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Neuroligin 2 Is Required for Synapse Development and
Function at the Drosophila Neuromuscular Junction
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Neuroligins belong to a highly conserved family of cell adhesion molecules that have been implicated in synapse formation and function.
However, the precise in vivo roles of Neuroligins remain unclear. In the present study, we have analyzed the function of Drosophila
neuroligin 2 (dnl2) in synaptic development and function. We show that dnl2 is strongly expressed in the embryonic and larval CNS and
at the larval neuromuscular junction (NM]J). dnl2 null mutants are viable but display numerous structural defects at the NM]J, including
reduced axonal branching and fewer synaptic boutons. dnl2 mutants also show an increase in the number of active zones per bouton but
adecrease in the thickness of the subsynaptic reticulum and length of postsynaptic densities. dnl2 mutants also exhibit a decrease in the
total glutamate receptor density and a shift in the subunit composition of glutamate receptors in favor of GluRIIA complexes. In addition
to the observed defects in synaptic morphology, we also find that dnl2 mutants show increased transmitter release and altered kinetics of
stimulus-evoked transmitter release. Importantly, the defects in presynaptic structure, receptor density, and synaptic transmission can
be rescued by postsynaptic expression of dnl2. Finally, we show that dnl2 colocalizes and binds to Drosophila neurexin (dnrx) in vivo.
However, whereas homozygous mutants for either dnl2 or dnrx are viable, double mutants are lethal and display more severe defects in
synaptic morphology. Altogether, our data show that, although dnl2is not absolutely required for synaptogenesis, it is required postsyn-

aptically for synapse maturation and function.

Introduction

Synaptogenesis is a complex process that leads to the precise
alignment of presynaptic and postsynaptic specializations (Gi-
agtzoglou et al., 2009). Ample in vitro studies have indicated
that synaptic adhesion molecules play important roles in these
processes (Scheiffele et al., 2000; Graf et al., 2004; Craig et al.,
2006; Margeta and Shen, 2010). Although homotypic cell ad-
hesion molecules such as Fas IT are involved in the initial steps
of synaptic recognition and adhesion (Ashley et al., 2005),
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heterotypic Neurexin and Neuroligin proteins are thought to
be particularly important for establishing the asymmetry of
the synapse, including the differential recruitment of presyn-
aptic and postsynaptic proteins to their respective subcellular
compartments (Scheiffele et al., 2000; Grafet al., 2004; Li et al.,
2007a; Zeng et al., 2007).

Neuroligins constitute a family of proteins whose struc-
tural, biochemical, and cell biological characteristics have
been well studied (Ichtchenko et al., 1995, 1996; Comoletti et
al., 2003). In vertebrates, there are four neuroligin genes (Ich-
tchenko et al., 1995, 1996; Bolliger et al., 2001) that encode
highly conserved proteins composed of a long extracellular
sequence that is glycosylated, a single transmembrane domain,
and a relatively short intracellular domain that includes a PDZ
[postsynaptic density-95 (PSD-95)/Discs large (Dlg)/zona
occludens-1] binding motif at the extreme C terminus (Irie et
al., 1997). The large extracellular domain of Neuroligins ex-
hibits high sequence similarity to acetylcholinesterase but
lacks cholinesterase activity (Ichtchenko et al., 1995). Rather,
the extracellular domain binds directly to its presynaptic part-
ner Neurexin (Ichtchenko et al., 1995; Comoletti et al., 2003).
The intracellular domain of Neuroligin can also interact with
several postsynaptic molecules, including the PDZ-domain
scaffolding protein PSD-95 and Shank (Irie et al., 1997; lida et
al., 2004; Meyer et al., 2004), which together are thought to
recruit postsynaptic adaptor proteins to synaptic junctions.



688 - J. Neurosci., January 12,2011 - 31(2):687-699

Early studies examining the function A
of Neurexin and Neuroligin in cell cul-
ture suggested that trans-synaptic inter-
actions between the two proteins were
essential for the formation of presynaptic
and postsynaptic specializations (Scheiffele
et al., 2000; Graf et al., 2004; Chih et al.,
2005; Nam and Chen, 2005). More recent
in vivo studies in mammals, however, sug-
gest that Neurexin and Neuroligin are not
required for synaptogenesis but rather
promote the stabilization and develop-
ment of newly formed synapses (Missler
et al, 2003; Varoqueaux et al., 2006;
Chubykin et al., 2007).

We have characterized the role of Dro-
sophila neuroligin 2 (dnl2) in the develop-
ment and function of the neuromuscular
junction (NMJ). We show that dni2 is ex-
pressed in the ventral nerve cord (VNC)
and at the NM]J. Null mutants in dnl2 are
viable but display locomotor defects. Im-
portantly, we observe significant reduc-
tions in the number of synaptic boutons
and in the abundance of postsynaptic re-
ceptors in dnl2 mutants. We also find de-
fects in postsynaptic densities and the
subsynaptic reticulum (SSR), which are
similar to those observed in immature syn-
apses. dnl2 mutants also exhibit alterations
in synaptic transmission with increased
stimulus-evoked transmitter release. Alto-
gether, we show that, although dnl2 is not
essential for synapse formation, it is re-

CTRL

quired for synapse maturation and
neurotransmission.
Materials and Methods

Drosophila stocks. All stocks were grown at 22—
25°C on standard medium. The wild-type
(WT) Drosophila melanogaster strain used in
this study was w'’’®. The 24B-Gal4 line was
obtained from the Kyoto stock center (stock
number 101856) and C57-Gal4 line was a kind
gift from V. Budnik (University of Massachu-
setts School of Medicine, Worcester, MA)
(Budniketal., 1996). UAS—dni2 transgenic flies
were generated by germ-line transformation
using a construct containing the entire dnl2
full-length ¢cDNA in a pUAST vector. Df(2L)
ED7007 (a deficiency that removes dnl2) was
obtained from the Bloomington Stock Center.
RNA interference (RNAi) transgenic flies (V44236 and V44237) against
dnl2 were obtained from the Vienna Drosophila RNAi Center.

Genomic deletions of the Drosophila neuroligin 2 gene. Targeted knock-out
(KO) of the dni2 genomic locus was generated as described previously (Gong
and Golic, 2003). Briefly, two pairs of primers (5'-tgaGCGGCCGCGACCT-
GAGTAAGTCGGGATGG-3" and 5'-tgaGCGGCCGCGAGCTTCAATT-
GGCCCGCTGG-3";  5'-tgaGGCGCGCCAGTTGACGGCTTCGGG-
ATTC-3' and 5'-tgaGGCGCGCCTCAAATCCAAATAGGACTCCAC-3")
were used to amplify the upstream (5" arm; —2924 to —9) and down-
stream (3’ arm; 1803—6079) fragments of the dnl2 gene from w' !/ DNA.
These fragments were cloned into the pW25 vector (Drosophila Genom-
ics Resource Center) and used for generating transformants. Transgenic
flies were generated by embryo injection using standard methods (Spra-
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dnl2 expression in the (NS and synaptic boutons of glutamatergic NMJs. A—C, Transcription pattern of dn/2 visualized
by in situ hybridization in stage 16 whole-mount Drosophila embryos. A, Lateral view of control (CTRL) embryo probed with sense
probe. Lateral (B) and ventral (€) views of whole embryos at stage 16 (B) showing generalized expression of dnl2 in the brain
(arrowheads) and ventral nerve cord (arrow). D, D', Lateral (D) and ventral (D") views of stage 16 embryos stained with anti-Dnl2
antibody confirming Dnl2 expression in the embryonic CNS. E~E”, Third-instar larval brain costained with anti-Dnl2 antibody (E)
and anti-Dnrx (E') showing colocalization of these two proteins (E”). F—F", Double staining of wide-type third-instarlarval NMJ on
muscles 6/7 with anti-Dnl2 (F) and anti-DIg (F’, which labels glutamatergic type | boutons), showing that Dnl2 is highly expressed
in type | boutons. Lower level of expression is also seen throughout body wall muscle. G-J”, Confocal images of synaptic boutons
double labeled for Dnl2 (G-J) and the synaptic marker Dnrx (G"), Dlg (H"), Fas 11 (I"), or Syt (") showing colocalization of Dnl2 with
these proteins. Scale bars: E=E”, 50 pum; F=F", 20 pum; H-H", 1 um.

dling and Rubin, 1982). Virgin female donor flies bearing the targeting
construct on the third chromosome were crossed to yw; P[70 FLP|P[701-
Scel]/TM6 (Bloomington Stock Center #6935) flies and the 3-d-old
progeny were heat shocked for 60 min at 38°C to induce homologous
recombination. A total of 18 independent dnl2X® alleles with homolo-
gous recombination events between the donor DNA fragment and the
dnl2 locus were identified by genomic PCR screening. Two independent
lines, dni2X°7% and dni2X°"”, were further confirmed by using Western
blot analysis and used for the present study.

Antibody production, Western blotting, and immunoprecipitation. Rab-
bit polyclonal antibodies and mouse monoclonal antibodies against Dnl2
were generated using a recombinant protein containing the cytoplasmic
region of Dnl2 fused with a His6 tag at the N terminus. The serum was
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Targeted inactivation of dn/2 by homologous recombination. 4, The structure of the dn/2 locus, targeting vector, and
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labeled sense and antisense RNA probes were
generated in vitro with a DIG labeling kit
(Roche Applied Science) using linearized
pBluescript SKII (—)-Neuroligin 2 (1-200) as
templates. Whole-mount in situ hybridization
was performed according to standard proce-
dures (Vosshall et al., 2000).

Preparation and immunostaining of whole-
mount embryos and dissected wandering third-
instar larvae were performed as described
previously (Zeng et al., 2007). For immunostain-
ing experiments, the primary antibodies used in-
cluded the following: rabbit anti-Dnl2 (1:100),
mouse anti-Dnl2 6D5 (1:10), anti-Bruchpilot
(BRP) (nc82; 1:25; DSHB), monoclonal anti-
DLG 4F3 (1:500; DSHB), monoclonal anti-Fas II
(1:25; DSHB), anti-GIuRIIA (1:50; DSHB),
monoclonal anti-synaptotagmin (Syt) (1:50;
DSHB), rabbit anti-Drosophila p21-activated ki-
nase (DPAK) (1:2000; gift from N. Harden, Si-
mon Fraser University, Burnaby, BC, Canada)
(Harden et al., 1996), and rabbit anti-GluRIII
and rabbit anti-GluRIIB (1:2000; gifts from A.
DiAntonio, Washington University, St. Louis,
MO) (Marrus et al., 2004). The secondary anti-
bodies used were conjugated to tetramethylrho-
4 damine isothiocyanate or FITC (1:300; Jackson
ImmunoResearch).

Imaging and analysis. Images were collected
and analyzed on a Carl Zeiss confocal station
using the LSM510 software. Quantification of
bouton numbers was performed at muscles 6/7
and muscle 4 of abdominal segment 3. The to-
tal boutons at NMJ6/7 and type Ib boutons at
NMJ4 were visualized by staining of body wall
muscle reparations with anti-HRP antibodies
and anti-DIg. Branches were defined as sec-

pW25-dn/KO

targeted locus are shown. Positions of primers used for PCR screening of targeted mutant flies in B are shown at the bottom of 4.
B, PCR analysis of genomic DNA from WT and dn/2*%”° flies. A PCR product with a predicted size of 4.0 kb is generated only with
genomic DNA from mutant flies because primer 1 s located outside the 5’ arm of the targeting vector and primer 2 is within the
white gene. ¢, Northern blot analysis of total RNA isolated from the adult head using a dn/2 probe showing the predicted full-length
4.8 kb mRNAin WT but not in dn/2“” flies. D, Western blot analysis of adult head extracts using anti-Dnl2 showing the expression

tions of neurites containing at least two bou-
tons and extending from the principal axis of
the axon that runs along the boundary between
the 6 and 7 muscles.

For comparisons of fluorescent intensities

ofa 70 kDa protein in WT but not in homozygous dn/2*%”° or dni2“%7%*" mutant flies.

affinity purified using a column packed with the same recombinant pro-
tein fused to glutathione S-transferase and used for Western blot analysis
and immunostaining at the indicated dilutions.

Western blotting analysis was performed as described previously (Ed-
eryetal., 1994; Zengetal., 2007). In brief, adult heads were homogenized
with lysis buffer and centrifuged at 13,000 rpm at 4°C for10 min, and the
supernatant was collected. The protein lysates were electrophoresed on
an 8% SDS-PAGE gel and electrotransferred onto polyvinylidene diflu-
oride membranes. Immobilized proteins on the membrane were probed
with the rabbit polyclonal antibody to Dnl2 (1:1000 dilution) and then
incubated with HRP-conjugated secondary antibodies. The same blots
were probed with a mouse monoclonal antibody to Tubulin (1:10,000
dilution) as a loading control [E7; Developmental Studies Hybridoma
Bank (DSHB)]. The targeted proteins were visualized with Qentix
Western signal enhancer and SS West Pico Substrate detection
(Pierce). For immunoprecipitation, adult heads were lysed in radio-
immunoprecipitation assay (RIPA) buffer with protease inhibitor
(Roche). A total of 25 ml of 50% RIPA/50% protein A-Sepharose plus
3 mg of antibody [anti-Dnl2 or anti-Drosophila neurexin (Dnrx)] was
used for overnight incubation at 4°C. Protein A beads were washed
and resuspended in SDS loading buffer (with 100 mm DTT) and
analyzed by SDS-PAGE and immunoblotting.

In situ hybridization and immunocytochemistry. The sequence encod-
ing the first 200 amino acids of the dnl2 gene was PCR amplified and
cloned into pBluescript SKII (—) (Stratagene). Digoxigenin (DIG)-

across genotypes, samples from different geno-

types were dissected and fixed under the same

conditions, processed in the same vial, and im-
aged with identical settings. Individual synapses were optically sectioned
at 0.2 wm (18-25 sections per synapse) using a piezo-electric driven
z-drive controlling the position of a Carl Zeiss 63 X oil-immersion objective.
The intensity of immunostaining was quantified as follows: a two-
dimensional projection of the maximal fluorescence at the NMJ (muscle 4)
was created from a series of 0.2 wm synaptic sections. The average fluores-
cence was calculated over the entire synaptic area. For analyzing DGIuR
levels, synaptic areas were defined as delimited by HRP immunoreactivity,
and the staining intensity within this area was averaged.

Electron microscopy. The methods for EM of third-instar larvae NMJ
6/7 used in this study were described previously by Schmidt et al. (2008).
In brief, third-instar larvae body wall muscles were rapidly dissected in
physiological Ringer’s solution (in mm: 160 NaCl, 3 MgCl, and 12
HEPES). The dissected third-instar larvae (NM] 6/7; segment A3) were
first fixed for 4 h at 4°C in 4% glutaraldehyde, 2 mm CaCl,, and 4 mm
MgCl, in 0.1 M sodium cacodylate buffer, pH 7.2. The samples were then
washed four times with 0.1 M sodium cacodylate buffer, pH 7.2, and
postfixed for 1.5 h with wash buffer containing 1% osmium tetroxide.
After three brief washing steps in distilled water, the samples were stained
en bloc for 1 h on ice with 1% uranyl acetate in distilled water. After a
brief wash with distilled water, samples were dehydrated at room tem-
perature with increasing ethanol concentrations, infiltrated in Epon resin
(first in 100% EtOH/Epon at 1:1, for 30 and 90 min, and then in 100%
Epon overnight), and embedded in three successive steps at 30°C, 45°C,
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Table 1. Synaptic transmission is elevated in dn/2"°”° mutants

W1118 dnl2K070

Low calcium High caldium  Low calcium High calcium
mEJP amplitude (mV) ~ 0.95*+0.05 095005 089 =004 096+ 0.05
mEJP frequency (Hz) 175 =03 14 +0.1 127 = 0.15 1.6 £ 0.1
EJP amplitude (mV) 209 + 2.1 39812 283 *+23 46.9 =23
Rise time (ms) 72+04 803 49 +0.25 6.1 +0.14
Decay time (ms) 193+ 1.2 188 = 1.1 10.8 = 0.9 14.7 = 0.5

Values are listed as the mean == SEM. Low calcium, 0.2 mu; High calcium, 0.8 mu.

and 60°C, each lasting for 24 h. The samples were then trimmed, and
series of 80—90 nm ultrathin sections were cut with a 35° diamond knife
(Diatome) on a Reichert Ultracut Ultramicrotome (Leica) and mounted
on Formvar-coated grids. The sections were finally stained in uranyl
acetate and lead citrate. Micrographs were obtained with a Philips EM
301 transmission electron microscope.

Electrophysiology. Conventional intracellular recordings were used for
assessing NMJ neurotransmission (Jan and Jan, 1976). Wandering third-
instar larvae were dissected in Ca?"-free HL3.1 saline, gut and fat were
removed, and the body wall was spread out to expose the nerve and
muscle. Microelectrodes (20-50 M(2) were pulled from the borosilicate
glass (WPI) with a glass puller (P-2000; Sutter Instruments) and filled
with a 50:50 mix of 3 M KCl and 3 M potassium acetate. Recordings were
performed at room temperature with an Axoclamp 2B amplifier (Molec-
ular Devices) in bridge mode. Recording data were digitized with a Digi-
tizer 1322A (Molecular Devices) and collected by pClamp 9.1 (Molecular
Devices) software. For excitatory junction potential (EJP) recordings, the
segmental nerve was cut, and the free end was drawn into a microelec-
trode and stimulated with a Grass S48 stimulator (Astro-Grass) at 0.3 Hz
with suprathreshold stimulating pulse, and 25-30 EJPs in NMJ 6 in A3
segment were recorded in each animal. Miniature EJPs (mEJPs) were
recorded for 120 s after EJP recordings. Data were processed with mini-
Analysis (Synaptosoft) software and statistically evaluated with Sig-
maPlot software. Only the recordings with resting membrane potentials
ranging from —55 to —65 mV were used for analysis. Paired-pulse ex-
periments were performed by delivering pairs of stimuli at varying inter-
stimulus intervals in 0.2 mM calcium. The paired-pulse ratio was
calculated as the amplitude of the second EJP (test pulse) divided by the
amplitude of the first EJP (conditioning pulse).

Statistical analysis. In all experiments, analyses, and whenever possible,
experiments were performed blind with respect to the genotypes used.
All the averaged data in this study were reported as mean = SEM. p <
0.05 was considered to be significant. Statistical significance was deter-
mined using either Student’s tests for comparisons of two groups or
ANOVAs followed by the appropriate post hoc test for comparisons of
multiple groups. p values and the test used are indicated in figure legends.

Results

Identification of the Drosophila Neuroligin 2 gene

Analysis of the Drosophila melanogaster genome revealed the pres-
ence of four neuroligin-like genes (CG13772, CG34127, CG34139,
and CG31146). All four of the putative neuroligin genes encode
proteins that share significant amino acid similarity with vertebrate
Neuroligin and a similar predicted protein structure; however, based
on protein sequence alignments, the four Drosophila neuroligins and
mammalian neuroligins evolved from a common ancestor (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental mate-
rial). As such, we cannot draw a direct correlation between any one
Drosophila neuroligin and the mammalian neuroligins. We had pre-
viously identified a full-length cDNA clone from a Drosophila brain
cDNA library that corresponds to the CG13772 gene, which was
submitted to flybase as dneuroligin (dnl) (http://www.ncbi.nlm.nih.
gov/nuccore/7716609?report=genbank). A recent unbiased screen
for genes affecting NM]J structure, however, identified
CG31146 and named that homolog Drosophila neuroligin 1
(Banovic et al., 2010). The present study examines the role of the
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Figure3. Enhanced synaptic transmission at NMJs in dn/2 mutants. 4, Representative traces

of mEJPs in WT (top row) and dn/2“*”° (bottom row) mutants recorded from muscles 6/7 in
abdominal segment 3. B, Representative traces of stimulus-evoked EJPs in muscles 6/7 in WT
(black trace) and dn/2*%7 (red trace) mutants recorded in 0.8 m calcium. C, D, No significant
differences were observed in either the amplitudes (C) or frequencies (D) of mEJPs between WT
and dn/2*%7° mutants recorded in either high (0.8 mm) or low (0.2 mm) calcium. E, Stimulus-
evoked EJP amplitudes were significantly increased in dn/2*%° mutants (*p < 0.05, Student's
t test) in both high (0.8 mm) and low (0.2 mm) calcium. F, Pairs of stimuli were delivered at
varying interstimulus intervals in 0.2 mm calcium, and the paired-pulse ratio was calculated as
the amplitude of the second EJP divided by the amplitude of the first EJP. dn/2°”° mutants
showed significantly less facilitation than the controls at all interstimulus intervals tested. G, H,
Both therise times (G) and the decay times (H) of stimulus-evoked EJPs were shorterin dnl27°
mutants in both high (0.8 mm) and low (0.2 mm) calcium. **p << 0.07 versus WT, ***p << 0.001
versus WT, Student’s ¢ test.

CG13772 homolog originally named dneuroligin, which we now
term Drosophila neuroligin 2 (dnl2) to avoid confusion. The dnl2
gene is located on the left arm of the second chromosome at cyto-
logical position 27C3-4 and is composed of 13 exons and 12 introns.
dnl2 encodes a 1248 amino acid long protein with a predicted mo-
lecular weight of 137 kDa. Similar to vertebrate neuroligins, Dnl2 is
also predicted to comprise three distinct regions: an N-terminal ex-
tracellular acetylcholinesterase-like domain, a single transmem-
brane region, and a C-terminal cytoplasmic region with a conserved
PDZ binding motif (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material). The extracellular domain
also contains several putative N-glycosylation sites and a serine/
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versus dnl2X97°, #p < 0,001 versus dn/2*°”°, Mann—Whitney test.

threonine-rich region for potential O-glycosylation between the
acetylcholinesterase-like domain and the transmembrane domain
that may affect neurexin binding (Comoletti et al., 2003).

dnl2 is expressed in central neurons and at glutamatergic
neuromuscular junctions

To determine the expression of dnl2, we first performed in situ
hybridization using DIG-labeled RNA probes. In early embry-
onic stages, dni2 transcripts were detected uniformly throughout
the embryo (data not shown). However, by stage 14, dnl2 mRNA
was primarily restricted to the brain and VNC (Fig. 1B,C). To
verify these results at the protein level, we developed an affinity-
purified monoclonal antibody against the C terminus of Dnl2
and performed immunostaining. The specificity of this antibody
was confirmed by using dni2 null mutants (supplemental Fig. S2,
available at www.jneurosci.org as supplemental material). Con-
sistent with in sifu experiments, Dnl2 protein was enriched in
neuropil regions of the embryonic brain and ventral nerve cord
(Fig. 1 D). High levels of Dnl2 were also observed in the brain and
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VNC of third-instar larvae in which it co-
localized with Drosophila  neurexin
(Dnrx) (Fig. 1E). Dnl2 expression in the

NMJ 6/7

CNS was widespread and uniform and
did not appear to be preferentially local-
ized with any specific neurotransmitter or
neuro-hormone. We also detected Dnl2
staining in the abdominal muscles of
third-instar larvae, with more concen-
trated staining at NMJs (Fig. 1 F). To more
precisely determine the localization of
Dnl2 within boutons, we compared Dnl2
staining with an assortment of character-

ized synaptic markers. Similar to our re-
sults in the CNS, Dnl2 strongly
colocalized at the NM]J with neurexin (Fig.
1G"). We also observed strong colocaliza-
tion of Dnl2 with the postsynaptic PSD-
95-like protein Dlg (Fig. 1 H"), the neural
cell adhesion molecule homolog Fas II
(Fig. 1I"), and the presynaptic vesicle

NMJ Gg marker Syt (Fig. 1J”). Together, these re-

o sults suggest that Dnl2 is strongly ex-

Reduced synaptic boutons at larval NMJs in dn/2 mutants. A=F’, NMJs at muscle 6/7 (A—F) and muscle 4 (A'—F') of
larval abdominal segment 3 labeled with anti-HRP and anti-Dlg showing reduced NMJ expansion and fewer boutons in dn/2 null
mutants dn/2”° (B, B"), dnl2*°7°/Df (C, '), and transgenic mutants expressing dn/2 RNAi driven by 24B—Gal4 (D, ') compared
with WT flies (4, A"). The deficits in mutant dn/2“%7” is rescued by muscle expression of UAS—WT dn/2 cDNA with either 24B—Gal4
(E,E") or (57—Gal4 (F, F'). Scale bars, 20 wm. G, H, Summary graphs showing significant reduction in the numbers of total boutons
at NMJ 6/7 () and type Ib bouton at NMJ4 (H) in both null mutants and dn/2 RNAi transgenic flies compared with WT control. /,
Summary graph showing decreased synaptic branching in dn/2 null mutants and dn/2 RNAi transgenic flies. Note the reduced
branching and bouton numbers in dn/2 null mutants and dn/2 RNAi transgenic flies are rescued by muscle expression of a UAS—dn/2
(DNAwith either 24B—Gal4 (24B—rescue) or (57—Gal4 ((57—-rescue). **p << 0.01 versus WT, ***p << 0.001 versus WT, ’”‘p <0.01

pressed at both developing and mature
synapses.

Targeted disruption of the Drosophila
dnl2 gene

To investigate the in vivo functions of
dnl2, we generated dnl2 null mutants us-
ing gene targeting through ends-out
homologous recombination (Gong and
Golic, 2003) (see Materials and Methods).
Briefly, the targeting construct consisted
of a mini-white marker gene flanked by
2.9 and 4.3 kb genomic sequences sur-
rounding the firstintron of dni2 (Fig. 2A).
Homologous recombination between the
donor DNA and endogenous dnl2 locus
resulted in a null allele by replacing a 2 kb
fragment (from the start codon ATG to
the middle of the first intron of the dni2
gene) with the mini-white transgene.
Eighteen independent dnl2 knock-out
(dni2®°) lines were identified by PCR analysis, and the absence of
dnl2 gene expression in these lines was confirmed by Northern
and Western blotting analysis (Fig. 2 B-D). Of note, in WT
flies, the predominant form of Dnl2 that we detected had an
apparent molecular weight of 70 kDa. This was much smaller
than the predicted size, suggesting that the protein may un-
dergo extensive processing. We also detected a similar 70 kDa
protein using two additional anti-Dnl2 antibodies that recog-
nized either the C-terminal portions of Dnl2 or the central
domain (data not shown). In all cases, the 70 kDa form of Dnl2
was detected in extracts from wild-type flies and was com-
pletely absent in dn/2X° mutant lines, indicating that the an-
tibody is specific for Dnl2 and that the mutants are protein
null. The dnl2° lines were viable and fertile with no detect-
able abnormalities in body size or morphology. However, lo-
comotor tests showed that the mutant larvae had significantly
reduced locomotor activity (supplemental Fig. S3, available at
www.jneurosci.org as supplemental material), which may
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Table 2. dnl2 *%7° NMJs have numerous presynaptic and postsynaptic defects
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1118

w dn[21070 dnl2®°/pf 24B-RNAi 24B-rescue (57-rescue

NMJ morphology

m6/7 boutons 914+18 525+24 56.7 =33 76 =5 99.6 £ 6.1 89.5 4.1

m4 boutons 21+06 149 = 0.5 13.9 =08 16.6 = 0.6 199 +1.2 21814

Branch points 109 =04 8703 8102 8703 109 =04 98+ 04
Active zones

Brp clusters 19.1+0.8 227 %09 228*09 ND ND ND

Brp intensity (%) 100 = 6.6 110.1 =10 17.1+8.1 ND ND ND

DPAK clusters 189 = 0.8 25+08 229*09 ND ND ND

cluster size (um?) 1.4 £ 0.07 1004 1.1 £ 0.06 ND ND ND

DPAK intensity (%) 100 = 8.3 945+ 84 99.2 £ 6.5 ND ND ND
Ultrastructure

T-bars 1302 2+02 25+03 ND 1.2+03 ND

SSR thickness(nm) 708.1 £ 57.1 4732 =212 4873 = 24.7 ND 7211 £ 477 ND

PSD length (nm) 617.2 = 16.6 4448 =123 4727 = 16.4 ND 632.8 =26 ND
GluR staining

GluRIll (%) 100 = 4.7 60.6 = 3.6 498+ 6 802 £58 918 £76 122+ 63

GIuRIIA (%) 100 = 6.1 124 +7.1 1219 = 6.6 1228 +7 1243 =8 130.4 = 9.6

GIuRIIB (%) 100 = 5.9 62.7 =26 584 35 616 =13 776 £53 20.1 =08

m6/7 boutons, Total number of Ib and Is boutons on muscles 6 and 7 in abdominal segment 3; m4 boutons, total number of Ib boutons on muscle 4 in abdominal segment 3; Branch points, number of neurites containing at least two boutons
and extending from the principal axis of the axon that runs along the boundary between the 6 and 7 muscles; Brp and DPAK clusters, number of Brp- or DPAK-positive clusters per bouton. Brp and DPAK intensity, staining intensity of Brp and
DPAK clusters, respectively, expressed as a percentage of the WT staining intensity; T-bars, number of T-bars per bouton; SSR thickness and PSD length, morphometric measurements of the thickness of the SSR and PSD; GluR staining,

intensity of GIuR subunit staining expressed as a percentage of the WT value; ND, no data for that genotype.

suggest defects in synaptic function at the NMJ and/or in
the CNS.

Altered synaptic transmission in dnl2 mutants

Previous studies in mice have shown functional defects in neu-
roligin loss-of-function mutants (Varoqueaux et al., 2006;
Chubykin et al., 2007). To investigate a potential synaptic basis
for the locomotor deficit observed in dnl2 mutants, we examined
synaptic transmission at the NMJ. We first examined spontane-
ous and evoked transmission under approximately physiological
conditions (0.8 mM calcium). Under these conditions, we found
that neither the amplitude nor frequency of spontaneously oc-
curring mEJPs were significantly different in dnl2 mutants (Table
1, Fig. 3A, C,D). In contrast, however, the amplitude of stimulus-
evoked EJPs showed a small but significant increase in dnl2 mu-
tants (Table 1, Fig. 3B, E). Similar results were seen in NMJs of
dnl2X°7° flies balanced over a deficiency that covers the neuroli-
gin 2 gene region (mEJP amplitude, dnl2“°”’/Df = 0.91 + 0.5
mV; mEJP frequency, dnl2X°7/Df = 2 = 0.1 Hz, p < 0.05 vs WT;
EJP amplitude, dnl2X°7°/Df = 46 = 1 mV, p < 0.01 vs WT).
Because the postsynaptic response to a single vesicle of transmit-
ter (mEJP amplitude) is not significantly altered in dnl2 mutants,
the results suggest that more transmitter is released from dnl2
mutant terminals after stimulation. Given the large size of the
EJPs recorded in 0.8 mM calcium, we wondered whether larger
differences in transmitter release may be masked by either non-
linear summation of the EJPs or saturation of the postsynaptic
receptors. To address this issue, we reexamined spontaneous and
stimulus-evoked transmitter release under conditions of lower
transmitter release probability (0.2 mm calcium). Under these
conditions, we still observed no significant difference in mEJP
amplitude or frequency (Table 1, Fig. 3C,D). As expected,
stimulus-evoked transmitter release was significantly reduced in
both control and dnl25°”’ mutants at 0.2 mm calcium compared
with 0.8 mM calcium (Table 1, Fig. 3E). As seen in high (0.8 mm)
calcium, however, stimulus-evoked EJP amplitude was signifi-
cantly elevated in dnl2X°7% mutants in low (0.2 mM) calcium
(Table 1, Fig. 3E). Furthermore, the relative increase in EJP am-
plitudes observed in dnl2“”° mutants in low calcium was not

different from the increase observed in high calcium, suggesting
that the small difference between control and dnl2X°”” is not
attributable to a saturation of either the release machinery or the
postsynaptic receptors.

The above results may be indicative of an increase in transmit-
ter release probability. To determine whether transmitter release
probability is altered in dnl2 mutants, we examined paired-pulse
plasticity. Pairs of stimuli were delivered in low calcium (0.2 mm)
at varying intervals, and the paired-pulse ratio was calculated as
the amplitude of the second (test) EJP divided by the amplitude
of the first (conditioning) EJP. In control preparations, the test
pulse was consistently larger than the conditioning pulse at all
interstimulus intervals tested (Fig. 3F). In contrast, however,
dnl2”° mutants showed significantly less facilitation at all inter-
stimulus intervals tested. This decrease in paired-pulse plasticity
suggests an increase in transmitter release probability in dnl2”°
mutants.

In addition to the differences in the amplitude of stimulus-
evoked transmitter release, we also observed differences in the
kinetics of the EJPs and mEJPs in dnlX°”? mutants. Both the rise
time and decay time of stimulus-evoked EJPs were significantly
reduced in dnl2“”° mutants (Table 1, Fig. 3G,H ). These reduc-
tions in rise time and decay time were observed in 0.8 and 0.2 mm
calcium (Table 1, Fig. 3G,H ). We also observed a reduction in the
rise time of mEJPs, although we saw no significant difference in
the decay time of mEJPs (data not shown). Together, these results
suggest that dnl2 is required at NMJs in Drosophila in which it
plays an important role in regulating synaptic function.

dnl2 mutants have reduced numbers of synaptic boutons at
the NMJ

Studies in mammals have shown that loss of one or more neu-
roligins leads to defects in synaptic transmission without any
significant defects in synaptic morphology (Varoqueaux et al.,
2006; Chubykin et al., 2007). To determine whether the alter-
ations in synaptic function observed in dnl2 mutants are attrib-
utable to underlying morphological changes in the number or
organization of synapses, we analyzed the overall pattern of in-
nervation at the NMJ in both WT and dnl2 mutants by immuno-
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staining for HRP, a pan-neuronal marker widely used for
assessing synapse morphology and the numbers of synaptic bou-
tons. Specifically, we examined axon branching and bouton
numbers at muscles 6/7 and muscle 4 of abdominal segment 3 in
third-instar larvae. Muscles 6/7 are innervated by two axons, the
MNG6/7-Ib and the MNSNDb/d-Is, which give rise to type Ib and Is
boutons, respectively (Hoang and Chiba, 2001). Muscle 4 is in-
nervated by three different neurons, the MN4-Ib and the
MNISN-Is, which give rise to type Ib and type Is boutons, respec-
tively, and the MNISN-II, which gives rise to type II boutons
(Hoang and Chiba, 2001). Only the type Ib boutons on muscle 4,
however, were counted in this analysis, whereas all boutons on
muscles 6/7 were counted. During initial examination of the
NM]Js in control and dnl2 mutants, we found that synapses were

J. Neurosci., January 12,2011 - 31(2):687- 699 * 693

formed in dnl2 mutants and that the over-
all pattern of innervations was similar be-
tween WT and dnl2 mutants (Fig. 4A, B),
suggesting that dnl2 is not absolutely re-
quired for synapse formation. Closer ex-
amination however, showed that the
number of boutons was significantly re-
duced in the mutants compared with WT
controls (Table 2, Fig. 4G). The decreased
numbers of boutons was also associated
with a significant decrease in the extent of
synaptic arborization in dnl2 mutants
(Table 2, Fig. 41). To confirm these results
independently, we then used RNAi (Fire
et al., 1998) to knockdown dni2 expres-
sion. Specifically, we used the 24B-Gal4
driver, which is expressed in embryonic
and larval muscle, to drive expression of a
UAS—dnl2®N4" construct and observed a
significant reduction in bouton number and
synaptic arborization (Table 2, Fig. 4D, G-
I). To confirm that these deficits were at-
tributable to a specific reduction in the level
of Dnl2 protein, we performed rescue ex-
periments whereby a WT UAS—dnl2 trans-
gene was expressed in the mutant muscle
using either the 24B-Gal4 driver or the
C57-Gal4 driver, which drives expression in
all larval muscles, from mid first- to third-
instar larval stages (Budnik et al., 1996;
Packard et al., 2002). As shown in Figure
4 E-1, both bouton number and synaptic ar-
*x borization were fully restored to WT levels
(Table 2). Together, the results suggest that,
although dnl2 is not absolutely required for
synapse formation, it is required for proper
proliferation and/or maturation of synaptic

dnl2 mutants have altered active zones and PSDs. A-C", Confocal images of individual NMJ boutons costained with
nc82 (anti-Brp) and anti-DPAK showing an increase in the number of BRP and DPAK staining clusters in dn/2 mutants (B, dn/2¢”°;
€, dnl2°7°/Df) and a reduction in the size of DPAK staining clusters in dn/2 mutants compared with WT control. D, The total number
of DPAK clusters per bouton was increased in dn/2 mutants. E, The average staining intensity of Brp spots was also increased in dn/2
mutants. F, Summary graph showing a small but significant decrease in the mean size of DPAK clusters compared with WT control.
Box plots depict the 25 and 75% quartiles (top and bottom edges of the box) and the minimum and maximum values (bottom and
top bars). *p << 0.05 versus WT, **p << 0.01 versus WT, ***p < 0.001 versus WT, Mann—Whitney test. Scale bar, 1 m.

boutons during larval development.

Increased active zone number and
reduced PSD size in dnl2 mutants
Enhanced synaptic responses accompa-
nied by a reduction in the number of syn-
aptic boutons suggested to us that the
properties within individual boutons were
altered in dnl2 mutants. To test this possibil-
ity, we examined presynaptic active zones
(AZs) and the postsynaptic density. To as-
sess presynaptic active zones, we used a
monoclonal antibody against Brp, a synaptic marker known to spe-
cifically label the AZs at the NMJ synapse (Wucherpfennig et al.,
2003). To assess postsynaptic organization, we examined the expres-
sion pattern of p21-activated protein kinase (PAK). The PAKs are a
family of serine/threonine kinases that serve as targets for the small
GTP-binding proteins Cdc42 and Rac and are important in the reg-
ulation of cytoskeleton organization (Bagrodia and Cerione, 1999).
In Drosophila, DPAK has been shown to specifically localize in the
PSD of the NM]J synapse (Wan et al., 2000).

In both WT and dnl2 mutant larvae, Brp staining clusters were
prominent at the NM]J (Fig. 5A-C), indicating that active zones
could be formed in the mutants. Interestingly, the total number
of Brp clusters per bouton was significantly increased in the mu-
tants compared with WT controls (Table 2, Fig. 5D). The average
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Organization of the postsynaptic density is normal in dn/2 mutants. NMJ boutons were costained with anti-DPAK and anti-Fas Il antibodies. In both the WT (A) and dn/2 mutants (B-C),

DPAK clusters closely appose Fas Il clusters. Although the number and size of DPAK clusters was altered in dn/2 mutants (Fig. 5), the DPAK clusters were still closely apposed to Fas Il clusters in both

dnl2°7° (B) and dni2*°7°/Df (€) mutants. Scale bar, 2 um.

intensity of individual Brp clusters was also increased in dnl2
mutants (Table 2, Fig. 5A-C,E).

In both WT and dnl2 mutants, DPAK antibodies labeled well
defined patches adjacent to the Fas II clusters along the surface of
the bouton (Fig. 6A). In dnl2 null mutants, however, the total
number of DPAK staining clusters per bouton was significantly
higher compared with WT controls (Table 2, Fig. 6 A—C). Inter-
estingly, the mean size of individual DPAK staining clusters was
significantly decreased (Table 2, Fig. 5F). However, the average
intensity of staining in DPAK clusters was not altered in dnl2
mutants (Table 2). The increased density of active zones and
PSDs observed in dnl2 mutants suggests a role for dnl2 in bouton
maturation/development.

Ultrastructural abnormalities of NM]J synapses in

dnl2 mutants

We next examined synaptic ultrastructure using electron micros-
copy. In WT NM]J synapses, AZs are characterized by the pres-
ence of electron-dense T-shaped structures called “T-bars” in the
presynaptic terminal (Atwood et al., 1993; Guan et al., 1996) (Fig.
7A, arrow). The electron-dense PSDs are in direct opposition to
the T-bars and can be easily recognized and quantified. In dnl2
mutants, individual T-bars appeared to be normal in shape, but
the total number of these structures per bouton was significantly
increased (Table 2, Fig. 7A, B,C,E). The increase in the number of
active zones was rescued by expressing a WT UAS—dni2 transgene
in the mutant muscle using the 24B—Gal4 driver (Table 2, Fig.
7D, E). This result was consistent with the immunostaining data
using the AZ marker Brp. We also observed defects in postsynap-
tic organization. Specifically, the length of PSDs was significantly
reduced in dnl2 mutants (Table 2, Fig. 7F). The thickness of the
SSR structures was also reduced in dnl2 mutants (Table 2, Fig.
7G). Importantly, the changes in both PSD length and SSR thick-
ness could be rescued by expression of a wild-type dnl2 transgene
in the muscle (Table 2, Fig. 7DD, F,G).

dnl2 mutants have reduced postsynaptic glutamate receptors
in single boutons

To determine whether the defects in PSD size and number af-
fected postsynaptic receptor density, we examined glutamate re-

ceptor (DGIuR) expression at individual boutons. Previous work
has identified a total of five DGIuR subunits (Fig. 8 A) within
Drosophila muscles (GluRIIA, IIB, II1, IID, and IIE) (Schuster et
al., 1991; Petersen et al., 1997; DiAntonio et al., 1999; Marrus and
DiAntonio, 2004; Marrus et al., 2004; Featherstone et al., 2005;
Qin et al., 2005) from which two distinct receptor complexes
containing either GIuRIIA or GluRIIB plus the other subunits are
assembled (Fig. 8A). GluRIIA- or GluRIIB-containing receptor
complexes can coexist within individual NMJ synapses; further-
more, recent work by Chen etal. (2010) showed a shift in the ratio
of GIuRIIA to GluRIIB receptor complexes in favor of GluRIIA
complexes in embryonic neurexin mutants. Because GluRIII is a
common subunit for both receptor complex types, we used the
expression level of GIuRIII to assess the total amount of synaptic
GluRs. As shown in Figure 8, Band E, the level of synaptic GluRIII
was dramatically reduced in dnl2 mutants compared with the WT
control (Table 2, Fig. 8 E). Similarly, GluRIIB staining was also
significantly reduced in dnl2 mutants (Table 2, Fig. 8 D, G). Inter-
estingly, despite an overall decrease in the total density of GluRs,
we observed a small but significant increase in the level of Glu-
RIIA in dnl2 mutants (Table 2, Fig. 8C,F). These defects in GluR
density were only partially rescued by postsynaptic expression of
a full-length dni2 transgene (Table 2, Fig. 8 E-G). These results
indicate that dnl2 plays a role in targeting GluRs to the PSD.

Interaction between dnl2 and neurexin
Studies in mammals suggest that Neuroligins function as trans-
synaptic receptors for Neurexins and that binding of Neuroligin
to Neurexin is important for many of its functions (Siidhof,
2008). To determine whether the observed defects in dnl2 mu-
tants are attributable to an interaction with neurexin, we first
sought to determine whether dnl2 can bind to dnrx. Using lysates
from adult heads, we found that anti-Dnrx antibodies were able
to immunoprecipitate Dnl2, and anti-Dnl2 antibodies were able
to immunoprecipitate Dnrx (Fig. 9A) demonstrating that Dnl2
and Dnrx form a complex in vivo.

We next asked whether the observed defects in NMJ morphol-
ogy are affected by loss of dnrx. Homozygous dnl2°7° or dnrx’
(Zengetal., 2007) flies are viable and fertile. In contrast, homozy-
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mutants also showed more severe defects in
locomotion than either dnl2 or dnrx mu-

Number of T-bars

n

PSD Length (nm)

@

SSR Thickness (nm)

24B-Rescue

Figure7.

#p < 0.001 versus dn2”°, Mann—Whitney test.

gous dnl2;dnrx™* double-mutant animals die during the second-
instar larval stage. Because of the early lethality of the dnl2;dnrx**
double mutants, we first examined synaptic morphology in early
second-instar larvae. Even at this earlier developmental stage,
dnl2®®”’ mutants showed a significant reduction in bouton num-
bers compared with WT (Table 3, Fig. 9B, C,F). We also observed a
similar reduction in bouton numbers in dnrx®®* mutants (Table 3,
Fig. 9D, F). These results are consistent with several recent observa-
tions showing similar morphological defects in independently gen-
erated dnrx and dnll mutants (Li et al., 2007b; Banovic et al., 2010;
Chen et al., 2010). In contrast to the results of Banovic et al. (2010),
however, when we examined dnl2;dnrx™® double mutants, we saw
an even more severe defect in NMJ morphology (Fig. 9E, F). Con-
sistent with the defects in synaptic morphology, dnl2;dnrx®*® double

Ultrastructural analysis of type | synaptic bouton in dn/2 mutants. A-D, Representative transmission electron micro-
scope micrographs showing low-magnification views of synaptic boutons, the presynaptic active zones (arrowheads), and
postsynaptic SSR. E, Morphometric analysis of reconstructed synaptic boutons showed a significant increase in the number of
T-bars per bouton in dn/2 mutants that was rescued by muscle specific expression of a UAS—dn/2 cDNA with 24B—Gal4. F, The
length of PSDs beneath presynaptic T-bars was reduced in dnl2 mutants. This was also rescued by muscle expression of UAS—dn/2
with 24B—Gal4. G, The SSR was thinner in dn/2 mutants compared with WT controls or 24B—rescue flies. All images and analyses
were derived from type Ib boutons on muscles 6/7. **p << 0.01 versus WT, ***p < 0.001 versus WT, *p < 0.01 versus dn/2¢"”°,

# tants alone (Table 3, Fig. 9G).
| We also generated flies that were
Lid homozygous mutant for dnl2 and lacked

one copy of dnrx (dnl2X°7%/dnl2<"’;
dnrx®®3/+) as well as flies that were ho-
mozygous mutant for dnrx and lacked one
copy of dnl2 (dnl2"°7%/+; dnrx* dnrx®).
These hemizygous dnl2;dnrx mutants were
viable, allowing us to analyze NM]J mor-
phology in third-instar larvae. When we ex-
amined the NMJ morphology of these
mutants, we noted that dnl2 mutants with
only one copy of dnrx showed more severe
defects in NMJ morphology at both muscles
6/7 (Table 3, Fig. 9H-M ) and muscle 4 (Ta-
ble 3, Fig. 9G'-M") than dnl2 mutants alone.
Similarly, dnrx mutants with only one copy
of dnl2 also showed more severe defects in
NM]J morphology at both muscles 6/7 (Ta-
ble 3, Fig. 9M) and muscle 4 (Table 3, Fig.
9B'-G") than dnrx mutants alone. Together,
these results suggest that, although dnrxand
dnl2 bind and are both required for synapse
formation and function, dnrx must also in-
teract with additional genes/pathways.

Discussion

Neurexins and Neuroligins are highly con-
served cell adhesion molecules that form an
asymmetric, trans-synaptic complex re-
quired for synapse formation (Siidhof,
2008). In the present study, we have exam-
ined a homolog of neuroligin (dnl2) in Dro-
sophila expressed at NMJ synapses and in
the CNS. We show that dnl2 null mutants
are viable and exhibit numerous defects in
synaptic morphology and function. Presyn-
aptically, we observed a reduction in axonal
branching and fewer synaptic boutons, al-
though the number of active zones per bou-
ton was increased. Postsynaptically, dnl2
mutants exhibited a decrease in GluR den-
sity and a shift in the ratio of GIuRIIA to
GIuRIIB receptor complexes in favor of
GIuRITA complexes. dnl2 mutants also
showed a decrease in complexity of the sub-
synaptic reticulum. Both presynaptic and
postsynaptic defects observed in dnl2 mu-
tants could be recapitulated by knockdown of dnl2 in muscle, and,
more importantly, the defects could be rescued by postsynaptic ex-
pression of a wild-type dnl2 transgene. Functionally, dnl2 mutants
showed an increase in transmitter release and a decrease in paired-
pulse plasticity indicative of an increase in transmitter release prob-
ability. It is also possible that changes in the active (voltage-gated)
properties of the postsynaptic membrane may contribute to the in-
creased amplitude of EJPs. Indeed, the changes in the kinetics of EJPs
with little or no change in the kinetics of mEJPs may be indicative of
altered membrane conductance. Together, these data indicate that,
although dnl2 is not absolutely required for synaptogenesis, it does
play an important role in the postsynaptic cell in synapse maturation
and function.
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Figure8. dnl2 mutants exhibit changesin DGIuRs abundance at the NMJ. 4, Subunit composition of two major glutamate receptor complexes at the NMJ: each receptor complex contains GIuRIIA
or GluRIIB alongside one of each of the other three subunits. B-D, Representative NMJs from WT, dn/2 null mutants (homozygous dnl2"97 and dnl2*97°/Df), dni2--RNA transgenic flies (UAS—dn/2
RNAi driven in muscles by 24B—Gal4), and two rescue strains expressing a UAS—dn/2 <DNA in the dn/2 mutant using either 24B—Gal4 or (57—Gal4 (both muscle drivers). NMJs were costained with
anti-DGluRlll and anti-Dlg (B), anti-GluRIIA and anti-HRP (C), or anti-GluRIIB and anti-HRP (D). E-G’, Summaries of normalized fluorescence intensities for DGIuRIII (E), DGIURIIA (F), and DGIuRIIB
() compared with normalized fluorescence intensities for Dig () or HRP (F", G") in the same boutons. Data are expressed as a percentage of WT fluorescence intensity. Our results show a significant
reduction in the levels of DGIuRIII (E) and GIuRIIB (G), without any significant change Dlg (E”) or HRP (G") in both dn/2 null and 24B—dn/2 RNAi transgenic flies compared with WT control. We also
saw an increase in GIURIIA (F) in dnl2 mutants and 24B—dn/2 RNAi flies without any change in HRP (F"). Expression of a UAS—dn/2 transgene in the muscles was able to partially rescue the defects
in GluR expression. Specifically, the decrease in GluRIIl expression was rescued by expression of the UAS—dni2 in the muscle with either 24B—Gal4 or (57—Gal4. The decrease in GIuRIIB expression
was partially rescued using the (57—-Gal4 driver but not using the 24B—Gal4 driver. The increase in GIuRIIA expression, however, was not rescued with either of the muscle drivers. ***p < 0.001
versus WT, #p << 0.05 versus dn/29”%, #p < 0.01 versus dn2”, and *#p < 0.001, Mann—Whitney test.
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Figure 9.  Genetic interaction between dnl2 and dnrx in NMJ development and larval locomotion. A, Fly head homogenates
from adult WT flies were immunoprecipitated (IP) with anti-DNRX monoclonal antibody and control monoclonal antibody IgG
using protein A/G Sepharose beads. One percent of input homogenate and coimmunoprecipitates were analyzed by immunoblot-
ting using anti-Dnl2 antibody. Anti-Dnrx antibody precipitated the Dnl2 from the lysates, whereas the control IgG did not. Mean-
while, anti-Dnl2 antibody precipitated the Dnrx from the lysates in which the control IgG did not. B—E, Representative NMJs on
muscles 6/7 of second-instar larvae in WT, dni2*?”°, dnrx™®3 (Zeng et al., 2007), and dnl2;dnrx double mutants stained with
anti-HRP and anti-DIg. F, G, Quantification of NMJ morphology and locomotor activity in early second-instar larvae. The dnl2;dnrx
double-mutant larvae displayed more severe defects in bouton numbers and locomotor activity than either the dnl2 or dnrx
mutants alone. ***p < 0,001 versus WT, Mann—Whitney test; *p << 0.01 versus dnl2”" and dnrx®3, *¥p < 0.001 versus
dnl2°7° and dnrx™®2, Kruskal-Wallis test. H-M, NMJ morphology at muscle 6/7 (H~L) and muscle 4 (H'~L') in abdominal
segment 3 of third-instar larvae labeled with anti-HRP and anti-DIg. Compared with wild-type (H, H'), dni2 (dni2“%7°; 1, 1"), and
dnrx (dnrx™®; J,J7) null mutants show less NMJ expansion and fewer boutons. Loss of one copy of dnrx in dn/2%”° larvae (K, K')
orloss of one copy of dn/2 in dnrx™®> homozygous larvae (L, L") led to even greater reductions in bouton numbers. Scale bars, 20
wm.M,M’, Quantification of total bouton numbers at NMJs from 6/7 (M) and type Ib bouton number at NMJ4 (M"). ***p << 0.001
versus WT, #p << 0.01 versus dn/2%” and dnrx®®*, ##p < 0,001 versus dn/2“*”° Kruskal-Wallis test.
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zation (Lahey et al., 1994; Budnik et al.,
1996; Guan et al., 1996; Chen and Feath-
erstone, 2005). Furthermore, the defects
in postsynaptic architecture in dnl2 mu-
tants are reminiscent of a defect in dig
function. Loss of dnl2 does not appear to
prevent or impair clustering of dlg at
postsynaptic sites because the overall dlg
levels was not different in dnl2 mutants.
Rather, dnl2 may be required for proper
dlg signaling.

dnl2 mutants also showed several de-
fects in presynaptic architecture mediated
by trans-synaptic interactions. The most
likely candidate for a trans-synaptic sig-
naling partner is neurexin. Both dni2 and
dnrx null flies are viable but display signif-
icant reductions in the number of synaptic
boutons. We observed strong colocaliza-
tion of dnl2 and dnrx in the CNS and the
NMJ and were able to detect a complex
between the two proteins in vivo. dnl2;
dnrx double mutants, however, are lethal
and display more severe phenotypes than
those observed in single mutants, imply-
ing that dnl2 and dnrx may interact with
additional partners during synaptic devel-
opment. For example, dnrx can also inter-
act with other neuroligins in Drosophila to
mediate synaptic development. Banovic
et.al. (2010) found that loss of dnrx did
not enhance the morphological defects in
dnll mutants, suggesting that both genes
function within a common pathway. Fur-
thermore, a point mutation in dnll that is
predicted to abolish binding to dnrx sup-
pressed the phenotype associated with
overexpression of dnll (Banovic et al,
2010). There are also two other predicted
homologs of neuroligin in flies, but the
function of these genes remains to be de-
termined. Neuroligins and neurexins may
also form additional complexes with
other proteins involved in synaptogenesis.
A recent study found that neuroligin was
able to induce increases in synaptic den-
sity independently of neurexin binding
(Ko et al., 2009b). Similarly, two other re-
cent studies showed that leucine-rich re-
peat transmembrane proteins can induce
presynaptic differentiation when bound
to neurexin (de Wit et al., 2009; Ko et al.,
2009a), providing a novel trans-synaptic
neurexin-dependent mechanism for de-
velopment of presynaptic specializations.

If the presynaptic defects observed in
dnl2 mutants are not mediated via an in-

dnl2 regulates presynaptic and postsynaptic development

dnl2 mutants showed several defects in postsynaptic architecture.
In vertebrates, neuroligins are thought to regulate postsynaptic
organization via a direct interaction with PSD-95 (Irie et al.,
1997). In Drosophila, the homolog of PSD-95, dlg, has been
shown to be required for several aspects of postsynaptic organi-

teraction with neurexin, the question remains, how does dnl2
affect presynaptic morphology? One possibility is that these
changes occur indirectly. The level of postsynaptic GIuRIIA ex-
pression is correlated with changes in the number of presynaptic
T-bars (Sigrist et al., 2002). It is possible that GIuRIIA expression
is regulated in part by dnl2, and increased GIuRIIA expression in
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Table 3. NMJ morphology in dn/2;dnrx double mutants
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W'’ dn[21070 dne®% dnl2fO70 dnpx A% dnl2 7 dnpe83 + dnl27%/ + dnrxAF
Second-instar larvae
NMJ boutons 37.6 £09 268 13 25+07 211+ 14 ND ND
Locomotion index 4025 22+02 2+0.1 0.6 0.1 ND ND
Third-instar larvae
mé/7 boutons 914+ 18 525+ 24 488 +19 Lethal 398+ 19 394+18
m4 boutons 22+0.6 149 =05 145 =05 Lethal 9.9 +0.8 96 £ 12

In Second-instar larvae: NMJ boutons, total number of Ib and Is boutons on muscles 6 and 7 of abdominal segment 3; Locomotion index, number of grids (0.5 > 0.5 cm) entered. In Third-instar larvae: m6/7 boutons, number of Ib and Is
boutons on muscles 6 and 7 of abdominal segment 3; m4 boutons, number of Ib boutons on muscle 4 of abdominal segment 3. ND, No data for that genotype.

dnl2 mutants is responsible for the increased density of T-bars.
Normally, the density of T-bars in individual boutons is held
constant via homeostatic changes in the expression of the cell
adhesion molecule Fas IT (Schuster et al., 1996a,b; Meinertzhagen
etal., 1998; Sigrist et al., 2002). In the present study, however, we
observed an increase in the number of T-bars per bouton. More-
over, we saw a decrease in the total number of boutons rather
than an increase as might be expected based on previous stud-
ies. Because the addition of synaptic boutons during NM]J
growth requires the downregulation of Fas II expression, the
uncoupling between T-bar numbers and bouton expansion in
dnl2 mutants may suggest that dnl2 is involved in the GluRIIA-
mediated downregulation of Fas II.

dnll and dnl2 have independent but overlapping functions at
the NMJ

The Drosophila genome is predicted to have four neuroligin ho-
mologs and a single neurexin homolog. Whether all four Dro-
sophila neuroligins are required for synapse development is
presently unknown. To date, the only other neuroligin that has
been studied in Drosophila is dnll (Banovic et al., 2010). Neither
dnll nor dnl2 are required for synaptogenesis, yet both genes play
arolein the development/maturation of the NMJ, suggesting that
the two genes may be functionally redundant. Both proteins are
expressed at the NMJ in wild-type animals, and null mutations in
either gene lead to significantly reduced bouton numbers, defects
in GluR organization, and alterations in the complexity of the
subsynaptic reticulum (Banovic et al., 2010).

Despite these similarities, however, there are also a number of
differences between dnll and dnl2 null mutants. First, dnl2 is
expressed in both the CNS and muscles, whereas dnll is only
expressed in muscle. Second, dnll mutants showed a complete
loss of GluR expression in ~10% of boutons (Banovic et al.,
2010), whereas dnl2 showed a uniform decrease in total GluR
expression in all boutons and an increased abundance of GluRIIA
receptor complexes at the expense of GluRIIB complexes. Third,
dnll mutants showed a decrease in transmitter release (Banovic et
al., 2010), whereas dnl2 mutants showed an increase in transmit-
ter release. Although both mutants showed a decrease in bouton
number, dnl2 mutants also showed a significant increase in the
number of active zones. As such, the differences in the ampli-
tude of transmitter release observed in dnll and dnl2 mutants
likely reflect the different presynaptic morphologies of the two
mutants.

Finally, there were differences in the interaction between the
two neuroligin homologs and neurexin (dnrx). dnll shows very
little colocalization with dnrx and none outside the NMJ
(Banovic et al., 2010). In contrast, dnl2 showed a much stronger
colocalization at the NM]J and also shows strong colocalization
within the CNS. Furthermore, dni2 forms a complex with dnrx in
vivo, although it remains to be shown whether the same is true for
dnll (Banovic et al., 2010). dnl2;dnrx double mutants were lethal

and showed more severe defects in bouton morphology than
either dnl2 or dnrx mutants alone, whereas dnll;dnrx mutants
were viable and did not show any exacerbation of the morpho-
logical defects (Banovic et al., 2010). Together, these results sug-
gest that the interactions between dnll or dnl2 and dnrx serve
different functions at the NMJ.

Because mutations in dnrx or either of the two dnl genes stud-
ied thus far all give rise to a reduction in the number of synaptic
boutons, it seems likely that bouton number is regulated via an
interaction between dnrx and dnll and/or dni2. It is also appar-
ent, however, that these three genes perform functions indepen-
dently of each other, such that single mutants have similar yet
distinct synaptic phenotypes. Banovic et al. (2010) concluded
that dnrx promotes but is not necessary for dnll function. The
results of the present study, however, showing exaggerated syn-
aptic phenotypes and lethality in dnl2;dnrx double mutants may
suggest some redundancy between the functions of dnrx and
dnl2. Consistent with this model, a recent publication showed
that dnrx is expressed both presynaptically and postsynaptically
in embryonic NM]Js (Chen et al., 2010). Furthermore, postsynap-
tic dnrx appears to specifically promote GluRIIA receptor com-
plexes (Chen et al., 2010). This raises an interesting possibility of
a cis-interaction between dnl2 and dnrx in addition to trans-
synaptic interactions, although additional work will be required
to assess whether cis-interactions occur, and if so, what role they
play.

Together, the results of the present study combined with the
results of Banovic et al. (2010) suggest that neither dnll nor dnl2
are absolutely required for synaptogenesis, but both genes play an
essential role in synaptic development. Additional studies will be
required to determine the function of other neuroligin genes in
Drosophila and to determine whether these genes have function-
ally redundant roles in synapse development and function.
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