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In the Drosophila neuromuscular junction (NMJ), a large synaptic 
connection mediates neurotransmission between the motor neu-
ron and muscle. Each synaptic terminal contains 20–50 synaptic 
boutons. Within each bouton, there are about 10 active zones (AZs) 
– specialized membrane compartments at the axonal terminal 
– where orchestrated release of the neurotransmitter glutamate 
occurs. Opposing each AZ is a cluster of postsynaptic glutamate 
receptors that responds to the released transmitter (Collins and Di-
Antonio, 2007). Neither synaptic terminals nor AZs are permanent 
structures. The size of synaptic terminals and the number, density 
and distribution of AZs can all change during synaptic develop-
ment, activity-dependent structure plasticity, synaptic elimination 
and aging. All these changes have a profound impact on the func-
tion of the NMJs and their modulation by internal or external cues. 
Studies of synaptic terminal retraction at the Drosophila NMJ have 
identified several proteins required for synaptic terminal stability, 
including the dynactin protein complex (Eaton et al., 2002), the pre-
synaptic spectrin skeleton (Pielage et al., 2005), a giant isoform of 
Ankyrin2 (Koch et al., 2008; Pielage et al., 2008), the actin-capping 
protein Adducin (Pielage et al., 2011), and a microtubule-binding 
protein Stathmin (Graf et al., 2011). However, much less is known 
about the presynaptic mechanisms that control the stability and 
localization of AZs at the presynaptic sites. Recent studies on pre-
synaptic development at the Drosophila NMJs have shed some light 
on how AZs are stabilized at the motoneuron nerve terminal. 

AZs are composed of an evolutionarily conserved protein com-
plex containing scaffolding proteins such as ELKS/CAST/BRP, 
Munc13, RIM, Syd-1 and Liprin-α (Sudhof, 2012), cell adhesion 
molecules such as SYG-1/Neph1, SYG-2/Nephrin, Neurexin and 
Neuroligin, and actin cytoskeletal components such as the WVE-
1/WAVE complex (Chia et al., 2014). The assembly of the AZ is a 
fascinating process in which hundreds of AZ proteins are generated 
in the cell body, transported along the axon by specific motors, and 
finally deposited on the nerve terminal to achieve site-specific AZ 
formation in a coordinated manner. The presynaptic multi-domain 
scaffolding proteins ELKS/CAST/BRP, RIM, Syd-1 and Liprin-α 
were identified through genetic and biochemical studies, and they 
play essential roles in organizing the AZ assembly and modulating 

synaptic function. BRP constitutes the T-bar structure of Drosoph-
ila AZs and actively recruits Voltage-gated Ca2+ channel; RIM is an 
integrated component of the presynaptic cytomatrix that interacts 
with many other AZ and synaptic vesicle proteins, including Munc-
13 and Rab3, and plays critical roles in synaptic vesicle docking and 
priming, as well as Ca2+ channel clustering (Sudhof, 2012); Syd-1 
and Liprin-α are identified as two master organizer proteins since 
imaging analysis indicates that both proteins accumulate very early 
at defined AZ sites during AZ assembly, probably serving as AZ 
nucleation activity (Owald et al., 2010). Despite recent progress on 
understanding the molecular actions of Syd-1 and Liprin-α at the 
AZs (Owald et al., 2012; Chia et al., 2013; Kittelmann et al., 2013), 
how exactly Syd-1 and Liprin-αcoordinate AZs development to-
gether is not entirely clear. 

Through proteomic means, we identified the B’ regulatory subunit 
(called Wrd) of protein phosphatase 2A (PP2A) as a novel binding 
partner of Liprin-α at the active zone and demonstrated that the Li-
prin-α-Wrd physical interaction is necessary and sufficient to localize 
Wrd-containing PP2A to the active zones. Previous genetic analysis 
suggested that Syd-1 functions upstream of Liprin-α to regulate AZ 
formation (Dai et al., 2006; Patel et al., 2006). Our findings that Wrd 
may work downstream of Liprin-α led us to hypothesize that Syd-1/
Liprin-α/Wrd work in a linear pathway to regulate presynaptic de-
velopment. To test this hypothesis, we first screened for synaptogenic 
phenotype shared by loss-of-function of each of the three genes. 
Interestingly, we found ectopic accumulation of AZ components, 
including ELKS/CAST/BRP, Rim, and voltage-gated Ca2+ channels, at 
the distal side (toward the muscles), but not the proximal side (toward 
the motoneuron cell bodies), of the motoneuron axons in syd-1, lip-
rin-α and wrd individual mutant NMJs. Some synaptic vesicles and 
dense core vesicles are also ectopically clustered at this axonal region 
near NMJs in these mutants. Through a series of genetic rescue ex-
periments, we determined that Syd-1, Liprin-α and Wrd work in the 
same molecular pathway with a hierarchy from Syd-1 to Liprin-α, 
and from Liprin-α to Wrd to prevent ectopic localization of presyn-
aptic materials (Li et al., 2014). 

What is the nature of the unique synaptogenic phenotype caused 
by an impaired Syd-1/Liprin-α/Wrd pathway? It is clearly different 
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from a typical axonal transport defect caused by mutations of 
transport motors or cargos, which normally lead to the entire 
axon being clogged with aggregated vesicles. It is also unlikely to 
be a secondary defect of abnormal presynaptic axonal retraction 
because the typical “footprint” phenotype, such as what is seen in 
stathmin loss-of-function, is absent in syd-1, liprin-α or wrd mutant 
NMJs. Our data support a notion that, when the syd-1/liprin-α/wrd 
pathway is impaired, a portion of AZs at the nerve terminal become 
destabilized and detached from the nerve terminal, and the floating 
AZ materials diffuse back to the adjacent axonal regions as ectopic 
docking sites for vesicles. 

First, EM analysis detected floating, dense AZ-like structures in-
side the synaptic boutons and their adjacent axonal regions in syd-
1 mutants, suggesting a defect in AZ stabilization and subsequent 
back-diffusion of detached AZ materials to distal axonal regions. 
Second, ectopically-accumulated vesicles do not participate in re-
lease or recycling, consistent with the notion that the vesicles do not 
dock on the axonal plasma membrane, but float with the AZ-like 
structures. Third, Syd-1, Liprin-α and Wrd show exclusive synaptic 
localization, consistent with a collaborative function of the three 
molecules at the presynaptic AZs, but not along the axon. 

Wrd defines a specific form of PP2A. If AZ stability is regulated 
by a phosphatase pathway, then by default, a kinase pathway must 
exist to antagonize the action of such a phosphatase pathway. 
Among a number of serine-threonine kinases that share substrates 
with PP2A, we identified that GSK-3α shows genetic interaction 
with the syd-1/liprin-α/wrd pathway. Blocking GSK-3α (the fly 
homologue is called Shaggy, Sgg) suppresses the distal axon vesicle 
clustering defect in syd-1, liprin-α, or wrd mutants. These data 
confirm the linear relationship of the syd-1/liprin-α/wrd pathway 
and also suggest that dephosphorylation by Wrd-containing PP2A 
phosphatase and phosphorylation by GSK-3α converge to stabilize 
AZ at the synapse. Collectively, our data support a model that Syd-
1 and Liprin-α control PP2A/Wrd-mediated dephosphorylation, 
which antagonizes GSK-3α-mediated phosphorylation through ei-
ther common substrate(s) or downstream factors. Such a balanced 
action of a phasphotase pathway and a kinase pathway is required 
for the stabilization of AZs at the nerve terminal (Figure 1). 

What could be the downstream targets? Our data indicate that 
reducing BRP at the AZs is not sufficient to prevent AZ instability 
in syd-1, liprin-α and wrd mutants, suggesting that BRP may not 
be the target. Recent studies on how cell adhesion molecules and 
cytoskeleton-mediated mechanisms regulate AZ function and sta-
bility at the presynaptic sites revealed several hints. First, α-Catenin, 
as a multifunctional protein, binds to transcription factor TCF/
LEF, neuronal cadherin (N-cadherin) and Axin. Phosphorylation/
dephosphorylation of α-Catenin not only impacts its protein turn-
over, but also actively regulates N-cadherin-mediated adhesion 
(Sadot et al., 2002; Lilien and Balsamo, 2005), which plays an im-
portant role in AZ function and stability (Salinas and Price, 2005). 
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Figure 1 A Syd-1/Liprin-α/Wrd 
phosphatase pathway and a 
GSK-3β kinase pathway converge 
to regulate active zone stability.
The active zone (AZ) organizers 
Syd-1 and Liprin-α collaborate 
to  local ize  a  Wrd-containing 
protein phosphatase 2A (PP2A) 
phosphatase complex to the AZs, 
where it dephosphorylates specific 
substrates to promote AZ stability. 
A GSK-3β signaling pathway an-
tagonizes the action of the Syd-1/
Liprin-α/Wrd phosphatase pathway 
directly via phosphorylating the 
Wrd substrates, or indirectly via its 
downstream targets. GSK-3β: Gly-
cogen synthase kinase-3beta.

Second, studies in worms found that local assembly of the F-actin 
network at presynaptic sites regulates synaptogenesis. Such assem-
bly requires interaction between a cell adhesion molecule SYG-1 
and a key regulator of actin cytoskeleton, the WVE-1/WRC regula-
tory complex (Chia et al., 2014). In the loss of SYG-1 function, the 
localization of active zone components is no longer restricted to the 
normal synaptic region, suggesting a role of the F-actin network 
in regulating AZ stability (Patel et al., 2006). Third, a recent study 
showed that, in the presynaptic site of fly NMJs, the microtubule 
(MT) is closely associated with AZs, and that one of the compo-
nents anchoring MT to AZs is the microtubule-associated protein 
Futsch (fly homologue of MAP1). Drosophila futsch mutants show 
reduced AZ number and density, suggesting that Futsch functions 
to stabilize AZs by locally reinforcing the linkage between the MT 
cytoskeleton and AZs (Lepicard et al., 2014). Intriguingly, both 
β-catenin and Futsch were shown to be substrates of both PP2A 
and GSK-3β in multiple cell types and signaling contexts. In future 
studies, it would be interesting to study the downstream targets of 
Wrd/PP2A and GSK-3β particularly, as well as how their phosphor-
ylation status regulates AZ stability and presynaptic development.
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