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A B S T R A C T

Evolutionarily conserved homeostatic systems have been shown to modulate synaptic efficiency at the neuro-
muscular junctions of organisms. While advances have been made in identifying molecules that function pre-
synaptically during homeostasis, limited information is currently available on how postsynaptic alterations af-
fect presynaptic function. We previously identified a role for postsynaptic Dystrophin in the maintenance of
evoked neurotransmitter release. We herein demonstrated that Dystrobrevin, a member of the Dystrophin
Glycoprotein Complex, was delocalized from the postsynaptic region in the absence of Dystrophin. A newly-
generated Dystrobrevin mutant showed elevated evoked neurotransmitter release, increased bouton numbers,
and a readily releasable pool of synaptic vesicles without changes in the function or numbers of postsynaptic
glutamate receptors. In addition, we provide evidence to show that the highly conserved Cdc42 Rho GTPase
plays a key role in the postsynaptic Dystrophin/Dystrobrevin pathway for synaptic homeostasis. The present
results give novel insights into the synaptic deficits underlying Duchenne Muscular Dystrophy affected by a
dysfunctional Dystrophin Glycoprotein complex.

1. Introduction

Homeostatic signaling systems are conserved from insects to hu-
mans and are considered to interface with the mechanisms of neural
plasticity in order to stabilize neural function [1–3]. These systems have
been shown to control diverse cellular processes, including membrane
excitability [2,4], postsynaptic neurotransmitter receptor abundance
[5,6], and presynaptic neurotransmitter release [1].

At the Drosophila neuromuscular junction (NMJ), the loss or phar-
macological inhibition of postsynaptic glutamate receptors induces a
compensatory increase in presynaptic release that precisely offsets
changes in postsynaptic receptor function and maintains normal sy-
naptic excitation in muscle [7,8]. The homeostatic modulation of
neurotransmitter release is achieved by parallel increases in presynaptic

calcium influx through the CaV2.1 calcium channel [9] and a readily
releasable pool (RRP) of synaptic vesicles [10].

Large-scale forward genetic screening has identified several genes
encoding presynaptic proteins that, when mutated, block presynaptic
homeostasis without altering baseline anatomical or functional NMJ
development [10–13]. In contrast, limited information is currently
available on how postsynaptic mechanisms contribute to NMJ synaptic
homeostasis, for example, machinery sensing synaptic perturbations
and the retrograde signal sent to elicit presynaptic responses.

Dystrobrevin (Dyb), a postsynaptic protein, is a component of the
large Dystrophin Glycoprotein Complex (DGC) [14]. It was found to
interact with Dystrophin (Dys) at the Torpedo electric organ post-
synaptic membrane [15]. We previously reported roles of the post-
synaptic localization of DLP2, the large Dys isoform expressed
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throughout muscle fibers, in maintaining normal levels of neuro-
transmitter release at the Drosophila NMJ [16]. The absence of Dys-
DLP2 from the subsynaptic reticulum (SSR) results in a high quantal
content (QC; the number of transmitter quanta released per nerve im-
pulse), increased numbers of T-bars (presynaptic release sites), and an
elevated probability of release [16]. These effects occur in the absence
of visible alterations to the localization, density, and function of post-
synaptic neurotransmitter receptors. The absence of Dys also results in
reduced activity or levels of the Rho-GAP cross-veinless-c (Cv-c) [17],
which enhances the conversion of active GTP-bound Rho-GTPases to
their inactive GDP-bound forms [18]. The Rho-GTPase, Cdc42, was
identified as the substrate of Cv-c at the NMJ and evidence was ob-
tained to show that elevated Cdc42 activity is required for increased QC
[17]. However, the potential roles of DGC and the Cdc42 pathway in
homeostatic responses remain unclear.

We herein demonstrated that postsynaptic DGC plays an important
role in the retrograde suppression of RRP sizes and is required for the
expression of presynaptic homeostatic compensation, which occurs
upon the acute inhibition of the postsynaptic glutamate receptor field.
We extended our previous findings by showing that the loss of Dyb from
the SSR results in the abnormal enhancement of presynaptic neuro-
transmitter release in the Dystrophin DLP2 mutant (DysDf). We con-
firmed that Cdc42 is a primary postsynaptic target of this pathway and
demonstrated that the postsynaptic expression of constitutively-active
Cdc42 alone is sufficient to increase neurotransmitter release. We fur-
ther showed that Cdc42 is enriched in the SSR, at which Dyb is also
localized. Our results revealed a novel postsynaptic pathway of highly
conserved proteins controlling presynaptic neurotransmitter release
and homeostasis at synapses. The present result may contribute to
identifying the mechanisms responsible for the synaptic impairments
exhibited by a significant number of DMD patients.

2. Materials and methods

2.1. Fly stocks

w1118, the genetic background strain of the Dyb mutation (Dyb11),
was used as the wild-type control genotype for all experiments. The
following mutants, drivers, and UAS transgenics were used and are
described at Flybase: the Df(3R)Exel6184 deficiency (DysDf) that un-
covers the entire Dys locus; Df(2R)Exel6061 and Df(2R)aichi4, over-
lapping deficiencies that uncover the Dyb gene; Cdc424 [19] and Cv-c1

[17], loss-of-function and hypomorphic alleles, respectively; 24B-GAL4,
Mhc-GAL4, elav-GAL4, and OK6-GAL4, drivers obtained from the
Bloomington stock center; UAS-Cdc42V12 [20] and UAS-GFP-Cdc42WT

[21]. Heat shock-regulated FLP and FLP/ISce1 lines were used in the
generation of the Dyb mutant. A transgenic RNAi line targeting cdc42
mRNA (ID 100794) was obtained from the Vienna Drosophila RNAi
Center. UAS-Dyb-PA-encoding sequences were PCR amplified from
wild-type embryonic first-strand cDNA, cloned into the Gateway pENTR
vector (Invitrogen), recombined into the pTWM vector (gift from T.
Murphey; www.ciwemb.edu/labs/murphy/Gateway%20vectors.html),
and introduced into wild-type flies to allow the expression of the MYC-
tagged Dyb protein under the control of tissue-specific GAL4 drivers.
The 11-amino acid sequence from Shaker that targets heterologous
proteins to the SSR [22] was appended to the carboxy-terminus of UAS-
Dyb A/B by the insertion of an oligonucleotide into the pTWM-Dyb A
construct described above. All P-element constructs were verified by
sequencing. Crosses and the generation of recombinant chromosomes
were performed by standard Drosophila genetic approaches. We equally
selected both male and female to perform all experiments except the
electrophysiological recordings that only female was selected.

2.2. Generation of the Dyb mutant by homologous recombination

The Dyb gene was targeted by homologous recombination Ends-out

targeting [23]. The region encoding the carboxyterminal domain
common to all Dyb isoforms was replaced by the white gene (Fig. S2B).
The targeting construct was generated as follows: Dyb homology re-
gions A and C were amplified from wild-type genomic DNA using the
primers Dyb region A forward, CGTACGCATCATCTGCATTGCTGTCA,
Dyb region A reverse, GGCGCGCCTAA- GTTCTCAAGACCTAAGT; Dyb
region C forward, GGTACCGGAGCAGCTCAACAA- GATTA and Dyb re-
gion C reverse, GCGGCCGCTAGAGCATTTAGAATTTGAT, and TA-
cloned into the pGEMT vector (Promega). Homology regions A and C
were generated by digests with BsiW1/Asc1 and Acc651/Not1 and li-
gated into the BsiW1-Asc1 and Acc651-Not1 sites of the pW25 vector
(Gong and Golic, 2003), respectively. The construct was transformed
into the germ line of w1118

flies at BestGene, Inc. Two inserts on the 3rd
chromosome were identified and found to be mobilized upon the pro-
vision of Flippase. Crosses for targeting were performed at 25 °C. The
crossing scheme is shown (Fig. S2A). Genomic DNA from white+ pro-
geny representing potential targeting events was analyzed by PCR using
the following primers: F1, TATTGTGCCAGGCATAGGTG: R1, GTGTTT
CTCAAGAGC- TGCGC; F2, GCGTAAACC- GCTT GGAGCTTC; R2, CTG
GCTCTATGCCGTTACGAT. Other primer sequences are available upon
request. Southern blotting was performed to further verify targeting.
DNA was prepared from flies homozygous for the putative targeted
allele, digested with EcoR1 and Hind3, separated by agarose gel elec-
trophoresis, and then transferred to nylon membranes. The membranes
were probed with digoxygenin-labeled homology region A and C DNA
fragments and hybridizing fragments were detected using a chemilu-
minescent assay (Roche).

2.3. Generation of anti-Dys antisera and other immunoreagents

Rabbit antisera were raised against two GST-tagged Dyb antigens: 1)
anti-DybCOOH (encoded by base pairs 1842–2408 of the Dyb A tran-
script, Genbank accession number NM_165904) and 2) anti-DYBmid
(encoded by base pairs 1294–1818) at Eurogentec. Other primary an-
tibodies used were anti-actin (MP Biomedicals), anti-horseradish per-
oxidase (HRP) (Promega), anti-DYSCOOH [16], anti-DLG (DSHB), anti-
DGluRIIA (DSHB), anti-DGluRIIB (a gift from A. DiAntonio; [24], anti-
Cdc42 (a gift from U. Tepass; [25]) anti-GFP (Molecular Probes, In-
vitrogen), and anti-Fas2 1D4 [26] and anti-Bruchpilot nc82 (a gift from
A. Hofbauer; [27]). Alexa Fluor-conjugated secondary antibodies (In-
vitrogen) and HRP-conjugated secondary antibodies (Jackson Im-
munoResearch Laboratories) were used as described [17]. Standard
epifluorescence or confocal microscopy was used to visualize and
photograph samples.

2.4. Quantification of bouton numbers

The body walls of third instar larvae were stained with FITC-con-
jugated anti-HRP (Jackson ImmunoResearch Laboratories). Body wall
muscles #6–7 of segments A2-A5 from at least 5–10 larvae (40–80
muscles in total) were used to count the numbers of boutons per sy-
napse.

2.5. Immunohistochemistry

Third instar larvae were dissected in ice-cold PBS, and body walls
were fixed in 4% formaldehyde in PBS and then incubated overnight at
4 °C with the anti-Bruchpilot nc82 monoclonal antibody, followed by
the application of a goat anti-mouse Alexa Fluor 488 antibody. Body
wall synapses were visualized by confocal microscopy (Leica TCS SL,
Leica Microsystems), the number of nc82-positive domains at synapses
on muscles 6 and 7 in 5 segments (A2–A6) were counted, and the total
bouton area was measured and analyzed using Leica Application Suite
software.
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2.6. Transmission electron microscopy (TEM)

Larval dissection, fixation, embedding, and sectioning were per-
formed as described [16]. Semi-serial sections of body walls from w1118

and the Dys11 mutant were prepared and electron micrographs were
made of Type Ib boutons on muscles 6 and 7 using a transmission
electron microscope (Tecnai 12 Biotwin, FEI, Eindhoven, The Nether-
lands).

2.7. Current-clamp electrophysiology

To minimize possible genetic background effects, we back-crossed
each mutant allele or transgenic chromosome against wild-type control
flies for at least 5 generations prior to using them in electro-
physiological analyses. Electrophysiological recordings were performed
as described [17]. Briefly, a microelectrode filled with 3M KCl was
inserted into muscle 6 (segments A3–A4) of dissected third instar fe-
male larvae bathed in HL3 containing 0.6 mM Ca2+ unless otherwise
described. Intracellular measurements were recorded using a Gene-
clamp 500B amplifier (Axon Instruments, Union City, CA), low-pass
filtered at 10 kHz, high-pass filtered at 0.5 Hz, and digitized using Di-
gidata 1322A and pClamp9 software (Axon Instruments). mEJPs were
recorded continuously for 1min. Thirty EJPs were recorded at a 0.3-Hz
stimulation after the appropriate axon was stimulated using a pulse
generator (Master-8, AMPI, Jerusalem, Israel) via a suction electrode.
The electrical input resistance of all muscle fibers recorded was> 4
mΩ. Mean mEJP amplitude and frequency were analyzed using the
peak detection feature of Mini-analysis 6.0 (Synaptosoft, Decatur, GA);
all events were confirmed by eye. EJP amplitudes were analyzed using
Clampfit 9.0 and amplitudes were normalized to a membrane potential
of −60mV. NMJ QC was calculated by dividing the mean EJP ampli-
tude (calculated from 30 events) corrected for non-linear summation
(B.A. Stewart, personal communication) by the mean mEJP amplitude
(calculated from 100 events). Paired-pulse facilitation (PPF) was as-
sessed at 0.6, 0.4, and 0.2mM Ca2+ using 50-ms interstimulus inter-
vals. All primary electrophysiological data are presented in the Sup-
plemental Tables.

2.8. Philanthotoxin and RRP experiments

Recordings were obtained from muscle 6 in abdominal segment 2 or
3 of wandering third instar larvae with AxoPatch 200B (for current-
clamp recordings) or Axoclamp 2B (for two-electrode voltage-clamp
recordings), as previously described [10]. Recordings were made in
modified HL3 saline at specified calcium concentrations (see figures
and text) with the following components (and concentrations): NaCl
(70mM), KCl (5 mM), MgCl2 (10mM), NaHCO3 (10mM), sucrose
(115mM), trehalose (5 mM), HEPES pH 7.2 (5mM), and CaCl2 (0.5 mM
for current-clamp recordings and 1.5mM for two-electrode voltage-
clamp recordings). In the acute homeostatic challenge, semi-intact
preparations with the central nervous system (CNS), fat, and gut intact
were perfused with philanthotoxin-433 (PhTx; Sigma-Aldrich). PhTx
was prepared as a stock solution (5mM in ddH2O) and diluted in HL3
saline to 15 μM. Following a ten-minute incubation period, dissections
were completed and preparations were rinsed and assayed. Muscle
input resistance (Rin) was monitored at the beginning and end of each
recording. Recordings were excluded if Rin changed by>20%. The
average single action potential-evoked EJP amplitude (stimulus dura-
tion, 3 ms) or EJC amplitude (stimulus duration, 1ms) for each re-
cording is based on the mean peak EJP amplitudes or EJC amplitudes in
response to thirty presynaptic stimuli. QC was estimated for each cur-
rent-clamp recording by calculating the average EJP/average mEJP,
corrected for non-linear summation [28] when noted, and subsequently
averaging across all NMJs for a given genotype. To assess the apparent
size of the RRP, we applied the method of cumulative EJC amplitudes
[10,29,30]. Muscles were clamped to −65mV, and EJC amplitudes

during a stimulus train (60 Hz, thirty stimuli) were calculated as the
difference between peak and baseline before the stimulus onset of a
given EJC, as previously described [10]. The number of release-ready
vesicles was obtained by back-extrapolating a line fit to the linear phase
of the cumulative EJC plot (the last 200ms of a train) to time zero and
dividing the cumulative EJC amplitude at time zero by the mean mEJP
amplitude recorded in the same cell [10].

2.9. Statistical analyses

The program GraphPad Prism version 5 was used for statistical
analyses. A one-way ANOVA was performed with least significant dif-
ferences (LSD) or Bonferroni for post hoc multiple comparisons.
Differences were considered to be significant when p < 0.05; *, **, and
*** indicate p < 0.05, p < 0.01, and p < 0.001, respectively.

3. Results

3.1. Dyb is delocalized from the NMJ in the absence of Dys

Dyb expression patterns were previously revealed by RNA in situ
analyses, indicating that Dyb is expressed in the muscle and nervous
system [31]. We generated two different rabbit antisera recognizing
epitopes in Dyb common to all isoforms. Specifically, one immunogen,
DybCOOH, contained a carboxyterminal region, while the other
DybMid, contained sequences encoding the central portion of the pro-
tein (see Materials and Methods). The staining of third instar larval
body walls with anti-DybCOOH (Fig. 1B) or DybMid (data not shown)
revealed that Dyb was present throughout the muscle and was parti-
cularly enriched at synaptic boutons (Fig. 1A–C). Dyb was present both
pre- and postsynaptically at boutons as evidenced by the high magni-
fication visualization of boutons co-labeled with anti-DybCOOH and the
presynaptic marker anti-HRP [32] (Fig. 1A–C).

We then examined whether Dyb is properly localized in the Dys
mutant background and found that it was no longer localized either pre-
or postsynaptically to synaptic boutons in larval NMJ lacking all Dys
isoforms (DysDf) (Fig. 1D–E), indicating that DGC-like complexes, which
require Dys, exist at both sides of the synapse. Previously, there were
neither study on Dyb roles nor Dyb deficiency affected NMJ. To eval-
uate the roles of Dyb at the NMJ, we generated a mutant allele of Dyb,
Dyb11, using “ends-out” homologous recombination [23]. We validated
the molecular structure of the knockout by PCR and Southern blotting
(Fig. S2C–D). Five out of the seven isoforms' ATG translational initiator
codons and the region encoding the domains responsible for Dyb's
protein-protein interactions, the EF-hand and ZZ domains [33]
(Fig. 1F), were replaced by the mini white gene (Fig. S1B) and the Dyb
protein was not detectable in Western blot analysis of Dyb11 body wall
protein extracts (Fig. 1I, upper panel). Thus, Dyb11 was almost certainly
a null allele of Dyb. Homozygous Dyb11 was viable and did not display
obvious visible phenotypes. Staining of the wild-type third instar larval
CNS with anti-Dyb revealed that Dyb was expressed in the neuropile,
thoracic neuromeres, and higher order structures in the brain lobes,
including the optic system (Fig. 1G). The Dyb11 mutant third instar
larval CNS did not detectably express Dyb (Fig. 1H). Despite the ab-
sence of Dyb from DysDf larval NMJ, Western blot analyses of DysDf

body wall protein extracts revealed that they still contained normal
levels of Dyb (Fig. 1I, middle panel), indicating that the delocalization
of Dyb, rather than its degradation, accounts for its absence from the
postsynaptic region in DysDf. We then focused on the postsynaptic
functions of Dyb because our previous study on the postsynaptic
knockdown of Dys, a partner of Dyb, showed excess neurotransmitter
release, whereas decreased presynaptic Dys expression had no effect on
QC [16].
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3.2. Dyb mutants disturb the synaptic ultrastructure and increase bouton
numbers due to the absence of the postsynaptic Dyb protein

Since Dyb and Dys are both components of the DGC in mammals
[34–36], we investigated whether mutant alleles of Dys and Dyb in-
teract genetically. Drosophila wings typically show a stereotypic pattern
with five longitudinal and two crossveins that consist of the anterior
crossvein (ACV) and posterior crossvein (PCV). The PCV of the homo-
zygous Dys mutant is partially missing, whereas the heterozygous Dys
mutant has a normal PCV [17]. Homozygous and heterozygous Dyb11

wings showed normal PCV formation (Fig. S1A, C, G), similar to het-
erozygous Dys mutant (DysDLP2 E6) wings (Fig. S1D, G). Homozygous

DysDLP E62 displayed an alteration in the formation of the PCV by either
an absent or failed connection between one or both of the adjacent
longitudinal veins (Fig. S1B, G). Simultaneous Dyb homozygous and Dys
heterozygous mutants showed the genetic interaction of these two
genes during PCV formation (Fig. S1F, G).

Since we previously observed no change in the overall NMJ struc-
ture in the Dys mutant [16], we investigated whether Dyb11 mutants
exhibit the same effect. The overall NMJ structure in the Dyb11 mutant
was similar to that of the wild-type control; however, synapse size in-
creased (Fig. 2A-B, E-F). The quantitation of bouton numbers at the
NMJ visualized by anti-HRP staining revealed an approximately 25%
increase in the number of boutons per synapse in the Dyb11 mutant

Fig. 1. Dyb is delocalized from the NMJ in the absence of Dys.
Wild-type (w1118) third instar larval body walls were stained with anti-HRP (A), recognizing a presynaptic marker and anti-DybCO2H (B), with the merged images
being shown in (C). High magnification images of a single bouton are shown in the insets at the lower right side of each panel. Anti-DybCO2H-stained w1118 (D) and
homozygous DysDf (E) are shown. The regions used for the donor homologous recombination construct (HR Regions A and C), the initial codon employed by five out
of the seven Dyb isoforms, CDS-encoding exons, the regions encoding the EF-Hand and ZZ domains common to all Dyb isoforms, and the locations of the primer
hybridizing sites used to confirm the targeting event are shown (F). Anti-DybCO2H staining of w1118 (G) and Dyb11(H) of third instar larval brains/neuropiles is
shown. The asterisks, arrow heads, and arrow represent Dyb staining at optic lobes, thoracic neuromeres, and abdominal neuromeres, respectively. Western blot
analysis showing Dyb and Dys protein expression in body wall lysates derived from w1118, Dyb11, and DysDf and compared with the abundance of actin (I). Scale
bar= 50 μm.
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(Fig. 2B, E). Staining data with antibodies recognizing several proteins
located at the synapse, including the glutamate receptors DGluRIIA
[37] and DGluRIIB [8], the Fas2 protein [38], and SSR-associated
scaffolding protein Discs-large (DLG; [39]) revealed that the level and
localization of these proteins in the Dyb11 mutant background were
similar to those of the wild type (Fig. S3A–L). We performed neuronal-

versus muscle-specific Dyb rescue using OK6-GAL4 and 24B-GAL4 re-
spectively, we found that the postsynaptic, but not presynaptic, ex-
pression of Dyb in the Dyb11 mutant background restored bouton
numbers to normal levels (Fig. 2C-D, F) whereas either neuronal- versus
muscle-specific Dyb expression alone did not change the bouton num-
bers (Suppl. Table 4).

Fig. 2. The Dyb mutant displays increased numbers of
synaptic boutons, which is rescued by the postsynaptic
expression of Dyb and the increased numbers of synaptic
nc82+ active zones observed in Dyb and Dys mutants.
Wild-type (w1118) (A), Dyb11 mutant (B), Dyb11;UAS-
Dyb;OK6-GAL4 (C) and Dyb11;UAS-Dyb;24B-GAL4 (D)
synapses at muscle 6/7 visualized with anti-HRP are
shown and quantified in (E). The number of boutons at
the NMJ was visualized and quantified when Dyb was
expressed by using presynaptic (OK6) and postsynaptic
(24B)-specific GAL4 drivers, respectively (F). The anti-
Bruchpilot (nc82) staining of w1118 (G), Dyb11 (H), and
DysDf (I) synapses is shown with quantified nc82-positive
punctae (nc82+ AZ) per bouton area (J) and per total
synapses (K). Scale bar of A and B=25 μm, E-F= 5 μm.
n=15/each for HRP and NC82 stainings. All data re-
present mean ± SEM. * p < 0.05, ** p < 0.01, ***
p < 0.001.
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We examined serial sections of wild-type versus Dyb11 body walls by
TEM to investigate potential changes in the synaptic ultrastructure (Fig.
S4A–B). Quantification of the SSR area normalized to the bouton area
revealed that the Dyb11 mutant showed a slight increase in the size of
the SSR, an area of a highly folded membrane in the muscle closely
associated with the motoneuron terminus (Fig. S4C). Furthermore, we
observed a marked increase in apparent patches within the SSR (Fig.
S4D) which are worth to further investigation.

The nc82 antibody recognizes Bruchpilot, a component of the pre-
synaptic vesicle-docking T-bar structure [40]. We previously demon-
strated that increases in the numbers of nc82+ punctae in the Dys
mutant correlated with the higher number of T-bars visualized by
electron microscopy [17]. Anti-Bruchpilot staining was performed on
control, Dyb11 and DysDf mutant larval body walls (Fig. 2G-I). When the
total number of nc82+ punctae per bouton area was plotted, no sig-
nificant differences were observed between Dyb11 and the control; only
an increase in nc82+ punctae was noted on DysDf (Fig. 2J). However,
plotting the total number of nc82+ punctae per synapse revealed a
significant increase in the number of T-bars per NMJ of Dyb11 (Fig. 2K),
which appeared to reflect the increased number of boutons observed
(Fig. 2B, E-F). The absence of Dyb from the muscle resulted in increased
numbers of boutons and total release sites per synapse, while the
density of release sites within individual boutons remained unaffected.

3.3. The Dyb mutant exhibits enhanced neurotransmitter release, which is
rescued by postsynaptic Dyb expression

We evaluated the physiology of the Dyb11 mutant synapse in current
clamping using sharp-electrode recording from the larval NMJ. The
Dyb11 mutant showed a significant increase in the amplitude of evoked
junctional potential amplitudes (EJPs) with no apparent differences in
miniature EJPs (mEJPs) (Fig. 3A, B; the exact values of all recordings
are presented in Suppl. Table 1). This increased the mean QC over that
of the control (Fig. 3C; EJP amplitudes, mEJP amplitudes, and mEJP
frequencies are shown in Fig. 3D-F). Transheterozygotes bearing in-
dependently-derived overlapping deficiencies uncovering the Dyb locus
(Fig. 1F) displayed similarly increased QC (Fig. 3C). The mutant het-
erozygous for Dyb11 also displayed increased QC (Fig. 3C), indicating
that Dyb is haploinsufficient for this phenotype at the NMJ.

We then investigated whether an increase in the probability of ve-
sicle release underlies increased QC at the Dyb11 mutant NMJ using
PPF. PPF is a form of short-term adaptation of synaptic transmission
[41,42] and is quantified by calculations of the ratio of the amplitudes
of two consecutive EJPs evoked at short inter-stimulus intervals. When
the probability of release of EJP1 decreases, as is observed at lower
external Ca2+concentrations, PPF increases. The Dyb11 mutant was
found to display a normal PPF at three Ca2+ concentrations when re-
cordings were performed under current-clamp conditions (Fig. 3G).
Comparisons of Dyb11 mutant QCs with those of controls at four ex-
ternal Ca2+ concentrations ranging between 0.2 and 1.0mM revealed
no change in the Ca2+cooperativity of neurotransmitter release in the
mutant (Fig. 3H). Collectively, these results indicated that a change in
presynaptic release probability was not the cause of increased pre-
synaptic release in the Dyb11 mutant.

To evaluate whether Dyb is required either pre- or postsynaptically
to maintain normal neurotransmitter release levels, flies expressing Dyb
either pre- or postsynaptically were introduced into the Dyb11 mutant
background. Only postsynaptic Dyb expression on the Dyb11 mutant
rescued QC to normal levels (mean QC shown in Fig. 4A; mean EJP
amplitudes, mean mEJP amplitudes, and mean mEJP frequencies are
presented in Fig. 4B-D, respectively). Our results indicated that the
absence of postsynaptic Dyb was responsible for the increase observed
in neurotransmitter release.

3.4. Dyb acts through the Rho-GTPase Cdc42 to regulate presynaptic
neurotransmitter release

We previously reported that the increase in QC in the Dys mutant
was prevented by the presence of a heterozygous null allele of Cdc42 or
by the postsynaptic expression of dsRNA targeting the cdc42 transcript
[17]. These findings indicated that Cdc42 activity was increased in the
Dys mutant background. We found that the expression of Cdc42-specific
dsRNA or the heterozygosity of a null mutant allele of Cdc42 also
prevented the increase in QC in the Dyb11 mutant background (Fig. 5A,
mean EJP amplitudes, mean mEJP amplitudes, and mEJP frequencies
are shown in Fig. 5B-D). The postsynaptic expression of a constitutively-
active Cdc42-encoding transgene (UAS-Cdc42V12) alone resulted in
elevated QC levels, similar to those observed in Dys and Dyb mutants
(Fig. 5A). Thus, Cdc42 appears to be a primary effector of the post-
synaptic Dys/Dyb/Cv-c pathway. We previously employed the hetero-
zygous Dys mutant as a sensitized background to uncover a trans-het-
erozygous Dys/Cv-c genetic interaction during PCV formation. The
present results also confirmed the genetic interaction between Dyb and
Cv-c (Fig. S5). These genetic interactions during wing vein formation
support the possibility that these genes also interact at the NMJ.
Moreover, our results showing that Dyb and Cdc42 co-localize in the
SSR (Fig. 5E-G) and that Cdc42 appears to be actively concentrated in
the SSR, as evidenced by the high level of accumulation of GFP-Cdc42
there when it was expressed in the muscle (Fig. 5H), support the like-
lihood of interactions between these proteins.

3.5. Rapid synaptic homeostasis is not initiated appropriately in the absence
of Dyb

Since Cdc42 was previously shown to be involved in the regulation
of synaptic homeostasis at the Drosophila neuromuscular synapse [43],
we tested whether Dyb11 mutants exhibit reduced homeostatic re-
sponses when challenged with a smaller quantal size. PhTx is a dose-
dependent glutamate receptor antagonist that induces a robust
homeostatic response when applied to the larval NMJ [7]. We measured
evoked and spontaneous EJPs in the presence or absence of PhTx in
Dyb11 mutants and controls. mEJP amplitudes were reduced in controls
and Dyb11 mutants (Fig. 6A-B), indicating that PhTx similarly inhibits
postsynaptic glutamate receptors in both genotypes. The wild type
showed an increase in presynaptic QC that offset the change in mEJP
amplitude and restored EJP amplitudes to control values (Fig. 6A–D). In
contrast, EJPs in Dyb11 mutants with PhTx were significantly smaller
than in the absence of PhTx and the homeostatic increase in QC was
suppressed (Fig. 6C–D). Since baseline QC was greater than in the
controls, two interpretations are possible; either Dyb is required for
homeostatic plasticity or an enhanced baseline release in Dyb mutants
occludes homeostatic plasticity.

3.6. The DGC regulates the RRP of synaptic vesicles

PhTx-induced homeostasis depends on an increase in the RRP of
synaptic vesicles [10,30]. To investigate whether the RRP is altered in
the Dyb11 mutant, we employed a two-electrode voltage clamp (TEVC)
and stimulated the nerves innervating muscles at 60 Hz in the presence
of 1.5mM calcium [44,45]. We measured RRP in the presence and
absence of PhTx. The cumulative EJC amplitude in the control was si-
milar in the presence and absence of PhTx (Fig. 7B, D). When we cal-
culated the RRP size from the cumulative EJP [10,30], we confirmed
that the PhTx treatment increased the RRP size to 169% of the baseline
in the controls (Fig. 7C). Although the cumulative EJC amplitude in
Dyb11 mutants was significantly larger, the cumulative EJC amplitude
decreased when PhTx was applied (Fig. 7B, E), indicating that there was
no homeostatic increase in RRP levels in the Dyb11 mutant (Fig. 7C). To
test whether Dyb is required pre- or postsynaptically for homeostatic
compensation of the RRP, we performed TEVC with a high frequency
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stimulation in Dyb11 mutants expressing Dyb pre- versus post-
synaptically. Only the postsynaptic expression of Dyb was able to rescue
the size of the cumulative EJC amplitude as well as the PhTx-induced
homeostatic response (Fig. 7B-D, F), indicating that Dyb acts post-
synaptically to control homeostasis.

3.7. Relocalization of Dyb to the SSR rescues the Dys mutant physiological
phenotype

Since we observed increased neurotransmitter release at the Dyb11

mutant NMJ, we hypothesized that the increase in QC in the DysDf

background may be due to the delocalization of Dyb in the absence of
Dys. In the DysDf mutant background, Dyb is delocalized from the sar-
comere, indicating that Dyb is anchored by Dys (Fig. 8A–B). We gen-
erated fly lines expressing Dyb tagged with an eleven-amino acid se-
quence derived from the Shaker protein that was previously shown to
target heterologous proteins to the SSR [22]. Targeting by this sequence
is due to its interaction with DLG, which is localized both pre- and
postsynaptically at the NMJ [39]. The tagged protein localizes to
boutons in the absence of Dys, and we performed pre- versus

Fig. 3. Dyb mutant exhibits increased neu-
rotransmitter release.
Traces of EJP (upper) and mEJP (lower)
recordings at wild-type (w1118) (A) and
Dyb11 mutant (B) synapses are shown. The
quantification of QC (C), mEJP amplitudes
(D), EJP amplitudes (E), and frequencies (F)
are shown for (w1118, n=14), homozygous
(Dyb11, n=17), heterozygous (Dyb11/+,
n=10), and a transheterozygous combi-
nation of Dyb deficiencies (Df(2R)
Exel6061/Dr.(2R)achi4, n=5), which un-
cover the Dyb genomic locus. The 0.6 mM
calcium concentration was used in electro-
physiological experiments (A-F). Paired-
pulse facilitation analyses were performed
at 0.2mM, 0.4 mM and 0.6mM of Ca2+

concentrations in w1118 (n=4, n=5 and
n=8, respectively), Dyb11 (n=3, n=6,
n=7, respectively) (G) and the response to
changes in external Ca2+ concentrations
(H). All data represent mean ± SEM. *
p < 0.05, ** p < 0.01, *** p < 0.001.
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postsynaptic rescue experiments in the DysDf mutant background. As
expected, when Dyb was expressed under the control of a motoneuron-
specific (OK6-GAL4) or muscle-specific GAL4 (24B-GAL4) driver
(Fig. 8C–D), the tagged Dyb protein post-, but not pre-synaptically,
restored QC to normal levels in the DysDf mutant background (Fig. 8E;
EJP amplitudes, mEJP amplitudes, and mEJP frequencies are shown in
Fig. 8F–H), demonstrating that the postsynaptic delocalization of Dyb
underlies the DysDf mutant QC phenotype. Furthermore, the rescue
phenotype of tagged Dyb in the DysDf mutant revealed a role for Dyb in
the SSR to rescue the defect in presynaptic neurotransmitter release.

4. Discussion

In the present study, we described a postsynaptic function for DGC
within the SSR that influences synaptic strength and homeostatic
plasticity at the Drosophila NMJ. We found that Dyb was present in pre-
and postsynaptic compartments at the NMJ and its localization required
Dys. Dyb is localized in the larval neuropile in a pattern that is very
similar to that of the CNS-specific Dys Dp186 isoform, which is required
in an identified motoneuron to regulate neurotransmitter release by
upstream cholinergic interneurons [46]. Thus, Dyb may also be proved
to be part of a DGC-like complex in postsynaptic motoneuron dendrites.

It currently remains unclear whether Dp186 is involved in homeo-
static mechanisms at this inter-neuronal synapse. Collectively, the
findings of fly and mammalian studies support the possibility that the
DGC is engaged in homeostatic plasticity at various types of synapses
and, if so, may reasonably be involved in the common mechanisms of
detecting perturbations within postsynaptic neurons.

Studies on Dys-deficient rodent hippocampal neurons revealed the
up-regulation of presynaptic neurotransmitter release [47,48] with
accompanying morphological alterations in the presynaptic compart-
ment [49,50], which is consistent with the present results obtained at
the Drosophila NMJ. However, a recent study implicated the DGC in a
different form of homeostatic plasticity in the mammalian CNS [51].

Since the transmembrane DG protein provides the DGC's anchor in
the membrane and its absence results in the delocalization of DGC
components, the absence of Dyb may also, at least partially, contribute
to this form of homeostatic plasticity. A previous study consistently
showed that mice lacking both Dyb isoforms (DTNA and DTNB), but not
either alone, displayed a significant reduction in GABAAα1 foci at
cerebellar inhibitory synapses [52. However, this homeostatic plasticity
differs from our Drosophila NMJ homeostatic studies because we did not
observe any morphological or functional changes in the postsynaptic
receptor field in DGC mutants (this work and [16,17]).

Dyb mutants do not display increased QC when challenged with
PhTx. This disruption of presynaptic homeostasis is associated with the
failure to modulate the RRP. The failure to modulate the RRP in a RIM
mutant background was previously shown to correlate with impaired
presynaptic homeostasis [10]. The difference between Dyb11 and RIM
mutations is that the Dyb, but not RIM, mutant displays an increase in
presynaptic release at baseline; this effect correlates with an increase in
the number of presynaptic active zones. Since the Dyb mutant does not
display impaired PPF, we attributed enhanced basal neurotransmitter
release to an increase in the active zone number, not a change in release
probability. Similarly, we previously demonstrated that Cv-c mutants
did not exhibit increased PPF [17] supporting the idea that the DGC-

Fig. 4. Dyb11 mutants increased QC phenotype is rescued by postsynaptic Dyb expression.
Evaluations of the synaptic physiology of synapses at which Dyb is expressed either pre- or postsynaptically in the Dyb11 mutant background. The QC (A), EJP
amplitudes (B), mEJP amplitudes (C), and frequencies (D) for controls OK6-GAL4/+ (n=20), 24B-GAL4/+ (n=11), heterozygous Dyb11 mutants Dyb11/+;OK-6-
GAL4/+ (n=10) and Dyb11/+;24B-GAL4/+(n=5), presynaptic Dyb expression (Dyb11/+;UAS-Dyb;OK6-GAL4, n=10), and postsynaptic Dyb expression (Dyb11/
+;UAS-Dyb;24B-GAL4, n= 8) in the heterozygous mutant background are shown. The 0.6 mM calcium concentration was used in electrophysiological experiments
(A–D). All data represent mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.
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mediated pathway does not regulate the probability of release.
The QC elevation can be caused by either increased probability of

release or increased RRP size. Our group previously reported that an
elevation in evoked neurotransmitter release in Dysmutant was because
of an increased probability of release rather than an increased size of

RRP [16]. Although Dys and Dyb have been found to interact, the
causative of an elevation on evoked neurotransmitter release was likely
different. In the present study, Dyb mutant did not increase in prob-
ability of release but it showed the defect in the RRP modulation after
PhTx administration. However, the methods of RRP determination

Fig. 5. Reduction in Cdc42 expression levels rescues the Dyb mutant increased QC phenotype and the postsynaptic expression of constitutively-active Cdc42 phe-
nocopies of the Dyb mutant phenotype.
Electrophysiological recordings of controls w1118 (n= 5), OK6-GAL4/+ (n=15), Mhc-GAL4/+ (n=8), UAS-Cdc42V12/+ (n=6), heterozygous Dyb11 mutants
Dyb11/+ (n=10) and Dyb11/+;Mhc-GAL4/+ (n=7), heterozygous Dyb11 and Cdc424 mutants (Dyb11/+;Cdc424/+, n=6), postsynaptic Cdc42 knockdown on the
Dyb11 mutant background (Dyb11/+;RNAi-Cdc42/Mhc-GAL4 n=5), the presynaptic expression of Cdc42 (OK6-GAL4/UAS-Cdc42V12, n= 6), and the postsynaptic
expression of Cdc42 (Mhc-GAL4/UAS-Cdc42V12, n= 6) were quantified. QC (A), EJP amplitudes (B), mEJP amplitudes (C), and frequencies (D) of the indicated
genotypes are shown. Wild-type (w1118) third instar larval body walls were stained with anti-Cdc42 (E) and anti-DybCO2H (F), with the merged image shown in (G).
The accumulation of overexpressed GFP-Cdc42 in the SSR is shown in (H). The 0.6 mM calcium concentration was used in electrophysiological experiments. Scale
bar= 10 μm. All data represent mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.
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between these two studies were likely different (this work and [16]),
these might affect an interpretation of the results.

The restoration of Dyb into a postsynaptic, but not a presynaptic,
compartment in the Dys mutant background suppressed the high QC

phenotype of the Dys mutant. These results confirmed that the loss of
Dyb from the SSR, which is regarded as a postsynaptic compartment, in
the Dys mutant background enhanced presynaptic release. Further
studies are warranted to more clearly understand how DGC members

Fig. 6. Dyb is essential for rapid homeostatic po-
tentiation.
(A) Sample traces showing EJP and mEJP amplitudes
for w1118 (upper) and Dyb11 (lower) in the presence
or absence of PhTx (red and black, respectively). (B)
Average mEJP amplitudes for the indicated geno-
types in saline (black bars) or saline with PhTx
(white bars). Average EJP amplitude (C) and QC (D).
EJP amplitudes were quantified by comparisons to
the baseline in both genotypes. The 0.5mM calcium
concentration was used in electrophysiological ex-
periments. Scale bars for EJPs=5mV, vertical, and
100ms, horizontal. Scale bars for mEJPs= 2mV,
vertical, and 1 s, horizontal. All data represent
mean ± SEM. ** p < 0.01. n=10/each group.

Fig. 7. Dyb is required postsynaptically for the modulation of RRP sizes during rapid homeostatic potentiation.
(A) Average mEJP amplitudes for w1118, Dyb11, presynaptic Dyb rescue (Dyb11/+;UAS-Dyb;OK6-GAL4), and postsynaptic Dyb rescue (Dyb11/+;UAS-Dyb;24B-GAL4)
in saline (black) or saline with PhTx (white) are shown. (B) Average cumulative (Cum.) EJC amplitudes. (C) Average normalized (Norm.) RRP sizes were shown as
percentages. All data represent mean ± SEM. (D-F) Sample traces showing EJC amplitudes, evoked by a 60-Hz stimulation in 1.5 mM Ca2+, for w1118, Dyb11, and
muscle Dyb11 rescue in the presence (bottom, red) and absence (top, black) of PhTx. Scale bars= 50 nA, vertical, and 50ms, horizontal. All data represent
mean ± SEM. * p < 0.05, ** p < 0.01. n= 10/each group.
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collaboratively function and, in the case of their dysfunction, affect
neurons, muscles, and other tissues. The roles of Dyb in the presynaptic
compartment currently remain unclear. However, postsynaptic Dyb
appears to be mainly involved in the regulation of bouton numbers, QC,
and homeostatic plasticity. We were able to rescue these Dyb mutant
phenotypes solely by the postsynaptic expression of Dyb.

The significance of Rho signaling in maintaining synaptic function is
underscored by the identification of a number of human Rho gene-as-
sociated mutations underlying cognitive deficit syndromes [53]. Inter-
estingly, the Rho GTPase Cdc42 has also been shown to play a pre-
synaptic role in homeostasis at the NMJ. It acts downstream of the Eph
receptor-binding Ephexin protein as a member of a pathway that
modulates presynaptic CaV2.1 channels during the homeostatic en-
hancement of presynaptic release [43]. Collectively, the present results
contribute to elucidating the mechanism of action of the DGC complex
in the regulation of neurotransmitter release, which is schematically
depicted in Fig. S6, in which the postsynaptic DGC complex at the NMJ
organizes Rho-GTPase signaling with effects on both presynaptic neu-
rotransmitter release and presynaptic homeostasis. The present results

contribute to a better understanding of the likely evolutionarily con-
served postsynaptic roles of the DGC in synaptic homeostasis.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2019.03.008.
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