-
ceptivity to neurotransmitter would compensate for altered bou-
ton number to tune synaptic strength and maintain constant
levels of neurotransmission. We tested whether a scaling or ho-
meostatic model best described our data from the genetic screen.

We plotted the average EPSP amplitude of each mutant
screened as a function of total bouton number for that specific
mutant (Fig. 3C). A scaling model would predict a linear relation-
ship in this plot, where synaptic strength (EPSP amplitude) is
proportional to bouton number (Fig. 3C, dotted line). However,
this analysis found no significant correlation between EPSP am-
plitude and bouton number (R 2 
 0.0002, p 
 0.7935). Rather,
the majority of mutants screened (86%) maintained EPSP ampli-
tudes between a narrow range of 32–36 mV (Fig. 3C), more con-
sistent with a homeostatic model. Next, we examined synaptic
strength in the most extreme four undergrowth and five over-

Figure 1. A forward genetic screen identifies synaptic growth mutants at the Drosophila NMJ. A, Schematic illustrating synaptic boutons, numbers of which are a measure of NMJ growth. B,
Images of larval muscle 4 NMJs immunostained with anti-HRP (neuronal membrane marker) and anti-vGlut (synaptic vesicle marker). Examples of NMJs in undergrowth and overgrowth mutants
are shown. C, Flow diagram of synaptic growth screen strategy and outcome. Mutants with increases or decreases in synaptic growth that were �2 SDs from controls (�44% increase or decrease)
are indicated. D, Histogram of average bouton number per mutant or RNAi line quantified in the synaptic growth screen. Average bouton numbers in control (black arrow), overgrowth mutants (red),
and undergrowth mutants (blue) are indicated. Three genes previously reported to exhibit synaptic overgrowth are indicated. E, Bouton numbers of the identified overgrowth and undergrowth
mutants shown as a percentage of WT values. No significant differences in bouton numbers were observed between the mutant control (w1118) and RNAi line control (C15xUAS-RFP; Table
1-1, available at https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t1-1) and were pooled. Error bars indicate 	 SEM. ***p � 0.001. Additional details of all mutants and RNAi lines
screened and statistical information (mean values, SEM, n, p) are shown in Table 1-1 (available at https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t1-1) and Table 1-2 (available at
https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t1-2).
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growth mutants discussed in Figure 1E. We plotted the EPSP
amplitude for each mutant as a function of bouton number (Fig.
3D). Interestingly, all but one of the nine mutants exhibited EPSP
amplitudes consistent with a homeostatic model, whereas one
mutant, pkc53E, best fit with a scaling model. Finally, we consid-
ered that for a homeostatic model to be truly “homeostatic,”
presynaptic neurotransmitter release (quantal content) for each
individual bouton should inversely scale with total boutons per
NMJ. Indeed, when the average quantal content was normalized
per bouton for all 257 mutants and RNAi lines, a robust scaling of
quanta released per bouton was observed (Fig. 3E), consistent
with a homeostatic tuning of presynaptic release per bouton.
Together, this analysis of synaptic growth and function in the
mutants screened is consistent with the homeostatic model sche-
matized in Figure 3B, suggesting that presynaptic neurotransmit-
ter release is tuned at individual boutons to maintain stable global
synaptic strength despite variation in synaptic growth.

Synaptic strength scales with synaptic growth in
pkc53E mutants
We next characterized the relationship between synaptic growth
and function in the nine synaptic growth mutants in more detail,
seeking to illuminate what processes stabilized synaptic strength
in eight of nine mutants. We first assessed synaptic function and
structure in the four undergrowth mutants. Mutations in the first
gene, protein kinase C 53E (pkc53E), exhibited reductions in syn-
aptic strength that appeared to scale with synaptic growth (Fig.
3D). Bouton numbers were reduced by �50% in homozygous
mutants of pkc53E and in pkc53E mutants in trans to a deficiency
that removed the entire locus (pkc53E1/pkc53EDf; Fig. 4A,B).
Correspondingly, EPSP amplitude was reduced to a similar ex-
tent in both allelic combinations of pkc53E compared with WT
(Fig. 4C,D). Synaptic strength, indicated by EPSP amplitude, is

determined by two parameters: the amount of presynaptic neu-
rotransmitter released and the postsynaptic response (Del Cas-
tillo and Katz, 1954; Lisman et al., 2007). A change in mEPSP
amplitude, which reflects the postsynaptic response to neu-
rotransmitter released from a single vesicle, would likely indicate
a change in the number or functionality of postsynaptic gluta-
mate receptors in pkc53E mutants. However, we observed no
significant difference in mEPSP amplitude in pkc53E mutants
compared with WT (Fig. 4D), consistent with no postsynaptic
adaptations in this mutant. Next, we calculated quantal content
in these mutants, a measure of the number of synaptic vesicles
released in response to synaptic stimulation. We found a reduc-
tion in this value proportional to the reduction in EPSP ampli-
tude (Fig. 4C,D), as expected. If no adaptions to presynaptic
structure occurred in pkc53E, then the anatomical number of
release sites (active zones) should be reduced in proportion to the
reduction in bouton number. We measured the number of
puncta of the active zone scaffold BRP by immunostaining the
NMJ, which represent individual releases sites (Kittel et al., 2006;
Wagh et al., 2006). We observed a reduction in BRP puncta num-
ber per NMJ proportional to the reduction in bouton number in
pkc53E mutants (Fig. 4E,F), with no change in BRP puncta den-
sity compared with WT (Fig. 4F). Thus, in pkc53E mutants, the
number of active zones is reduced in proportion to the number of
boutons and no apparent changes are observed in release proba-
bility or the postsynaptic sensitivity to neurotransmitter, consis-
tent with a scaling of synaptic strength with synaptic growth.
Importantly, this implies that, in the remaining eight mutants
in which synaptic strength remained constant despite in-
creased or reduced growth, some compensatory adaptions
must have occurred.

The observation that pkc53E mutants failed to express any
apparent forms of adaptive plasticity to sustain normal muscle

Figure 2. Presynaptic neurotransmitter release does not scale with synaptic growth in the mutants screened. A, Flow diagram of electrophysiology-based synaptic transmission screen strategy
and outcome. B, Histogram of average EPSP amplitude quantified for each mutant and RNAi line in the screen. Although no mutants or RNAi lines with EPSP amplitudes �2 SDs above the average
EPSP amplitude in WT were found (�36% increase), several lines with EPSP amplitudes below this threshold were identified (represented as blue). C, Graph showing the total bouton number of
each synaptic transmission mutant or RNAi line identified as a function of EPSP amplitude. The best-fit line to these data (solid black line; slope 
 �0.788) indicates that bouton numbers do not
correlate with EPSP amplitude (R 2 
0.045, p
0.186). Additional details of all mutant and RNAi lines screened and statistical information (mean values, SEM, n, p) are shown in Table 1-1 (available
at https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t1-1).
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excitation led to us assess whether these mutants were capable of
expressing homeostatic plasticity. Although multiple and diverse
forms of homeostatic plasticity can be simultaneously expressed
and balanced at the Drosophila NMJ (Gavino et al., 2015; Li et al.,
2018a; Goel et al., 2019b), there is evidence that in some cases a
hierarchy between different modes of plasticity exist where ex-
pression of one form occludes expression of another (Bergquist et
al., 2010). One well-studied form of homeostatic plasticity at the
fly NMJ is called presynaptic homeostatic potentiation (PHP).
Here, pharmacologic or genetic perturbations to postsynaptic
glutamate receptors trigger a retrograde signaling system that
leads to a compensatory enhancement in presynaptic neu-
rotransmitter release that maintains muscle excitation (Frank,
2014). We applied the glutamate receptor antagonist PhTx to WT
and pkc53E mutant NMJs. In both cases, mEPSP amplitudes were
reduced by �50% due to PhTx blocking a subset of the postsyn-
aptic glutamate receptors, as expected (Fig. 4G,H). A homeo-
static increase in presynaptic glutamate release (quantal content)
was observed in both WT and pkc53E that restored synaptic
strength (EPSP amplitude) to baseline levels (Fig. 4G,H), dem-
onstrating that PHP was robustly expressed. We also assessed
PHP expression after PhTx application in the eight remaining
synaptic growth mutants as well and found that in all cases PHP
was robustly expressed (Table 4-1, available at https://doi.org/
10.1523/JNEUROSCI.2601-18.2019.t4-1). Thus, the ability (or
inability) to express adaptive plasticity in the context of syn-
aptic growth does not occlude the competence to transduce

PHP signaling, consistent with independent homeostatic
mechanisms that can be superimposed and balanced (Goel et
al., 2019b).

Enhanced postsynaptic receptor abundance compensates for
reduced presynaptic release in WRNexo mutants
We next focused on the undergrowth mutant WRNexo. WRNexo
encodes Werner’s exonuclease, so named because mutations in the
human homolog cause Werner’s syndrome, a disease resulting in
premature aging due to DNA damage (Muftuoglu et al., 2008).
Null mutations in WRNexo have been generated and character-
ized in the context of DNA repair in Drosophila (Bolterstein et al.,
2014). However, roles for WRNexo in synaptic growth or func-
tion have not been reported, nor have they been characterized at
the NMJ. WRNexo mutants exhibit significant reductions in
synaptic growth, with bouton numbers reduced by �50%
compared to WT controls, with a concomitant reduction in
active zone numbers labeled by BRP (Fig. 5 A, B). However,
EPSP amplitude in WRNexo mutants was similar to WT (Fig.
5C,D). Quantification of mEPSP amplitude revealed a signif-
icant increase in WRNexo mutants compared with WT, result-
ing in a corresponding reduction in quantal content (Fig.
5C,D). Together, this suggests that while presynaptic neu-
rotransmitter release is reduced in accordance to reduced
synaptic growth in WRNexo mutants, an increase in the post-
synaptic responsiveness to neurotransmitter was sufficient to
maintain normal synaptic strength.

Figure 3. Stable synaptic strength is observed in the mutants screened despite variation in synaptic growth. A, Schematic illustrating a “scaling” model in which presynaptic neurotransmitter
release scales with synaptic growth. In this scenario, EPSP amplitude correlates with bouton number. B, Schematic illustrating an alternative “homeostatic” model, in which synaptic strength
remains constant across changes in bouton number. C, Graph plotting the EPSP amplitude of the genes screened (with the mutants and RNAi lines defective in synaptic transmission removed) plotted
as a function of bouton number. Dashed diagonal line indicates the ideal “scaling” model, where EPSP amplitude correlates with bouton numbers. Horizontal solid line indicates the idealized
“homeostatic” model, where no such correlation is observed. The data show that EPSP amplitudes do not correlate with bouton numbers (Pearson’s correlation coefficient R 2 
 0.0002, p 
 0.789),
a closer fit to a “homeostatic” model. D, Graph plotting EPSP amplitude of the synaptic overgrowth and undergrowth mutants as a function of bouton number. Only a single undergrowth mutant
(indicated as a square data point) fits the “scaling” model, with EPSP amplitude reduced to a similar extent as the reduction in bouton number. All other synaptic growth mutants maintained stable
EPSP amplitude, consistent with a “homeostatic” model (solid horizontal line; Pearson’s correlation coefficient R 2 
 0.012, p 
 0.718). E, Average quanta released per bouton calculated for each
mutant are plotted as a function of bouton number for the mutants shown in C. A curve fit of these data provides a goodness-of-fit R 2 value of 0.65 and a p value of �0.0001, indicating an inverse
correlation between quanta released per bouton with total bouton number. Additional details of the mutants screened and statistical information (mean values, SEM, n, p) are shown in Table 1-1
(available at https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t1-1).
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Figure 4. Presynaptic neurotransmitter release scales with reduced bouton and active zone number in pkc53E mutants. A, Representative muscle 4 NMJ images of WT (w1118) and pkc53E mutants
in trans with a deficiency ( pkc53E1/pkc53EDf(2R)P803) immunostained with anti-HRP and anti-vGlut. B, Quantification of bouton number in the indicated genotypes normalized to WT values. C,
Schematic and representative electrophysiological traces of mEPSPs and EPSPs in the indicated genotypes illustrating reduced synaptic strength and no evidence for compensatory adaptions to
presynaptic neurotransmitter release or postsynaptic sensitivity to neurotransmitter. Green dots in the schematic represent BRP puncta reduced in parallel with bouton numbers in pkc53E. D,
Quantification of mEPSP, EPSP, and quantal content values in pkc53E mutants normalized as a percentage of WT. E, Representative images of NMJs immunostained with anti-HRP and the anti-BRP
(presynaptic active zone marker), with individual boutons shown at higher magnification (insets below). F, Quantification of total BRP puncta number per NMJ shows a concomitant reduction with
bouton number and no significant change in BRP puncta density. G, Schematic and representative traces of recordings from WT and pkc53E mutants before and following PhTx application.
Diminished mEPSP amplitudes are observed following PhTx application, whereas EPSP amplitudes are maintained at baseline levels due to a homeostatic increase in presynaptic neurotransmitter
release (quantal content). H, Quantification of mEPSP and quantal content values following PhTx application normalized as a percentage of baseline values (no PhTx treatment) in the indicated
genotypes. Error bars indicate	SEM. One-way ANOVA test was performed, followed by a Tukey’s multiple-comparison test: ***p � 0.001; ****p � 0.0001. ns, Not significant ( p�0.05). Detailed
statistical information (mean values, SEM, n, p) is shown in Table 4-1 (available at https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t4-1).
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At the Drosophila NMJ, two glutamate receptor subtypes,
GluRIIA-containing and GluRIIB-containing, mediate the re-
sponse to synaptically released glutamate (DiAntonio, 2006).
Three essential glutamate receptors (GluRIIC, GluRIID, and
GluRIIE) are core components of both receptor complexes and
incorporate either GluRIIA or GluRIIB subunits (Qin et al., 2005;
DiAntonio, 2006). The majority of neurotransmission is driven
by GluRIIA-containing receptors due to their slower desensitiza-
tion kinetics and larger current amplitudes (Petersen et al., 1997;
DiAntonio et al., 1999; Han et al., 2015). Given the increase in
mEPSP amplitude observed in WRNexo mutants, we examined
the state of glutamate receptors in more detail. We costained
NMJs with antibodies against GluRIIA, GluRIIB, and GluRIID
and assessed the synaptic localization of these receptor subunits
while also quantifying immunofluorescence levels (Fig. 5E,F).
Although we did not observe any major differences in the local-
ization of receptors at the NMJ, we did find a significant increase
in GluRIIA, GluRIIB, and GluRIID subunit levels in WRNexo

mutants (Fig. 5E,F). This suggests that the enhanced abundance
of postsynaptic glutamate receptors served to increase sensitivity
to neurotransmitter in WRNexo mutants. In turn, this compen-
sated for reduced synaptic growth and glutamate release to main-
tain proper muscle excitation.

Increased bouton area maintains stable synapse number in
cont and G�30a mutants
Next, we characterized the two remaining synaptic undergrowth
mutants, contactin (cont), a cell adhesion molecule involved in
septate junction organization between glia and neurons (Faivre-
Sarrailh et al., 2004), and G�30A, a heterotrimeric G-protein
subunit (Schillo et al., 2004). Interestingly, despite an �60% re-
duction in bouton number compared with WT (Fig. 6A,B), these
two mutants did not exhibit any apparent changes in synaptic
physiology (Fig. 6C,D). mEPSP amplitudes were similar to WT in
both mutants, which implies that a presynaptic change in either
active zone number and/or release probability likely compen-

Figure 5. Increased postsynaptic receptor levels compensate for reduced presynaptic neurotransmitter release in WRNexo mutants. A, Representative images of muscle 4 NMJs in WT, WRNexo
mutants (WRNexoMI13095), and WRNexo null mutants (WRNexo D), immunostained with anti-HRP and anti-vGlut. B, Quantification of bouton numbers and BRP puncta numbers in WRNexo mutants
normalized as a percentage of WT. C, Representative mEPSP and EPSP traces in the indicated genotypes. The schematic illustrates that enhanced levels of postsynaptic glutamate receptor levels
offset reduced presynaptic release in WRNexo mutants with reduced bouton and BRP puncta numbers. D, Quantification of mEPSP, EPSP, and quantal content values in the indicated genotypes
normalized as a percentage of WT. E, Representative images of NMJs immunostained with antibodies against three postsynaptic glutamate receptor subunits (GluRIIA; GluRIIB; GluRIID). F,
Quantification of sum puncta fluorescence intensity of each receptor subunit reveals enhanced levels of both GluRIIA- and GluRIIB-containing receptors in WRNexo. Error bars indicate 	 SEM.
One-way ANOVA test was performed, followed by a Tukey’s multiple-comparison test: **p � 0.01; ***p � 0.001; ****p � 0.0001. ns, Not significant ( p � 0.05). Detailed statistical information
(mean values, SEM, n, p) is shown in Table 4-1 (available at https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t4-1).
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sated for reduced bouton number to maintain stable levels of
presynaptic neurotransmitter release.

We therefore quantified the number of BRP puncta per NMJ
in cont and G�30A mutants. Surprisingly, immunostaining of
BRP revealed that total puncta number per NMJ were similar in
both cont and G�30A mutants compared with WT (Fig. 6E,F).
Further analysis found that while bouton numbers were indeed
reduced, individual boutons were significantly enlarged in area in
these mutants (Fig. 6E,F). Thus, although cont and G�30A were
defined as synaptic undergrowth mutants based on our bouton
counting assay, increased bouton area conserved total neuronal
membrane surface area (Fig. 6F). Consistently, quantification of
BRP puncta per bouton revealed a significant increase in both
cont and G�30A (Fig. 6E,F), demonstrating that active zone
number scaled with the enhanced NMJ membrane and area of
individual boutons. Thus, despite a reduction in overall bouton
number, increased synapse number per bouton was sufficient to
maintain total synapse number per NMJ, and global neurotrans-
mitter output, in both cont and G�30A undergrowth mutants.

Reduced active zone area in synaptic overgrowth mutants
compensates for increased active zone numbers
Finally, we characterized synaptic function and structure in the
five remaining synaptic overgrowth mutants. This category har-
bored mutations in diverse genes encoding the G-protein cou-
pled receptor mangetout (mtt); the WD repeat domain protein 62
(wdr62); the kainate receptor ekar; the calcium-activated protein
phosphatase calcineurin B2 (canB2); and the endoplasmic reticu-
lum stress gene receptor expression enhancing protein (reep). De-
spite the diverse functions of these genes (Table 1-2, available at
https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t1-2), they
shared a common 40%–50% increase in the number of synaptic
boutons per NMJ but stable synaptic strength (Fig. 7A–C). Elec-
trophysiological analysis revealed no significant changes in mEPSP
amplitude, EPSP amplitude, or quantal content (Fig. 7B,E; Table
4-1, available at https://doi.org/10.1523/JNEUROSCI.2601-18.
2019.t4-1). This suggests that the postsynaptic sensitivity to neu-
rotransmitter was not impacted in these mutants and implies a
change in synapse number and/or release probability likely com-

Figure 6. Increased bouton size compensates for reduced bouton number in cont and G�30A mutants. A, Representative images of muscle 4 NMJs in WT, cont, and G�30A mutants in
trans with deficiencies (cont: cont1/contDf(3R)BSC146; G�30A: G�30A 1/G�30A Df(2L)ED680) immunostained with anti-HRP and anti-vGlut. B, Bouton numbers per NMJ in the indicated
genotypes normalized as a percentage of WT values. C, Representative mEPSP and EPSP traces in the indicated genotypes. The schematic illustrates an enhancement in bouton area
resulting in more release sites per bouton in cont and G�30A mutants. D, Quantification of mEPSP, EPSP, and quantal content values in the indicated genotypes normalized as a
percentage of WT values. E, Representative images of individual boutons from the indicated genotypes immunostained with anti-BRP and anti-HRP. White circle outlines a single bouton.
The increased area of individual boutons and number of BRP puncta within each bouton is apparent in cont and G�30A mutants. F, Quantification of the indicated synaptic parameters
in the indicated genotypes normalized as a percentage of WT values. Total neuronal membrane area is unchanged in cont and G�30A mutants due to an increase in the average area of
individual boutons. Hence, a significant increase in the number of BRP puncta per bouton is observed. Error bars indicate 	 SEM. ANOVA test was performed, followed by a Tukey’s
multiple-comparison test: *p � 0.05; **p � 0.01; ****p � 0.0001. ns, Not significant ( p � 0.05). Detailed statistical information (mean values, SEM, n, p) is shown in Table 4-1
(available at https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t4-1).
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pensated for the increased bouton number shared in these
mutants.

Next, we quantified the total number of BRP puncta per NMJ
in these overgrowth mutants. We found an increase in total BRP
puncta number per NMJ that correlated with the enhanced syn-
aptic growth observed in each overgrowth mutant (Fig. 7C,D).
Correspondingly, we observed no major differences in bouton
size, leading to a parallel increase in total neuronal membrane
surface area per NMJ and no change in BRP puncta density (Ta-
ble 4-1, available at https://doi.org/10.1523/JNEUROSCI.2601-
18.2019.t4-1). Hence, BRP puncta number essentially scaled with
bouton number in the overgrowth mutants, in contrast to the
undergrowth mutants detailed in Figure 6. This suggests that a
reduction in release probability per active zone likely stabilized
synaptic strength in these mutants.

The size and abundance of material at individual active zones
can vary, and several studies have found that these properties
correlate with release probability (Murthy et al., 2001; Matz et al.,
2010; Holderith et al., 2012). At the Drosophila NMJ, there is
considerable heterogeneity in the size and intensity of the active
zone scaffold BRP and other active zone components (Guerrero
et al., 2005; Peled and Isacoff, 2011; Ehmann et al., 2014; Akber-
genova et al., 2018; Gratz et al., 2019). Furthermore, recent stud-
ies have shown that increasing intensity and size of active zone

components, including BRP, Unc13, and the Ca 2� channel Cac,
predict increased release probability during baseline transmis-
sion and after homeostatic plasticity (Weyhersmüller et al., 2011;
Goel et al., 2017, 2019b; Li et al., 2018a; Böhme et al., 2019; Gratz
et al., 2019). We therefore considered that while the total number
of BRP puncta per NMJ was increased in the overgrowth mu-
tants, there might have been a corresponding change in the area
and/or intensity of each puncta that contributed to their modu-
lation of release probability.

Analysis of individual BRP puncta revealed a significant re-
duction in the mean area of BRP puncta in all five synaptic over-
growth mutants (Fig. 8A,B; Table 4-1, available at https://
doi.org/10.1523/JNEUROSCI.2601-18.2019.t4-1). Indeed, the
average BRP puncta area scaled with total BRP puncta number
per NMJ in WT and in the synaptic overgrowth mutants (Fig. 8C;
R 2 
 0.27, p 
 0.0006). However, the total abundance of BRP per
NMJ, reflected in the sum fluorescence intensity of BRP puncta
across an entire NMJ, was not significantly different between WT
and the five overgrowth mutants (Fig. 8D; Table 4-1, available at
https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t4-1). In con-
trast, such a scaling of BRP puncta intensity with BRP number was
not observed in the undergrowth mutants pkc53E G�30A, or cont
(Table 4-1, available at https://doi.org/10.1523/JNEUROSCI.
2601-18.2019.t4-1). Interestingly, a similar scaling of BRP size

Figure 7. Mutants with enhanced synaptic growth exhibit a concomitant increase in active zone number yet stable levels of synaptic strength. A, Representative images of muscle 4 NMJs in WT,
mangetout (mtt: mtt1/mttDf(2R)H3D3), WD repeat domain 62 (wdr62: wdr621/wdr62Df(2L)Exel8005), eye-enriched kainate receptor (ekar: ekar 1), calcineurin B2 (canB2: canB21/canB2Df(2R)BSC265), and
receptor expression enhancing protein (reep1: reep1/reep1Df(2R)WI345) mutants immunostained with anti-HRP and anti-vGlut. B, Representative EPSP and mEPSP traces showing no significant
changes in the overgrowth mutants compared with WT. Quantification of bouton numbers (C) and BRP puncta number per NMJ (D) in the indicated genotypes reveals a significant increase in both
parameters compared with WT. E, Quantification of mEPSP, EPSP, and quantal content values in the indicated genotypes normalized as a percentage of WT. Despite enhanced bouton and active zone
number per NMJ in the overgrowth mutants, no significant change in presynaptic neurotransmitter release (quantal content) is observed. Error bars indicate 	 SEM. One-way ANOVA test was
performed, followed by a Tukey’s multiple-comparison test: **p � 0.01; ****p � 0.0001. ns, Not significant ( p � 0.05). Detailed statistical information (mean values, SEM, n, p) is shown in Table
4-1 (available at https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t4-1).
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and number while conserving total BRP intensity per NMJ was
demonstrated in the dramatic synaptic overgrowth mutant endo-
philin (Goel et al., 2019b), suggesting that this process may be a
more general compensatory adaptation to synaptic exuberance.
Thus, an apparent tuning of active zone size may have compen-
sated for increased number to reduce release probability per ac-
tive zone and maintain synaptic strength in the overgrowth
mutants identified from the screen.

Discussion
Through a forward genetic screen of �300 mutants, we have
identified genes required for proper regulation of synaptic
growth and neurotransmission. This approach has revealed sev-
eral new mutations and RNAi lines that exhibit aberrant synaptic
growth and function, and further analysis demonstrated that the
strength of neurotransmission was regulated independently of
synaptic growth. Together, these data imply the existence of a
homeostat that stabilizes global synaptic strength while permit-
ting substantial flexibility in synaptic growth. Our analysis has
defined three adaptive mechanisms that operate to maintain syn-
aptic strength when synaptic growth is dramatically altered.

Integration of structural and functional plasticity at synapses
A complex repertoire of genes and processes work together to
tune and coordinate synaptic growth, structure, and function
during development. The strength of our large-scale screening
approach lies in identifying mutants with major deviations in
synaptic growth and using these as informative tools to reveal
developmental solutions used by the NMJ to homeostatically
maintain synaptic strength. We have implied that the primary
perturbation in the mutants characterized is a defect in synaptic
growth, and the homeostatic response involves changes in recep-
tor abundance, presynaptic morphology, or active zone struc-
ture. Although it is formally possible that in each of the mutants
studied, the deviation in synaptic growth may be the homeostatic
response to changes in presynaptic or postsynaptic structure, we
favor the former interpretation for the following reasons. First,

none of the genes linked to the synaptic growth mutants share
obvious functions in receptor trafficking, neuronal morphogen-
esis, or active zone development (Table 1-2, available at https://
doi.org/10.1523/JNEUROSCI.2601-18.2019.t1-2), yet all utilize
similar adaptions to morphology or active zone structure. Sec-
ond, baseline levels of NMJ strength persist when synaptic growth
is enhanced by manipulations that extend the third instar stage in
an otherwise WT larvae (Miller et al., 2012). Third, hyperinner-
vation or hypoinnervation to the fly NMJ triggers both presyn-
aptic and postsynaptic forms of homeostatic plasticity (Davis and
Goodman, 1998a; Goel and Dickman, 2018), which parallel the
mechanisms of active zone remodeling and postsynaptic receptor
enhancement that we describe here. Finally, stable synaptic
strength persists in a variety of other mutations that impact syn-
aptic growth (Verstreken et al., 2002; Marie et al., 2004; Dickman
et al., 2006; Goel et al., 2019b), while no change in synaptic
growth has been described in NMJ models of homeostatic poten-
tiation or depression (Frank et al., 2006; Dickman and Davis,
2009; Gavino et al., 2015; Wang et al., 2016, 2018; Li et al., 2018a).
Thus, while it is established that synaptic function can be homeo-
statically tuned in response to both excess neurotransmitter re-
lease and diminished postsynaptic receptors (Li et al., 2018a),
developmental changes in synaptic growth may be an additional
perturbation capable of inducing similar homeostatic responses.

There is emerging evidence that both homeostatic and Heb-
bian forms of plasticity share common genes and signaling net-
works (Vitureira and Goda, 2013; Keck et al., 2017; Turrigiano,
2017; Li et al., 2019). While the Drosophila NMJ is built for sta-
bility and has proven to be a powerful model to investigate glu-
tamatergic transmission and homeostatic plasticity, contrasting
forms of Hebbian plasticity are less obvious at this synapse.
Hence, mutations of genes with specialized functions in nonglu-
tamatergic synaptic transmission or Hebbian plasticity are un-
likely to reveal major phenotypes using the screening strategy we
used. However, a variety of genes were identified with more sub-
tle roles in regulating synaptic growth and baseline function

Figure 8. Active zone area is reduced in mutants with enhanced synaptic growth. A, Representative images of individual boutons from WT and the overgrowth mutants immunostained with
anti-BRP and anti-HRP. B, Quantification of BRP puncta number and BRP puncta area in the indicated genotypes normalized to WT values. While both bouton and BRP puncta numbers are increased
in the overgrowth mutants, a reduction in the average area of each BRP puncta is observed. C, Average BRP puncta area plotted as a function of average BRP puncta number per NMJ in the indicated
genotypes demonstrates a homeostatic scaling of average BRP puncta area with total BRP number per NMJ, represented by the curve fitted to the data points (R 2 
 0.27). ***p 
 0.0006. D,
Quantification of total BRP puncta fluorescence intensity per NMJ in the indicated genotypes, suggesting that the total abundance of BRP per NMJ remains unchanged in the overgrowth
mutants compared with WT. E, Schematic illustrating increased bouton and BRP puncta numbers in the overgrowth mutants with a reduction in the area of individual BRP puncta. This
results in reduced release probability per active zone and per bouton to stabilize NMJ strength. Error bars indicate 	 SEM. One-way ANOVA test was performed, followed by a Tukey’s
multiple-comparison test: **p � 0.01; ***p � 0.001. ns, Not significant ( p � 0.05). Detailed statistical information (mean values, SEM, n, p) is shown in Table 4-1 (available at
https://doi.org/10.1523/JNEUROSCI.2601-18.2019.t4-1).
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(Table 1-1, available at https://doi.org/10.1523/JNEUROSCI.
2601-18.2019.t1-1). Mutations in one gene, pkc53E, exhibited re-
duced synaptic growth and a parallel reduction in transmission,
consistent with a scaling model of synaptic growth and transmis-
sion. However, our characterization of the remaining synaptic
growth mutants revealed evidence for homeostatic adaptations
that stabilized synaptic strength across variations in NMJ growth.
In the case of the undergrowth mutants cont and G�30A, in-
creased size of individual boutons led to a conservation of both
neuronal membrane and active zone number to maintain synap-
tic strength. Interestingly, there is evidence that the size of indi-
vidual boutons is inversely correlated with total numbers at the
Drosophila NMJ (Pennetta et al., 2002; Miech et al., 2008; Pawson
et al., 2008; Mosca et al., 2012; Goel et al., 2019b). Therefore,
adjusting the morphology and size of boutons is one adaptive
strategy that may generally serve to enable flexibility in synaptic
growth while maintaining stable total synapse numbers.

Homeostatic scaling of glutamate receptor abundance and
active zone size
We identified a homeostatic scaling of postsynaptic glutamate
receptor abundance that offset reduced presynaptic neurotrans-
mitter release in one synaptic undergrowth mutant. Specifically,
WRNexo mutants exhibited reduced synaptic growth with a con-
comitant reduction in presynaptic active zone number and neu-
rotransmitter output. However, this diminished presynaptic
efficacy was offset by a compensatory increase in postsynaptic
receptors. This phenomenon parallels homeostatic scaling of
postsynaptic glutamate receptors following manipulations to ac-
tivity in mammalian central neurons (Turrigiano et al., 1998;
Aoto et al., 2008; Turrigiano, 2008; Chen et al., 2014). While
glutamate receptors are dynamically regulated in central neurons
during both Hebbian and homeostatic forms of plasticity (Pérez-
Otaño and Ehlers, 2005; Herring and Nicoll, 2016; Chowdhury
and Hell, 2018), receptors at the NMJ are much less dynamic.
Glutamate receptors have half-lives of �24 h at the Drosophila
NMJ (Rasse et al., 2005), similar to the relatively slow turnover of
cholinergic receptors at the mammalian NMJ (Salpeter and
Harris, 1983). However, there is intriguing evidence that the nor-
mally stable postsynaptic receptors at the NMJ can be dynami-
cally regulated in response to presynaptic activity (Schmid et al.,
2008; Ljaschenko et al., 2013), injury and disease (Rich and Lich-
tman, 1989; Palma et al., 2011; Xiong and Collins, 2012; Perry et
al., 2017; Goel and Dickman, 2018), and even altered innervation
(Davis and Goodman, 1998a; Goel and Dickman, 2018). Similar
phenomena occur following injury in the mammalian CNS
(Dunn, 2015). Thus, NMJs may be endowed with an underap-
preciated degree of latent receptor plasticity that can be revealed
in response to homeostatic challenges, including synaptic under-
growth.

We identified an apparent homeostatic scaling of active zone
size in all five synaptic overgrowth mutants. In contrast to the
undergrowth mutants, no changes in bouton size or the postsyn-
aptic sensitivity to neurotransmitter were observed, and active
zone number scaled with enhanced synaptic growth. In principle,
a variety of compensatory changes in postsynaptic receptors, pre-
synaptic morphology, and/or synapse number could have been
homeostatically regulated to maintain synaptic strength. How-
ever, all five mutants shared an apparent reduction in the size and
intensity of the active zone scaffold BRP, indicative of a func-
tional reduction in release probability of individual active zones.
Interestingly, the abundance of active zone proteins can predict
release probability due to enhancement in calcium influx and the

size of the readily releasable synaptic vesicle pool (Weyhersmüller
et al., 2011; Matkovic et al., 2013; Colloway et al., 2015; Held et al.,
2016; Gratz et al., 2019). Indeed, a positive correlation between
the size and intensity of active zone components and release
probability has been demonstrated at the Drosophila NMJ (Guer-
rero et al., 2005; Peled and Isacoff, 2011; Akbergenova et al.,
2018) as well as at mammalian central synapses (Murthy et al.,
2001; Matz et al., 2010; Holderith et al., 2012; Glebov et al., 2017).
Furthermore, BRP can be remodeled during presynaptic homeo-
static potentiation to enhance release probability at active zones
(Weyhersmüller et al., 2011; Goel et al., 2017, 2019b; Böhme et
al., 2019; Gratz et al., 2019). Therefore, the reduction in active
zone size observed in the overgrowth mutants likely reduces re-
lease probability at individual release sites to maintain global
neurotransmitter output at the NMJ, an adaptation most dra-
matically illustrated in endophilin mutants (Goel et al., 2019b). In
addition, presynaptic homeostatic potentiation can be induced
and expressed locally to enable compartmentalized changes in
release probability at a subset of NMJ synapses (Li et al., 2018b).
More generally, remodeling of active zone structure is an
attractive mechanism that might homeostatically tune both
local and global presynaptic efficacy to stabilize neurotrans-
mission while still permitting flexibility during synaptic
growth and pruning.

In the CNS, a variety of mechanisms homeostatically scale
axonal and dendritic structure and arborization to compensate
for altered activity. For example, a homeostatic remodeling of
dendritic arborization in the fly visual system is observed in re-
sponse to chronically elevated or reduced activity (Yuan et al.,
2011), and adaptive structural alterations at synapses have been
observed during sleep/wake behavior (Bushey et al., 2011; Dier-
ing et al., 2017; de Vivo et al., 2017). Similarly, compensatory
changes in the structure and number of dendritic spines are ob-
served in response to imbalances in excitation and inhibition in
the CNS (Butz et al., 2009; Holtmaat and Svoboda, 2009; Fu and
Zuo, 2011; Bosch and Hayashi, 2012; Wong and Guo, 2013).
Parallel adaptations to the axon initial segment and release prob-
ability at presynaptic terminals counteract homeostatic chal-
lenges (Murthy et al., 2001; Kuba et al., 2010; Vitureira and Goda,
2013). Our findings on the interplay between synaptic growth
and function underscore the diverse mechanisms that homeo-
statically stabilize global synaptic strength while permitting dy-
namic flexibility in the growth of synapses.
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Goel P, Bergeron DD, Böhme M, Nunnelly L, Lehmann M, Buser C, Walter
AM, Sigrist SJ, Dickman DK (2019b) Homeostatic scaling of active zone
scaffolds maintains global synaptic strength. J Cell Biol DOI: 10.1083/
jcb.201807165.

Gratz SJ, Goel P, Bruckner JJ, Hernandez RX, Khateeb K, Macleod G, Dick-
man D, O’Connor-Giles KM (2019) Endogenous tagging reveals differ-
ential regulation of Ca 2� channels at single AZs during presynaptic
homeostatic potentiation and depression. J Neurosci 39:3068 –3118.

Guerrero G, Reiff DF, Agarwal G, Ball RW, Borst A, Goodman CS, Isacoff EY
(2005) Heterogeneity in synaptic transmission along a Drosophila larval
motor axon. Nat Neurosci 8:1188 –1196.

Han TH, Dharkar P, Mayer ML, Serpe M (2015) Functional reconstitution
of Drosophila melanogaster NMJ glutamate receptors. Proc Natl Acad Sci
U S A 112:6182– 6187.

Held RG, Liu C, Kaeser PS (2016) ELKS controls the pool of readily releas-
able vesicles at excitatory synapses through its N-terminal coiled-coil do-
mains. eLife 5:e14862.

Herring BE, Nicoll RA (2016) Long-term potentiation: from CaMKII to
AMPA receptor trafficking. Annu Rev Physiol 78:351–365.

Holderith N, Lorincz A, Katona G, Rózsa B, Kulik A, Watanabe M, Nusser Z
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Pérez-Otaño I, Ehlers MD (2005) Homeostatic plasticity and NMDA recep-
tor trafficking. Trends Neurosci 28:229 –238.

Perry S, Han Y, Das A, Dickman D (2017) Homeostatic plasticity can be
induced and expressed to restore synaptic strength at neuromuscular
junctions undergoing ALS-related degeneration. Hum Mol Genet
26:4153– 4167.

Petersen SA, Fetter RD, Noordermeer JN, Goodman CS, DiAntonio A
(1997) Genetic analysis of glutamate receptors in Drosophila reveals a
retrograde signal regulating presynaptic transmitter release. Neuron
19:1237–1248.

Pielage J, Fetter RD, Davis GW (2005) Presynaptic spectrin is essential for
synapse stabilization. Curr Biol 15:918 –928.

Pozo K, Goda Y (2010) Unraveling mechanisms of homeostatic synaptic
plasticity. Neuron 66:337–351.

Qin G, Schwarz T, Kittel RJ, Schmid A, Rasse TM, Kappei D, Ponimaskin E,
Heckmann M, Sigrist SJ (2005) Four different subunits are essential for
expressing the synaptic glutamate receptor at neuromuscular junctions of
Drosophila. J Neurosci 25:3209 –3218.

Rasse TM, Fouquet W, Schmid A, Kittel RJ, Mertel S, Sigrist CB, Schmidt M,
Guzman A, Merino C, Qin G, Quentin C, Madeo FF, Heckmann M,
Sigrist SJ (2005) Glutamate receptor dynamics organizing synapse for-
mation in vivo. Nat Neurosci 8:898 –905.
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