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Abstract
Neuroligins are postsynaptic neural cell adhesion molecules that mediate synaptic maturation and
function in vertebrates and invertebrates, but their mechanisms of action and regulation are not
well understood. At the Drosophila larval neuromuscular junction (NMJ), previous analysis
demonstrated a requirement for Drosophila neuroligin 1 (dnlg1) in synaptic growth and
maturation. The goal of the present study was to better understand the effects and mechanisms of
loss-of-function and overexpression of dnlg1 on synapse size and function, and to identify
signaling pathways that control dnlg1 expression. Consistent with a reduced synapse size, evoked
excitatory junctional currents (EJCs) were diminished in dnlg1 mutants but displayed normal Ca2+

sensitivity and short-term plasticity. However, postsynaptic function was also perturbed, in that
glutamate receptor staining and the distribution of amplitudes of miniature excitatory junctional
currents (mEJCs) were abnormal in mutants. All the above phenotypes were rescued by a genomic
transgene. Overexpression of dnlg1 in muscle resulted in synaptic overgrowth, but reduced the
amplitudes of EJCs and mEJCs. Overgrowth and reduced EJC amplitude required dnrx1 function,
suggesting that increased dnlg1/dnrx1 signaling attenuates synaptic transmission and regulates
growth through a retrograde mechanism. In contrast, reduced mEJC amplitude was independent of
dnrx1. Synaptic overgrowth, triggered by neuronal hyperactivity, absence of the E3 ubiquitin
ligase highwire, and increased phosphoinositide-3-kinase (PI3K) signaling in motor neurons
reduced synaptic DNlg1 levels. Likewise, postsynaptic attenuation of PI3K, which increases
synaptic strength, was associated with reduced DNlg1 levels. These observations suggest that
activity and PI3K signaling pathways modulate growth and synaptic transmission through dnlg1-
dependent mechanisms.
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Introduction
During the development of neural circuits, cell adhesion molecules play critical roles in the
formation, specification, maturation, and maintenance of synapses. Neuroligins (NLGs)
encode a family of postsynaptic transmembrane proteins that regulate synapse formation in
vitro and synapse maturation in vivo through trans-synaptic signaling with a presynaptic
ligand, neurexin (NRX) (Dean et al., 2003; Graf et al., 2004). NLG/NRX complexes
organize synaptic structure by recruiting PDZ domain-containing scaffolding proteins and
additional molecules via protein-protein interactions (Irie et al., 1997; Meyer et al., 2004;
Poulopoulos et al., 2009). In rodents, three genes encode structurally homologous NLG
isoforms (Ichtchenko et al., 1995; Ichtchenko et al., 1996) that are enriched at postsynaptic
densities, have overlapping distributions in the brain, and are co-localized at some synapses
(Budreck and Scheiffele, 2007; Graf et al., 2004; Song et al., 1999; Varoqueaux et al.,
2004), indicating possible redundant function.

Experiments in cultured cells suggested that vertebrate NLGs regulate synapse formation
during development (Chih et al., 2005; Fu and Vicini, 2009; Levinson et al., 2005; Prange et
al., 2004; Scheiffele et al., 2000), but analysis of triple knockout mice revealed that NLGs
function in vivo to regulate synapse maturation (Varoqueaux et al., 2006). Mutations in
human nlg genes that decreased NLG levels are associated with rare cases of autism (Jamain
et al., 2003; Laumonnier et al., 2004; Zhang et al., 2009) and alterations of NLG levels
correlate with perturbations of synaptic function and behavioral phenotypes in mouse
models (Dahlhaus et al., 2009; Hines et al., 2008; Kolozsi et al., 2009). Thus, analysis of the
mechanisms of NLG signaling and regulation is an essential goal toward understanding the
biology of disease and possible modes of therapeutic intervention.

The Drosophila larval neuromuscular junction (NMJ) is an experimental model to study
synapse formation and function (Collins and DiAntonio, 2007) and the mechanisms of
synaptic plasticity (Griffith and Budnik, 2006). Previous analysis suggested that Drosophila
neuroligin1 (dnlg1) (Banovic et al., 2010) and Drosophila neuroligin2 (dnlg2) (Sun et al.,
2011), signal in concert with Drosophila neurexin1 (dnrx1) (Chen et al., 2010; Li et al.,
2007; Sun et al., 2009) to regulate synapse development. At the larval NMJ, trans-synaptic
signaling by dnrx1 in motor neurons and dnlg1 in muscle contributes in part to the
regulation of synaptic growth and maturation of glutamatergic synapses (Banovic et al.,
2010) but the precise role(s) of dnlg1 in regulating neurotransmitter release and glutamate
receptor (GluR) function are unknown. Further, although increasing NLG/NRX signaling
affects synapse size (Banovic et al., 2010; Li et al., 2007), the effect of dnlg1 overexpression
on synaptic transmission has not been described. Finally, because mechanisms that underlie
NLG regulation in any organism are unknown, we sought to identify signaling pathways that
regulate dnlg1 expression. In this report, we examined the effects of loss-of-function and
overexpression of dnlg1 on synaptic growth and function and identify signaling pathways
that alter DNlg1 expression levels. In the absence of dnlg1 function, the number of synaptic
boutons was reduced, with a concomitant decrease in evoked release, but the amplitude of
postsynaptic GluR responses to spontaneous release was increased. Overexpression of dnlg1
in muscle increased synapse size but attenuated evoked release and decreased the amplitude
of postsynaptic GluRs responses to single vesicles. Dnrx1 mutants suppressed synaptic
overgrowth and reduced synaptic transmission caused by overexpression of dnlg1, but had
no effect on the postsynaptic response to spontaneous release. These data suggest that dnlg1
modulates synaptic transmission by negatively regulating GluR function, and regulates
growth and neurotransmitter release via a retrograde mechanism with dnrx1. We found that
synapse overgrowth or increased neural activity, and perturbation of PI3K signaling reduced
dnlg1 expression, suggesting that attenuation of dnlg1 signaling may contribute to
mechanisms of synaptic plasticity.
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Materials and Methods
Drosophila stocks and genetics

dnlg1Δ46 deletion mutant was generated following FLP- mediated recombination between
the FRT sites of the Exelixis pBAC insertions f00735 and f00713 as described (Thibault et
al., 2004) and verified by PCR. Wildtype control strain (w;cs) was a gift of Josh Dubnau
(Cold Spring Harbor Laboratories, CSH, NY). The larval muscle drivers, BG487-Gal4 and
C57-Gal4 were a gift of Vivian Budnik and are described (Budnik et al., 1996). Overgrowth
mutants used in this study: hiwΔN, hiwnd8 and eag1 sh14 were gifts of Aaron DiAntonio
(Washington University, St. Louis, MO) and Barry Ganetzky (University of Wisconsin,
Madison, WI) respectively. dnrx1273 was a gift of Manzoor Bhat (University of North
Carolina, Chapel Hill, NC). The UAS-AP-1 strain (w;UAS-dfos;UAS-djun) was a gift of
Subhabrata Sanyal (Emory University, Atlanta, GA). All other strains are described in the
Bloomington Stock Center.

Molecular Biology and Gene Rescue
P[acman, dnlg1+] 72A15 was obtained from BACPAC Resources (clone CH321-72A15).
DNA was purified following CsCl gradient centrifugation and verified by end sequencing as
described (Venken et al., 2009). UAS-dnlg1 transgene was generated by PCR amplification
of dnlg1 open reading frame from cDNA clone RE29404 (Stapleton et al., 2002; Tweedie et
al., 2009) obtained from the Drosophila Genomics Resource Center, directionally cloned
into the Not1 and Asp718 cloning site of pUAST (Brand and Perrimon, 1993) and verified
by sequencing. Transgenic flies containing UAS-dnlg1 were generated using standard P-
element procedures (Rubin and Spradling, 1982) and two homozygous viable insertions on
the first and second chromosomes were used in this study. Transgenic strains targeting
P[acman, dnlg1+] 72A15 to PBac{y[+]-attP}VK00037 were generated using phiC31
integrase expressed in the germline as described (Bischof et al., 2007). Two independently
derived transgenic strains of P[acman, dnlg1+] 72A15 were used and gave identical results.
DNA injections and isolation of transgenic lines were performed by Genetic Services, Inc.
(Sudbury, MA).

Antibody production, immunocytochemistry and Western blotting
To generate a polyclonal antibody, DNA corresponding to the complete cytoplasmic domain
(AA 855–1354) of dnlg1 was directionally cloned into the BsrG1 and HindIII sites of
pET45b and expressed in E.coli using the Novagen pET system (EMD4Biosciences, USA).
Soluble His-tagged DNlg1-cyto protein was purified from bacterial extracts using Ni-
Agarose chromatography following standard procedures, dialyzed against 1X PBS, and used
as antigen to immunize guinea pigs (Openbiosystems/Thermoscientific, USA).

For immunocytochemistry, larvae were dissected in 1X PBS and fixed in 1X PBS, 4%
paraformaldehyde (20 min.) or Bouin’s fixative (5 min.), washed in PBS and blocked in 1X
PBS, 0.1% Triton X-100, 3% normal goat sera. After antibody incubations and washes,
larval fillets were mounted in Vectashield (Vector Laboratories, Burlingame, CA). NMJs of
muscle 6/7, segment A3 were imaged with a Leica SP1 or Nikon C1 confocal microscope.
For each experiment, image settings were optimized for wildtype specimens and not
changed during subsequent imaging of experimental genotypes. Csp puncta were counted
from projections of image stacks that were printed and quantified manually. Muscle size was
determined using NIH ImageJ software from single confocal sections. Primary antibody
dilutions used were guinea pig anti-dnlg1 (1/500), mouse anti-csp (1/50, clone 6D6,
Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA), rabbit anti-
DPak (1/2000, Nicholas Harden, Simon Frasier University, Vancouver, BC), rabbit anti-
GluRIII (1/5000, Aaron DiAntonio, Washington University, St. Louis, MO). Dylight568
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Anti-HRP (1/100) and secondary antibodies anti mouse, rabbit and guinea pig IgG
conjugated with Dylight488 or Dylight549 (1/200) were obtained from Jackson
ImmunoResearch (West Grove, PA).

Protein extracts of larval body wall were prepared by homogenizing tissue in RIPA buffer
supplemented with protease inhibitors (Roche, USA). Western blotting was performed using
standard procedures. To detect dnlg1 protein, primary antibody was diluted 1/1000 and
visualized with HRP-conjugated secondary antibody (Jackson ImmunoResearch) and Pierce
ECL reagent (Thermoscientific, Rockford, IL). To verify loading amounts, blots were
stripped and re-probed with anti-α tubulin (1/2000, clone 12G10, Developmental Studies
Hybridoma Bank).

Quantitative PCR
Total RNA was prepared from larval body walls using the RNAeasy Fibrous Tissue Mini
Kit (Qiagen, USA) and used as a template for cDNA synthesis with oligo dT or random
primers. Dnlg1 levels were determined using the StepOnePlus Real-Time PCR system (ABI,
Carlsbad, CA) and normalized to dRas1 levels. The sequence of the dnlg1 primers used is
5′-GGAATTGGCGTTTATCTCG-3′ forward and 5′-CCAAGGCATGTGAATTGATG-3′
reverse. DRas primers were 5′-CTGCTGTCGAGGAAGGAAAA-3′ forward and 5′-
AGTCTTCAATGGTGGGATCG- 3′ reverse.

Electrophysiology
Neuromuscular recordings were performed on muscle 6 from abdominal segment 3 using
two-electrode voltage clamp (Sandstrom, 2004). Recordings were performed using with
thin-walled glass electrodes in HL3.1 Saline (Feng et al., 2004) with 0.3 mM Ca2+ except as
indicated in the text. Synaptic currents were amplified using an AxoClamp 2B and data were
recorded with pClamp 9 software. EJCs were evoked via shock to the cut end of the nerve
while muscle 6 was held at −70 mV. To avoid potential confusion from short-term synaptic
plasticity, only the first EJC in a series was used for analysis.

To analyze mEJCs, 100 sec. of data were recorded from preparations that had not been
subjected to nerve shock. mEJCs were measured using MiniAnalysis software (Synaptosoft,
Ft. Lee, NJ), and amplitude data for each preparation were plotted and fitted with a Gaussian
distribution to determine the mean (Origin, OriginLab, Northhampton MA; Sandstrom,
2004). To examine temporal parameters, mEJCs in each preparation were binned according
to size, averaged, and fitted to measure the stated parameter using MiniAnalysis. All other
data were analyzed and plotted with Sigmaplot 11.0 (Systat Software, San Jose, CA).

Statistical Analysis
Numbers in text are given as mean ± standard error of the mean (SEM). Differences
between means were compared using one-way ANOVA, followed by appropriate post-hoc
tests. In cases of multiple comparisons, the α level was adjusted appropriately to avoid type
I errors. The Kruskal-Wallis test was used for datasets that did not satisfy the criteria for
parametric statistics, as measured by the Levene test. Ca2+ vs. EJC amplitude data were
fitted with the Hill equation in Origin, with the data weighted instrumentally by standard
errors; all parameters were allowed to vary. Cumulative probability histograms were fitted
with 3-parameter logistic equations in SigmaPlot. Because the data were normalized, the
maximum value was fixed at 1.0, while other parameters were allowed to vary. Distributions
were compared using the two-sample Kolmogorov-Smirnov (K-S) test (Sokal and Rohlf,
1995).
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Results
dnlg1 mutants have fewer, but normal release sitess

The synaptic terminal at the Drosophila NMJ comprises dozens of varicosities, or boutons,
each of which contains multiple synaptic sites where the neurotransmitter glutamate is
released presynaptically and GluRs are clustered postsynaptically. Dnlg1 function is
required for synaptic growth and maturation at the larval NMJ because bouton number and
evoked neurotransmitter release are reduced in mutants (Banovic et al., 2010), but it is not
known whether the synaptic sites that remain function normally.

Using an independently generated deletion mutant, dnlg1Δ46, that removes the transcription
start site and most of the extracellular domain of the protein (Fig. 1A; see Methods for
details), we confirmed that dnlg1 mutants have smaller, weaker synapses (Figs 1B –1F). The
molecular analysis (Fig. 1A), absence of DNlg1 staining at synapses and on Western blots
(see below), and the fact that dnlg1 synaptic phenotype was not changed when combined
with a deficiency for the region (Df(3R)ED5223, hereafter referred to as Df) indicates that
the deletion is a null allele. In dnlg1Δ46/Df mutants, the number of synaptic boutons stained
with Cysteine String Protein (Csp) was reduced 50% (Figure 1C, E) as compared to w; cs
control (Fig. 1B, E). The amplitudes of EJCs evoked by nerve shock were significantly
reduced in dnlg1Δ46 homozygotes and dnlg1Δ46/Df compared to wildtype (Fig. 1F; p <
0.05; Kruskal-Wallis). Importantly, a single copy of a genomic transgene (P[acman, dnlg1+]
72A15, hereafter called P[acman dnlg1+]), rescued the number of boutons (Figure 1D, E)
and size of evoked synaptic currents (Fig. 1F) in P[acman, dnlg1+]/+; dnlg1Δ46/Df larvae.

GluR clusters in dnlg1 mutants are larger and more intense than those of the wildtype
(supplementary Fig. 1; Banovic et al., 2010), suggesting that postsynaptic GluR function
may be compromised. Indeed, amplitude distributions of miniature EJCs (mEJCs), which
reflect the responses of GluRs to single vesicles, were abnormal in dnlg1 mutants (Fig. 1G).
Wild-type mEJC amplitudes followed a roughly Gaussian distribution with a peak at
approximately 0.7 nA and a slight rightward tail (Fig. 1G, filled region). mEJC amplitude
distributions in dnlg1 mutants were significantly broader, with a higher proportion of events
that were both larger and smaller than the mean (Fig. 1G, unfilled region; P < 0.001,
Kolmogorov-Smirnov). The additional scatter is also seen as increased coefficients of
variation for the mutants (w = 0.43 ± 0.011, dnlg1Δ46/Df = 0.50 ± 0.014, p < 0.01 one-way
ANOVA). Therefore, altered GluR staining in dnlg1 mutants was paralleled by changes in
GluR responsiveness.

Despite changing their distribution, loss of dnlg1 did not affect the mean amplitude of
mEJCs (w1118 = 0.78 ± 0.03, dnlg1Δ46 = 0.87 ± 0.07, dnlg1Δ46/Df = 0.75 ± 0.05; Kruskal-
Wallis p > 0.1; see also Banovic et al, 2010). Therefore, the primary effect of dnlg1 mutants
was to reduce quantal content, the number of vesicles released per action potential, by more
than 60% (Fig. 1H).

The reduction of quantal content could result from inhibiting the vesicle fusion machinery,
diminishing Ca2+ sensitivity of fusion, or by lowering the number of functional release sites.
To distinguish between these possibilities, we examined the effects of external Ca2+

concentration and repetitive activity on glutamate release (Fig. 1I). The slope of the
relationship between external Ca2+ and EJC amplitude was close to the expected value of 4
(Dodge and Rahamimoff, 1967) in both genotypes (w1118 = 4.61 ± 0.98, dnlg1Δ46/Df = 3.77
± 1.05), and release saturated at approximately 1 mM (Fig. 1I). The concentration of Ca2+ at
half-maximal release (EC50) did not differ between mutants and wildtype (w1118 = 0.424 ±
0.089 mM, dnlg1Δ46/Df = 0.516 ± 0.140 mM). The similar slopes and EC50s for mutant and
wildtype suggest that the Ca2+ sensitivity of vesicle fusion is unaltered in dnlg1 mutants.
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The primary difference between mutant and wildtype was the size of the synaptic current at
maximal release (Imax; w1118, 86.1 ± 28.4 nA/nF; dnlg1Δ46/Df, 35.4 ± 15.1 nA/nF). Because
average mEJC size, and therefore quantal size, is not altered in the mutants, the reduction of
Imax is best explained by a reduction in the maximum number of functional release sites.

Paired-pulse facilitation (PPF) provides another measure of release probability, in that the
amplitude ratio of two closely spaced EJCs (EJC2/EJC1) increases as release probability
decreases (Zucker and Regehr, 2002). EJCs of wild-type and mutant synapses facilitated by
approximately 1.5 fold in 0.2 mM Ca2+, while showing no facilitation in 0.3 mM Ca2+ (Fig.
1J). The paired-pulse ratio did not differ significantly between mutant and wildtype at either
Ca2+ concentration (p> 0.10, one-way ANOVA), despite the differences in initial amplitudes
(inset; see also Fig. 1F), suggesting that dnlg1 mutants have normal probability of release.
Therefore, the anatomical and physiological data converge on the conclusion that dnlg1
function is required to determine the correct number of synapses at the NMJ, rather than
regulating the efficacy or Ca2+ sensitivity of exocytosis.

Postsynaptic overexpression of dnlg1 causes synaptic overgrowth but reduces synaptic
efficacy

We isolated a DNlg1-specific antiserum raised against the cytoplasmic domain of the
protein and localized DNlg1 to the postsynaptic compartment of the NMJ (Fig. 2A). DNlg1
exhibited a punctate pattern beneath all synaptic boutons and was co-localized with the
postsynaptic marker DPAK (Fig. 2A). Immunoreactivity was not detected in the mutant
(Fig. 2B), demonstrating the specificity of the antiserum. Furthermore, inducing expression
of dnlg1 in larval muscle 6 and 7 with the BG487-gal4 driver produced a dramatic increase
in synaptic staining in both mutant (Fig. 2D) and wild-type backgrounds (data not shown)

Driving expression of wild-type dnlg1 in the muscles of dnlg1 mutants using BG487-GAL4
increased bouton number above wildtype levels by greater than 40% (Fig. 2E; P < 0.05,
Kruskal-Wallis). Likewise, BG487-gal4 driven overexpression of dnlg1 in a wild-type
background, increased bouton number by a similar extent (Fig. 2E). Thus, postsynaptic
expression of dnlg1 is sufficient to rescue the synaptic growth defects of dnlg1 mutants
while overexpression had a dominant effect on synapse size, increasing bouton numbers
above wildtype. This contrasts with the results of a previous study (Banovic et al., 2010), in
which expression of a dnlg1-GFP fusion transgene in muscle using a different Gal4 driver
(mef2-Gal4) inhibited synapse growth in a wild-type background.

Unlike bouton number, EJC amplitude in mutants was not restored by postsynaptic
expression of dnlg1, remaining unchanged in BG487-Gal4/UAS-dnlg1-1; dnlg1Δ46/Df larva
compared to negative controls (dnlg1-1; dnlg1Δ46/Df and BG487-Gal4; dnlg1Δ46/Df; Figure
2F). Neither of two UAS-dnlg1 transgenes driven in muscle rescued EJC amplitude in
dnlg1Δ46or dnlg1Δ46/Df mutants, with amplitude remaining significantly smaller than the
positive control (UAS-dnlg1-1, which behaved identically to wildtype; Fig. 2F).
Importantly, overexpression of dnlg1 in the muscles of wild-type larvae reduced EJC
amplitude to mutant levels (Fig. 2F), indicating a dominant inhibition of synaptic
transmission. In all cases, when stimulus strength was varied, two units were clearly visible
(data not shown), indicating that reduced EJC amplitude was not due to elevated threshold
or conduction block in one of the motor neurons.

The decrease in EJC amplitude caused by dnlg1 overexpression was partly explained by
reduced mEJC amplitude (Figs. 2G and H). Although the genomic transgene completely
rescued mEJC amplitude (Fig. 2G; P > 0.05, K-S; P[acman dnlg1+]; dnlgΔ46, n = 1013
events), driving dnlg1 in either wildtype or mutant backgrounds with BG487-Gal4 shifted
the distribution significantly to the left of the wildtype (Figure 2G; p < 0.001 Kolmogorov-
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Smirnov, UAS-dnlg1-1;+, n = 1611 events, BG487-Gal4/UAS-dnlg1-1; dnlg1Δ46, n = 548
events; BG487-Gal4/UAS-dnlg1-1; +, n = 964 events). This resulted in a narrow, Gaussian
distribution with a single peak overlapping that of the wildtype (Fig. 2H), essentially the
opposite of loss of function (Fig. 1G). Because of the reduced number of large events,
average mEJC amplitude was reduced by ~25% (UAS-dnlg1-1 = 0.82 ± 0.03 nA vs UAS-
dnlg1-1; BG487-Gal4; dnlg1Δ46/Df = 0.62 ± 0.02 nA; p < 0.05). The mEJC data therefore
suggest that overexpression of dnlg1 alters postsynaptic sensitivity by reducing glutamate
receptors cluster size and/or density, consistent with models of NLGs organizing
postsynaptic proteins (Irie et al., 1997).

Whereas dnlg1 overexpression reduced mEJC amplitude by 25%, EJC amplitude was
inhibited by >60% (Fig. 2F). Therefore, glutamate release must also be inhibited, either via a
reduction in the number of presynaptic release sites or their efficacy. The number of
anatomical release sites was not reduced, in that there were more synaptic boutons (Fig. 2E),
each of which had normal numbers of puncta stained with the active zone marker Bruchpilot
(Supplementary Fig. 1; w1118 = 7.9 ± 1.1 vs BG487/UAS-dnlg1-1 = 7.5 ± 0.96 puncta/
bouton; p > 0.25). However, paired-pulse facilitation was significantly reduced (Fig. 2I; P <
0.05, one-way ANOVA), indicating that a greater than normal proportion of available
release sites were active during the first pulse. Therefore, rather than reducing the efficacy
of all synapses in the terminal, dnlg1 overexpression rendered a subpopulation of active
zones unavailable for release under our recording conditions.

In summary, both GluR sensitivity and vesicle release are reduced when dnlg1 is
overexpressed in the muscle. The mEJC phenotype is essentially the opposite of that caused
by loss of dnlg1 function, and, combined with the effects of dnlg1 mutations on GluR
staining, indicates that DNlg1 contributes to postsynaptic function by regulating GluR
clustering and organization. Inhibition of release by dnlg1 overexpression further suggests
that the muscle signals to the presynaptic terminal to reduce the number of active release
sites.

Dnrx1 is required for some, but not all dnlg1 functions
Dnlg1 overexpression in muscle causes synaptic overgrowth and inhibition of glutamate
release (Fig. 2), both of which require coordination of pre- and postsynaptic molecular
pathways. Because Drosophila Neurexin1 (DNrx1) has been proposed to mediate trans-
synaptic signaling via DNlgs (Li et al., 2007; Sun et al., 2009), we examined how DNrx1
signaling contributes to the synaptic phenotypes associated with DNlg1 overexpression.

We found that synaptic overgrowth caused by dnlg1 overexpression was suppressed by dnrx
loss-of-function (Fig. 3A). Bouton number was significantly reduced in dnrx mutants
overexpressing dnlg1 in larval muscle (BG487-Gal4/UAS-dnlg1.1; dnrx1273/Df; p < 0.05,
one-way ANOVA) as compared to heterozygous dnrx1 controls (BG487-Gal4/UAS-
dnlg1.1; dnrx1273/+). In fact, overexpression of dnlg1 in the dnrx1 mutant background did
not increase bouton number above that of the negative control (BG487-gal4/+; dnrx1273/Df),
indicating that dnrx1 is epistatic to, and therefore downstream of, dnlg1 for this phenotype.

Likewise, the inhibitory effects of dnlg1 overexpression on evoked synaptic transmission
were suppressed in dnrx1 mutants (Fig. 3B). EJC amplitude was significantly restored in
dnrx1 mutants overexpressing dnlg1 in larval muscle (BG487-Gal4/UAS-dnlg1.1; dnrx1273/
Df; p < 0.05, Kruskal-Wallis) compared to positive control drnx1 heterozygotes (BG487-
Gal4/UAS-dnlg1.1; dnrx1273/+). As with bouton number, EJC amplitude did not differ
significantly between the experimental genotype and the negative control (BG487-gal4/+;
dnrx1273/Df; p > 0.05; Kruskal-Wallis). Therefore, the effects of dnlg1 overexpression on
growth and synaptic transmission require inter-cellular communication through dnrx1.
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GluR cluster size and mean mEJC amplitudes are increased in dnrx1 loss-of-function
mutants (Li et al., 2007), resembling in part the dnlg1 mutant phenotype (Fig. 1), suggesting
that trans-synaptic signaling mediates these postsynaptic defects. However, unlike the
effects on synaptic growth and EJC amplitude, alterations of mEJC amplitude distributions
resulting from dnlg1 overexpression did not depend on dnrx1 function (Fig. 3C). BG487-
driven overexpression of dnlg1 in dnrx1 heterozygous and dnrx1 homozygous mutant
backgrounds exhibited a similar leftward shift of mEJC amplitudes (Fig. 3C; p < 0.001,
Kolmogorov-Smirnov; BG487-gal4/UAS-dnlg1.1; dnrx1273/+, n = 1876 events, BG487-
gal4/UAS-dnlg1.1; dnrx1273/Df(3R)Exel6191, n = 1411 events) compared to negative
controls (BG487-gal4/+; dnrx1273/Df(3R)Exel6191, n = 3122 events). Our data suggest that
retrograde non-cell autonomous signaling by DNlg1 stimulate growth and inhibit glutamate
release in the presynaptic neuron via DNrx1, and that additional cell autonomous signaling
by DNlg1 in the muscle regulates GluR responsiveness.

Alteration of PI3K signaling in neurons or muscle reduces dnlg1 expression
Activation of tyrosine kinase receptors by growth factors such as insulin regulates cell
growth and organism size by signaling through the PI3K/AKT pathway and the activation of
mTOR kinase (Hay and Sonenberg, 2004). Signaling through this pathway in vertebrate
neurons plays an important role in multiple forms of synaptic plasticity through a
mechanism that increases translation (Wang et al., 2010), but the molecular targets that
mediate changes in synaptic strength and function have not been identified. In Drosophila,
increased PI3K signaling is sufficient to drive the formation of additional functional
synapses in larval and adult neurons (Martin-Pena et al., 2006) while decreased PI3K
signaling reduces synapse number and suppresses activity dependent synaptic overgrowth
(Howlett et al., 2008). In addition, PI3K negatively regulates synaptic activity (Howlett et
al., 2008) as constitutive activation of PI3K signaling in motor neurons increased synapse
size but reduced EJC amplitude, a phenocopy of dnlg1 overexpression in larval muscle. To
address the potential linkage between PI3K and dnlg1, we examined DNlg1 expression in
NMJs in which PI3K signaling was altered in motor neurons or larval muscle. Synapse
overgrowth triggered by expression of a constitutively active form of the catalytic subunit,
PI3KCAAX in motor neurons correlated with reduced DNlg1 levels in D42>PI3KCAAX

larvae (Figure 4B, 4G) compared to wildtype controls (Fig. 4A, 4F) implying that synaptic
overgrowth or decreased synaptic transmission mediated by elevated PI3K signaling down-
regulates dnlg1 expression.

Surprisingly, attenuation of presynaptic PI3K signaling also caused down-regulation of
dnlg1 expression. Decreased synaptic growth and increased neuronal excitability triggered
by expression of the dominant negative PI3KDN in motor neurons correlated with reduced
DNlg1 levels in D42>PI3KDN larvae (Fig. 4C, 4H) suggesting that reduced PI3K signaling
negatively regulates dnlg1 expression either directly or via activity-dependent mechanisms.
The same genetic alterations of PI3K signaling in motor neurons reduced total levels of
DNlg1 relative to controls on Western blots (Fig. 4K) confirming the results obtained by
imaging studies. Thus, presynaptic PI3K functions in motor neurons to modulate DNlg1
levels in postsynaptic muscle through a trans-synaptic signaling pathway that regulates
synapse size and strength in response to changes in activity or growth.

To determine if cell autonomous signaling by PI3K plays a role in dnlg1 regulation, we
altered PI3K signaling in larval muscle using the C57-Gal4 driver. Increased postsynaptic
PI3K signaling had no effect on DNlg1 levels in C57>PI3K or C57> PI3KCAAX larvae (data
not shown). In contrast, DNlg1 levels were reduced in NMJs of C57>PI3KDN larvae (Fig.
4E, J) in separate experiments using two independent UAS-PI3KDN transgenic lines, as
were total DNlg1 levels compared to control on Western blots (Fig. 4K). Thus, PI3K signals
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to positively regulate dnlg1 expression in muscle and is required for wildtype DNlg1 levels
at the synapse.

Attenuation of PI3K signaling in larval muscle and reduced levels of DNlg1 correlated with
decreased bouton number and muscle size. Adjusting for muscle size, bouton number was
significantly reduced by ~20% in C57> PI3KDN larvae (Figs. 4M, N) compared to wildtype
(Figs. 4L, N). In C57>PI3KDN larvae, muscle capacitance was reduced compared to
wildtype, consistent with reduced muscle size (wt = 2.9 ± 0.35 nF, C57>PI3KDN = 1.6 +
0.27 nF, one-way ANOVA, p < 0.05). Curiously, the amplitudes of EJCs from C57>PI3KDN

terminals were significantly increased (Fig. 4O, one-way ANOVA, p < 0.05) although the
frequency (wt = 1.91 + 0.34, C57>PI3KDN = 2.29 + 0.32; p > 0.05, one-way ANOVA),
mean amplitude, and distribution of mEJCs were normal (P > 0.05 Kolmogorov-Smirnov).
Thus, reduced postsynaptic PI3K signaling and lower levels of DNlg1 correlated with
reduced synapse size and increased quantal content without affecting quantal size. These
observations suggest that PI3K signaling in muscle regulates synapse size and strength and
contributes to dnlg1 regulation.

Additional presynaptic signaling pathways down-regulate dnlg1 expression during
overgrowth

Neuronal activity and ubiquitin dependent proteolysis contribute to presynaptic signaling
mechanisms that regulate synaptic growth. To address possible linkage of these pathways to
dnlg1, we measured DNlg1 levels in synaptic overgrowth mutants caused by increased
neuronal excitability or the absence of the E3 ubiquitin ligase, highwire (hiw).

The ether-a-go-go, and Shaker (eag Sh) double mutant is a genetic model for the study of
activity dependent synaptic plasticity. In these mutants, chronic neuronal hyperexcitability
results in synaptic overgrowth (Budnik et al., 1990) due to changes in gene expression
mediated by the AP-1 transcription factor (Sanyal et al., 2002). We examined the effects of
increased signaling through this pathway on dnlg1 expression in NMJs from eag sh mutants
or following neuronal overexpression of AP-1. DNlg1 levels were significantly decreased in
NMJs from eag1 Sh14 (Fig. 5B, G) and in elav>AP1 larvae (Fig. 5E, J), suggesting that
synaptic overgrowth or increased activity signal to down-regulate dnlg1 expression.
Decreased DNlg1 expression in eag Sh mutants was confirmed in Western blots of body
wall extracts (Fig. 5K). In wildtype extracts, DNlg1 antiserum detects a polypeptide with the
expected molecular weight of 150 KD that was absent in dnlg1 mutants and reduced in eag1

Sh14 mutants. The reduction of DNlg1 levels in eag Sh mutants was likely due to decreased
dnlg1 transcription or RNA stability, because QPCR measurements of dnlg1 mRNA
revealed a two-fold reduction in mutant as compared to wildtype (Fig. 5L).

Mutants lacking the E3 ubiquitin ligase, hiw exhibit dramatic synaptic overgrowth, but
surprisingly have reduced quantal content (Wan et al., 2000), a phenocopy of BG487-gal4
driven overexpression of dnlg1. We found that Dnlg1 levels were reduced at synapses of
hiwΔN (Fig. 5C, H) and hiwnd8 mutants (data not shown), and on Western blots of hiwΔN

larval body wall extracts (Figure 5K). These observations implicate hiw as a component of a
presynaptic signaling pathway that regulates dnlg1 expression by an anterograde
mechanism. Thus, synaptic overgrowth triggered by three different signals in motor neurons
(activity, the absence of hiw, and constitutive PI3K) results in a dramatic reduction of dnlg1
expression.

Our data demonstrate that signals that engage the pathways of synapse growth and plasticity
always cause the down-regulation of dnlg1 expression. Thus, a reduction of DNlg1 levels
appears to be a molecular signature of pathway output and an indication that attenuation of
dnlg1 signaling has a functional role. Alternatively, dnlg1 down-regulation during
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overgrowth may represent a homeostatic response to dampen retrograde signaling that
promotes synaptic growth.

Discussion
To gain insight into the role of NLGs in synapse maturation and function, we determined
how loss-of-function and overexpression of dnlg1 affected growth and synaptic transmission
(Fig. 6A), and identified signaling pathways that regulate dnlg1 expression (Fig. 6B). Based
on loss-of-function and overexpression experiments, DNlg1 signals via a retrograde
mechanism to regulate synapse size and function in a DNrx1-dependent manner (Fig. 6A).
Loss-of-function reduced the number of boutons with a concomitant reduction in the number
of functional release sites. Conversely, overexpression drove synaptic growth, but attenuated
evoked glutamate release, signaling to the presynaptic neuron via DNrx1. DNlg1 also
regulates GluR responsiveness release through a DNrx1-independent pathway. Therefore, in
the proposed model, DNlg1 mediates bi-directional signaling across the synapse with DNrx1
to regulate synapse growth and function (Fig 6B).

dnlg1 expression is modulated by multiple anterograde signals from presynaptic motor
neurons and cell autonomous signaling in muscle (Figure 6B). Synaptic overgrowth
triggered by constitutive PI3K signaling in motor neurons, neuronal hyperactivity or the
absence of hiw correlated with reduced DNlg1 levels at the NMJ. Likewise, increased
synaptic strength and reduced synapse size associated with attenuation of PI3K signaling in
the motor neurons or in muscle also correlated with lowered DNlg1 levels. Thus,
downregulation of dnlg1 expression appears to be a common output of signaling pathways
implicated in synaptic plasticity and suggests that attenuation of dnlg1 signaling contributes
to mechanisms that coordinate growth with synaptic activity. While it is difficult to
reconcile these observations in a simple model, these data suggest that reduced signaling by
dnlg1 contributes to plasticity, but is unlikely the sole determinant of the polarity of the
response. Reduced levels of DNlg1 may be a prerequisite for assembly or disassembly of
synapses, but other factors (perhaps additional cell adhesion molecules) likely determine
whether these changes result in an increase or a decrease in synaptic strength.

Dnlg1 regulates synaptic function but is not essential for synaptic transmission
Previous analysis (Banovic et al., 2010) suggested that dnlg1 did not directly regulate
synaptic function, because the reduction of synaptic strength in mutants was a consequence
of a defect in synaptic growth. We confirmed that evoked release in dnlg1 mutants generated
smaller synaptic currents and find, in addition, that mutant synapses respond normally to
changes in extracellular Ca2+ concentration, and have normal release probability. However,
our findings that dnlg1 overexpression attenuates release and that DNlg1 levels determine
the postsynaptic response to quantal release suggest a more nuanced view.

In dnlg1 loss-of-function mutants, distribution of mEJCs in the mutant was shifted
significantly to the right, indicating an increased number of larger responses. Postsynaptic
overexpression of dnlg1 had a reciprocal effect, increasing the number of smaller mEJCs.
Although changes in vesicle size or alteration in glutamate transport by vesicular ATPases
can affect mEJC distributions (Daniels et al., 2004; Karunanithi et al., 2002), ultrastructural
analysis of dnlg1 mutant synapses did not reveal defects in synapse vesicle size (Banovic et
al., 2010). Instead, the altered GluRIII staining in the mutants and the apparent muscle
autonomy of the overexpression phenotype indicate that dnlg1 negatively regulates the
clustering or turnover, and possibly the sensitivity of GluRs.

Banovic et al, 2010 demonstrated that dnlg1 is necessary for synaptic growth, and the effects
of dnlg1 overexpression presented here show that dnlg1 signaling is sufficient for the
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formation of nascent synapses in the NMJ. Thus, dnlg1 has a unique function in the
regulation of synapse growth and differs from the mammalian neuroligins, which are not
required for synapse formation in vivo. However, our data also show that dnlg1 signaling
modulates postsynaptic function and can attenuate neurotransmitter release, suggesting a
determinative regulatory role in synapse maturation. Vertebrate neuroligins have been
proposed to drive synaptic maturation through the recruitment of scaffolding molecules or
other PDZ domain binding proteins to the postsynaptic complex (Sudhof, 2008), and in the
case of nlg1, promote synaptic GluR localization (Heine et al., 2008; Mondin et al., 2011).
The accumulation of synaptic GluRs in dnlg1 mutants and the inhibitory effects of dnlg1
overexpression on synaptic transmission suggest that dnlg1 may inhibit GluR function by
antagonizing signals the promote GluR synaptic localization or organization.

Overexpression of dnlg1 in muscle results in overgrowth but attenuates synaptic function
The effect of muscle overexpression of dnlg1 on synaptic growth and neurotransmitter
release suggests a retrograde signaling mechanism. Overexpression of wild-type dnlg1 in
larval muscle using the BG487-Gal4 driver increased synaptic bouton number but reduced
quantal content, and both effects were suppressed by mutation in dnrx1. Thus, increased
synaptic growth and inhibition of neurotransmitter release resulting from retrograde DNlg1
signaling is mediated by DNrx1. Consistent with this hypothesis, overexpression of dnrx1 in
motor neurons increased synapse bouton number but reduced quantal content (Li et al.,
2007), a phenocopy of dnlg1 overexpression in muscle. Furthermore, dnrx1 mutants
suppressed the synaptic growth defects of dnlg1-gfp overexpression driven by mef2-gal4
(Banovic et al., 2010).

Increased retrograde signaling by DNlg1/DNrx1 promotes growth, but the nascent synapses
have reduced function not accounted for by defects in apposition of pre and postsynaptic
components or by a reduction in the number of active zones. Overexpression of dnlg1 likely
attenuates presynaptic function by increasing synaptic DNrx1 levels in the terminal. Banovic
et al., 2010 showed that dnrx1 is required to maintain DNlg1 levels at the synapse,
suggesting that trans-synaptic complex formation stabilizes both binding partners. Because
NRXs function to recruit molecules implicated in exocytosis (Atasoy et al., 2007; Biederer
and Sudhof, 2000; Hata et al., 1996; Ho et al., 2003), increased signaling may have
deleterious effects on presynaptic function, by altering subunit stoichiometry of components
of the release machinery. Alternatively, overexpression of DNlg1 may preclude binding of
additional DNrx1 ligands important for presynaptic function. Three additional neuroligins
encoded by the fly genome are potential DNrx1 binding partners including DNlg2 which
binds DNrx1 in vitro and is expressed both in muscle and motor neurons (Sun et al., 2011),
DNlg3 which is expressed in all neurons (B. Mozer, unpublished observations), and DNlg4.

Presynaptic regulation of dnlg1 expression during overgrowth
Constitutive activation of PI3K signaling in motor neurons (Howlett et al., 2008), mutations
in hiw, a neuronal E3 ubiquitin ligase (Collins et al., 2006; Wan et al., 2000; Wu et al.,
2005), and shaggy, which encodes the Drosophila homolog of GSK3-B (Franciscovich et
al., 2008; Franco et al., 2004) cause an increase in synapse bouton numbers and reduce
quantal content. Because of the shared phenotype and site of action in motor neurons PI3K,
hiw and shaggy may signal through a common pathway and epistasis experiments suggest
that hiw and shaggy act upstream of AP1 to regulate synaptic growth (Franciscovich et al.,
2008). We show that dnlg1 overexpression in muscle increased synapse bouton numbers and
reduced quantal content. This observation suggests that retrograde signaling by dnlg1 drives
growth and attenuates neurotransmitter release by inhibition of hiw or shaggy or the
activation of PI3K signaling in motor neurons.
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At the Drosophila NMJ, neuronal hyperexcitability increases synaptic growth and function
through alterations of cAMP levels and changes of gene expression mediated by
transcription factors including AP1 and CREB, the cyclic AMP responsive element binding
protein (Budnik et al., 1990; Davis et al., 1996; Sanyal et al., 2002; Zhong et al., 1992). We
find that DNlg1 expression is reduced during synapse overgrowth in eag Sh mutants or
following neural overexpression of AP1 suggesting that dnlg1 is negatively regulated by
activity. Similarly, (Schuster et al., 1996) showed that reduced expression of the homophilic
cell adhesion molecular fasciclinII (fasII) is necessary for synaptic overgrowth in eag Sh
mutants. Whether down-regulation of dnlg1 is required for synaptic overgrowth or
represents a homeostatic response to pro-growth signaling remain unanswered questions. In
eag Sh mutants, dnlg1 RNA is substantially reduced, suggesting that the postsynaptic
response to overgrowth involves changes in gene expression and not only protein turnover.
Future experiments will be needed to determine if transcriptional repression or alterations of
mRNA splicing or turnover account for the decreased dnlg1 RNA levels. Furthermore, the
fact that dnlg1 expression induces growth under some conditions (the present paper) and
inhibits growth in others (Banovic et al., 2010) suggests that spatial and/or temporal
regulation of dnlg1 is likely to be complex.

Regulation of dnlg1 expression by PI3K signaling
In vertebrates, PI3K signaling has been implicated in mechanisms that regulate synaptic
function and plasticity (Arendt et al., 2009; Cuesto et al., 2011; Kim et al., 2011; Man et al.,
2003). PI3K signaling activates mTOR kinase and has been postulated to increase
translation of synaptic proteins, but the down stream effectors that mediate synaptic changes
have not been identified. In the fly NMJ, presynaptic PI3K signaling regulates synaptic
growth (Martin-Pena et al., 2006) and dampens synaptic activity mediated by presynaptic
metabotropic glutamate receptors (Howlett et al., 2008). Alterations of synapse size and
function mediated by reduced PI3K signaling in neurons results in changes in adult
Drosophila behavior affecting odor perception (Acebes et al., 2011) and sensitivity to
alcohol (Eddison et al., 2011). We found that increasing PI3K signaling in the presynaptic
neuron, or inhibiting it in either the neuron or muscle, caused dramatic reduction of dnlg1
expression at the Drosophila NMJ. Whether reduced levels of DNlg1 are required to mediate
PI3K dependent alterations of synaptic size and strength, and the nature of the anterograde
signal to the muscle, remain to be determined. These observations suggest that neuroligins
are candidate downstream effectors of PI3K signaling pathways and that reduced dnlg1
signaling contributes to PI3K dependent synaptic changes and altered behavior.

A current model of autism proposes that increased translation of synaptic proteins due to
elevated PI3K/TOR signaling underlies synaptic dysfunction and the behavioral phenotypes
associated with the disease (Stern, 2011). Elevated PI3K signaling has been implicated in
autism associated with certain neurodevelopmental syndromes (Bourgeron, 2009; Kwon et
al., 2006) including fragile X (Gross et al., 2010; Sharma et al., 2010). In this context,
constitutive activation of presynaptic PI3K signaling in the Drosophila NMJ, is a simple
model of synaptic function of the autistic brain. Proteins whose levels increase in response
to elevated PI3K signaling likely contribute to pathogenic mechanisms of synaptic
dysfunction, so the downregulation of dnlg1 we observed may not be relevant to disease.
However, expression of Nlg1 was reduced in the hippocampus of fmr1 mutant mouse brain
(Dahlhaus and El-Husseini, 2009) suggesting that downregulation of nlg expression in
response to increased PI3K signaling occurs in vertebrate synapses in a mouse model of
autism. Our study provides evidence of linkage between PI3K/mTOR and nlg signaling at
the synapse and warrants further investigation of the role of neuroligins in PI3K-dependent
signaling processes relevant to neurodevelopmental diseases.
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Figure 1.
Reduced but normal synaptic transmission in dnlg1 mutants is due to fewer release sites. A)
Molecular map of dnlg1 locus and genetic reagents used in this study. The genes encoding
dnlg1 (CG31146) and dnlg3 (CG34127) are adjacent on Chromosome 3, and are transcribed
in opposite directions. The intron/exon structure of the dnlg1 gene has been described
(FLYBASE; see Methods for reference). Deletion of the region between PBac{wh}f00735
and PBac{wh}f00713 removes ~29 KB of DNA that includes the transcription start site and
most of the extracellular domain of the protein. The extent of the genomic rescue transgene,
P[acman, dnlg1+]72A15 is indicated by the grey bar at the bottom. (B–D) Confocal
projections of NMJs of larval muscle 6 and 7 stained with anti-cysteine string protein (CSP)
to visualize synaptic boutons. B) Wild-type (w;cs) terminal. C) dnlg1Δ46/ Df (“dnlg1−“)
mutant terminal, with fewer boutons. D) P[acman, dnlg1+]: dnlg1Δ46/ Df terminal, showing
rescue of synapse size by a single copy of a genomic transgene. E) Quantification of bouton
number. Bouton number is reduced significantly in dnlg1Δ46/Df, and is returned to normal
by P[acman, dnlg1+]. Number indicates individual NMJs analyzed. Asterisk indicates
significant difference from the wildtype. F) Average EJC amplitude is significantly reduced
in dnlg1Δ46 homozygotes and dnlg1Δ46/Df, and rescued by genomic transgene. Insets show
representative traces of wild-type, dnlg1Δ46 homozygote and dnlg1Δ46/ Df EJCs. G) mEJC
distribution is altered in dnlg1 mutants, with more events above and below the modal (peak)
value of approximately 0.7 nA. Inset shows examples of mEJCs in wildtype and mutant
larvae. Scale bar, 1 nA, 500 ms. H) Average quantal content, calculated by dividing average
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EJC amplitude by average mEJC amplitude. Standard errors were calculated from the sums
of squares of the errors of EJC and mEJC amplitudes (Meyer, 1975). Quantal content is
reduced drastically in the mutants and rescued by a single copy of P[acman dnlg1+]. I)
Effect of external Ca2+ concentration on EJC amplitude in wildtype and dnlg1 mutants. Data
were fitted with the Hill equation (see Methods). The slope and midpoint for the relationship
between Ca2+ and EJC amplitude were not different between dnlg1Δ46/ Df and the wildtype.
The maximum value of synaptic current (Imax) is significantly lower for the mutant,
suggesting fewer available release sites. J) Paired-pulse facilitation, an indicator of vesicle
release probability. dnlg1Δ46/ Df (grey bars) does not differ significantly from the wildtype
(w1118, black bars), at either 0.2 mM or 0.3 mM Ca2+. The insets above the bars at 0.3 mM
Ca2+ show representative traces at 0.3 mM Ca2+, illustrating the size disparity between the
genotypes.
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Figure 2.
DNlg1 is postsynaptic and regulates growth and synaptic function. (AD) Confocal
projections of NMJs from wildtype and dnlg1− larval muscle 6 and 7 segment A3, imaged at
63X. Insets show single confocal sections at 100X. A) DNlg1 (green) co-localized with
postsynaptic DPAK (red). B) Absence of DNlg1 (green) in dnlg1Δ46/ Df NMJ co-stained
with anti-DPAK (red). Scale bar, 25 μm main images, 5 μm insets. C, D) DNlg1 levels are
dramatically increased in BG487>dnlg1.2; dnlg1− NMJs compared to control (wt). Because
of the high signal intensity in BG487>dnlg1.2; dnlg1− NMJs (D), the gain of the detector
was decreased to prevent saturation. As a consequence, DNlg1 expression is not apparent in
the wild-type sample (C). Neuronal membranes are marked with anti-HRP to show the
presynaptic terminal. E) Overexpression of dnlg1 in larval muscle significantly increased
bouton number in mutant and wildtype (asterisks). F) overexpression of dnlg1 in larval
muscle attenuates synaptic transmission by a dominant mechanism. EJCs remained small in
BG487-Gal4/UAS-dnlg1-2; dnlg1− mutant larva despite restoration of dnlg1 expression in
muscle and increased synapse size. Evoked EJCs were significantly reduced in wildtype
NMJs overexpressing dnlg1 in larval muscle (BG487-Gal4/UAS-dnlg1-2;+) despite the
increase in synapse bouton number. Asterisks indicate significant difference from the wild-
type control, UAS-dnlg1-2; +. G. Effects of dnlg1 transgenes on mEJC distribution in
dnlg1Δ46 homozygotes. A genomic transgene, P[acman, dnlg1+] (blue) rescues amplitude
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distribution to the level of wild-type control (UAS-nlg1-1, black) compared to dnlgD46

mutants (UAS-nlg1-1; dnlgD46, red). Muscle-specific overexpression has the opposite effect
of the mutant, shifting the distributions to the left in both mutant (BG487-Gal4/UAS-
dnlg1-1;dnlg1Δ46, green) and wild-type backgrounds (BG487/UAS-dnlg1;+, cyan). H.
Amplitude distribution is narrowed and shifted to the left in BG487-Gal4/UAS-
dnlg1-1;dnlg1Δ46 (black line) compared to the wildtype (grey region), although the modal
value remains the same at 0.65 nA. I. Overexpression of dnlg1 in muscle reduces paired-
pulse facilitation significantly (asterisk).
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Figure 3.
dnrx1 mediates some effects of dnlg1 overexpression. A. dnlg1-dependent overgrowth is
blocked in dnrx1 mutants. Asterisk indicates that bouton number is significantly reduced
when dnlg1 is overexpressed in dnrx1 mutants (BG487>ng1.1; dnrx1273/Df) compared to
dnrx1 heterozygotes (BG487>ng1.1; dnrx1273/+). There is no significant difference between
dnrx1 mutants overexpressing dnlg1 and those carrying only the gal4 driver. B. Inhibition of
evoked release by dnlg1 depends on dnrx1. Overexpression of dnlg1 in muscles strongly
reduces EJC size in dnrx1 heterozygotes, an effect that is significantly reduce in dnrx1
homozygotes, which do not differ from dnrx1 mutants carrying only the gal4 transgene.
Asterisks indicate significant difference from BG487>ng1.1; dnrx1273/+. C. Muscle
overexpression of dnlg1 reduces mEJC amplitude equally in dnrx1 mutants and
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heterozygotes (cyan and dark red lines, respectively), compared to dnrx1 mutant controls
(dark blue line), indicating that dnrx1 function is not required for this phenotype.
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Figure 4.
Phospho-Inositol-3 Kinase (PI3K) signaling in motor neurons and muscle regulates dnlg1
expression. (A–E) Confocal projections of synapses, labeled with anti-DNlg1 (green) and
anti-HRP (red). (F – J) DNLg1 (single channel) only. (A–C, F–H) Increased or decreased
presynaptic PI3K signaling down regulates dnlg1 expression. Synaptic overgrowth triggered
by increased PI3K signaling reduced DNlg1 levels in NMJs of D42>PI3KCAAX (B, G)
compared to control (A, F). Attenuation of PI3K signaling in motor neurons also reduced
DNlg1 levels in NMJs of D42>PI3KDN (C, H) compared to controls (A, F). PI3K signaling
in muscle is required for normal dnlg1 expression. Postsynaptic attenuation of PI3K
signaling reduced DNlg1 levels in NMJs of C57> PI3KDN (E,J) compared to controls (D, I).
(K) Western blot of DNlg1 protein in larval body wall extracts from experimental and
control genotypes used for imaging. Dnlg1 antibody detects a polypeptide of ~150 KD
(arrow) in the wildtype that is absent in mutants and reduced by genetic alterations of PI3K
signaling in motor neurons and muscle (K). (L, M) Attenuation of PI3K signaling in muscle
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reduced the number of synaptic boutons. Confocal projections of larval NMJs labeled with
anti-CSP. L) Wild-type control. M) C57> PI3KDN. (N) C57>PI3KDN reduces bouton
number significantly (asterisk) (O) Average EJC amplitude is significantly increased in
C57>PI3KDN compared to control.
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Figure 5.
Presynaptic signaling acts non-cell autonomously to down-regulate DNlg1 levels during
overgrowth. A–E) Confocal projections of NMJs from synapse overgrowth genotypes and
controls labeled with anti-DNlg1 (green) and anti-HRP (red). DNlg1 staining (single
channel) is shown in panels F – J. Activity-dependent signaling down regulates dnlg1
expression. Synaptic DNlg1 levels are reduced in eag1Sh14 (G) compared to wild-type
controls (F), and following neural overexpression of AP-1 in elav-Gal4; UAS-AP1 NMJs (J)
compared to elav-Gal4 controls (I). hiw signaling is required for normal levels of dnlg1
expression. DNlg1 levels are reduced at hiwΔN mutant synapses (H) compared to controls
(F). K) Western blot of larval body wall extracts from wildtype, dnlg1− and two overgrowth
mutants probed with anti-DNlg1 antisera. A polypeptide of molecular weight 150kD (arrow)
is detected in wildtype that is absent in dnlg1Δ46/ Df and reduced in eag1 Sh14 and hiwΔN

mutants. L) dnlg1 RNA levels measured by Q-PCR are reduced in body walls from eag1

Sh14 as compared to wild-type controls.
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Figure 6.
A) Model of the proposed function of dnlg1 in the regulation of synaptic growth and activity
in the neuromuscular junction based on the analysis of loss of function and gain of function
mutants. Overexpression of dnlg1 causes increased growth of the synapse (indicated by
arrow), and attenuation of neurotransmitter release (indicated by bar) via retrograde
signaling that requires dnrx1 function. Dnlg1 overexpression attenuates GluR function and
the response to spontaneous release in muscle (indicated by bar), through a pathway that is
independent of dnrx1 function. Loss of dnlg1 function had the opposite effect on synapse
size, but did not facilitate synaptic transmission. B. Regulation of dnlg1 expression by
signaling pathways in motor neurons and muscle. Presynaptic signals that increase synaptic
growth reduce DNlg1 levels (indicated by bar) and implicate activity, ubiquitin dependent
proteolysis and PI3K signaling in the regulation of dnlg1 expression. At present, it is unclear
whether dnlg1 down-regulation is required for synaptic growth, or is part of a more complex
homeostatic pathway. Postsynaptic PI3K signaling modulates synaptic growth and function
and is also implicated in dnlg1 regulation. In this model, multiple signaling pathways
converge on dnlg1 to contribute to the regulation of synaptic growth and function through
non-cell autonomous and cell autonomous mechanisms.
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