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Building a synapse

A complex matter
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-glutamate is the primary neurotrans-

mitter at excitatory synapses in the
vertebrate CNS and at arthropod neu-
romuscular junctions (NM]s). However,
the molecular mechanisms that trigger
the recruitment of glutamate receptors
at the onset of synaptogenesis and pro-
mote their stabilization at postsynaptic
densities remain poorly understood. We
have reported the discovery of a novel,
evolutionary conserved molecule, Neto,
essential for clustering of ionotropic glu-
tamate receptors (iGluRs) at Drosophila
NM]J. Neto is the first auxiliary subunit
described in Drosophila and is the only
non-channel subunit absolutely required
for functional iGluRs. Here we review
the role of Drosophila Neto in synapse
assembly, its similarities with other Neto
proteins and a new perspective on how
glutamatergic synapses are physically
assembled and stabilized.

Introduction

Making a chemical synapse involves a
complex series of events including neu-
ronal fate determination, axon guidance,
cell-cell adhesion and localized induction
of presynaptic and postsynaptic differenti-
ation. Synaptogenesis culminates with the
recruitment of neurotransmitter receptors
at postsynaptic specializations, which con-
fers functionality to the nascent synapse.
Neurotransmitter receptors are stabilized
at the synaptic junctions by a myriad of
proteins packed in electron-dense struc-
tures called postsynaptic densities (PSDs).
Synaptic activity triggers further synthesis
and aggregation of receptor complexes and
synapse maturation. While the synaptic
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activity is a major force in sculpting syn-
apses, it is not essential for the initial steps
of synapse assembly.* Synapses form
normally in vertebrates and invertebrates
even when neurotransmitter release is
blocked using pharmacological or genetic
methods.”"® The molecular and cellular
mechanisms utilized at the onset of syn-
aptogenesis appear to be re-employed dur-
ing developmental and activity-dependent
changes of neural circuits and thus consti-
tute a critical toolbox for controlling the
composition and function of neurotrans-
mitter receptors to finely tune neural
activities.

Postsynaptic ligand-gated ion chan-
nels, or ionotropic receptors, include
gamma amino-butyric acid (GABA)
receptors, nicotinic acetylcholine recep-
tors (nAChRs) and a variety of glutamate
receptor subtypes, including a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA), N-methyl-d-aspartic acid
(NMDA) and kainate (KA) receptor sub-
types. Understanding the mechanisms of
synapse assembly can be reduced to the
pursuit of two fundamental biological
questions: (1) What are the molecular
components of a particular synapse? (2)
How do these molecules come together
and function to fulfill the job that a par-
ticular synapse must perform? In this
oversimplified view understanding how to
make the neuromuscular junction (NM]J)
in Drosophila has the potential to cover
double duty. First, fly NM]J is glutama-
tergic similar in composition and func-
tion to the mammalian central AMPA/
KA synapses."! In vertebrates, glutamate
receptors play critical roles in learning
and memory, development of the brain
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and neurological and information stor-
age disorders. Second, fly NM]J controls
an entire muscle fiber, a demanding task
that requires higher levels of currents than
the ones used at vertebrate central gluta-
matergic synapses. Because of these higher
demands and the essential function of
NM]J for fly’s survival, the range of observ-
able deficits in the assembly and function
of glutamatergic synapses is broader at
Drosophila NM], compared with the more
subtle phenotypes of altered glutamater-
gic transmission at vertebrate CNS. In
addition, fly NMJ is relatively simple and
easily accessible to physiological measure-
ments, light and electron microcopy, and
live dynamics studies. The sum of these
features makes Drosophila NM]J a very
powerful system to understand the assem-
bly and development of glutamatergic syn-
apses. In spite of these advantages and the
power of Drosophila genetics, the molecu-
lar mechanisms that trigger the initial
clustering of receptors and promote their
stabilization at PSDs remain a mystery.
Much of what we know about the
recruitment and clustering of neurotrans-
mitter receptors at the onset of synapto-
genesis comes from studies on vertebrate
NM]J. Vertebrate motor neurons orga-
nize postsynaptic  differentiation by
releasing a heparan sulfate proteoglycan
called Agrin.”? In mouse muscle fibers,
nAChRs form primitive aneural clusters
prior to the arrival of the nerve terminal
(reviewed in ref. 13). Innervation leads
to the appearance of large nAChR aggre-
gates in the synaptic region with longer
residence time in the membrane. MuSK
(muscle, skeletal receptor tyrosine-protein
kinase) and Lrp4 (low-density lipoprotein
receptor-related protein 4) are required
for both aneural and neural nAChR clus-
ter formation.™V Lrp4 binds to MuSK
and stimulates MuSK kinase activity to
induce aneural cluster formation. Binding
of Agrin to Lrp4 further stimulates asso-
ciation between Lrp4 and MuSK and
increases MuSK kinase activity.”® MuSK
interacts with a plethora of proteins and
initiates signaling necessary for postsyn-
aptic differentiation (reviewed in ref. 19).
The binding of Agrin to Lrp4 appears
to be necessary and sufficient to enable
Agrin signaling. Recent studies of the
crystal structure of Agrin-Lrp4 complex
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suggest that Agrin and Lrp4 initially form
a binary complex, which promotes the
synergistic formation of tetrameric recep-
tor complexes crucial for Agrin-induced
nAChR clustering.?

Neto is an auxiliary subunit required
for functional receptors at Drosophila
NM]J

Clustering of vertebrate ionotropic
glutamate receptors (iGluRs) remains
less understood. In recent years, intense
research in vertebrate systems has revealed
a role for auxiliary subunits in the modu-
lation of iGluR functions. Auxiliary sub-
units are transmembrane proteins that
selectively bind to mature iGluRs and
form stable complexes at the cell surface.
They can modulate the functional char-
acteristics of iGluRs and may also mediate
surface trafficking and/or targeting to spe-
cific subcellular compartments.?! We have
recently reported the discovery of a novel,
evolutionary conserved molecule, Neto
(Neuropillin and Tolloid-like), required
for synaptic clustering of iGluRs.** Neto
is the first auxiliary subunit described in
Drosophila and is essential for the function
of the striated muscle.

Drosophila Neto belongs to a fam-
ily of proteins conserved from worms to
humans, which appear to share ancestral
roles in the formation and modulation
of glutamatergic synapses.”** Vertebrate
Netos (Netol and -2) have emerged as
important auxiliary subunits that modu-
late the gating properties of KA-type glu-
tamate receptors; however their roles in
receptor clustering have not been exam-
ined carefully.*?' Netol/Neto2 double
knockout mice have defects in long-term
potentiation, learning and memory,
though they are viable.”” C. elegans Neto/
SOL-2 has been implicated in the modu-
lation of glutamatergic transmission.”
Except for the Drosophila Neto, none of
the known Netos are absolutely required
for iGluRs clustering, nor essential for
viability. This difference could be due to
variations in the properties of individual
domains of Netos, or it could reflect the
functional requirements among synapse
types and the nature and composition of
multiprotein complexes in which Netos
function. Notably, fly Neto is also pres-
ent at various glutamatergic synapses,
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including central synapses, but Neto func-
tion is essential at the NM]J.?

Like in vertebrates, clustering of recep-
tors at the Drosophila NM]J follows the
arrival of the motor neuron at the muscle
target.>? Presynaptic and postsynap-
tic components populate the area of the
future NM]Js prior to the neuron arrival,
a phenomenon known as pre-patterning.
For example, the Bruchpilot, an essential
component ofBruchpilot, an essential
component of the T bars, accumulates as
detectable puncta at presynaptic termi-
nals, while components of postsynaptic
densities, such as p2l-activated kinase,
accumulate on postsynaptic densities such
as P2l-activate kinase are present on the
postsynaptic side.*** Before innervation,
the iGluR subunits are also present and
assembled in nascent, small clusters away
from the neuronal arbor (Fig. 1).3%-3
Innervation induces recruitment of recep-
tors at developing fields opposite to the
active zones and promotes further expres-
sion and recruitment of postsynaptic
components and formation of functional
synapses.’>**"%  Drosophila iGluRs are
heterotetrameric complexes composed of
three shared subunits, GIuRIIC, GluRIID
and GIuRIIE, and either GIuRIIA or
GIuRIIB (reviewed in ref. 40). The shared
subunits are essential for viability: without
any of them the animals are completely
paralyzed, lack any peristaltic and hatch-
ing movements and die as late embryos.
The receptor subunits are dependent
ofneach other for synaptic recruitment.
None of the receptor subunits clusters
at the neuronal arbor in the absence
of GIuRIIC, GIuRIID or GIuRIIE, or
GIuRITA and GIuRIIB together (Fig.
1).44 The shared subunits are limiting
factors, while GIuRIIA and GluRIIB are
competing for the limiting subunits.®
We have discovered that the absence of
neto also induces complete paralysis and
embryonic lethality.”* In addition, none
of the receptor subunits clusters at the
NM] in neto null mutants (Fig. 1). Neto
itself clusters at the NM]J at the onset of
synaptogenesis and its clustering is depen-
dent on the iGluRs. Neto associates with
iGluRs in vivo and functions as an essen-
tial non-channel subunit of the iGluR
complexes. Interestingly, GIuRIIA was
detected at the surface of striated muscles
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Before innervation

After innervation
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after innervation.

Figure 1. Innervation triggers recruitment of neurotransmitter receptors at the NMJ. Before innervation, receptor complexes (represented by red dots)
are present in nascent, small clusters scattered on the muscle fiber. After innervation, the receptor complexes form large clusters/aggregates juxtapos-
ing the active zones on the presynaptic termini. In the absence of Neto or any essential receptor subunit, iGIuRs do not form synaptic clusters even

at suboptimal Neto levels. One way to
explain this observation is that Neto asso-
ciates with tetrameric iGluRs then traffics
and clusters together. Suboptimal levels of
limiting GluR subunits likely impact the
assembly of tetrameric iGluRs, thought to
occur in ER, and consequently their dis-
tribution on the muscle surface.

Detailed analyses of neto hypomorphic
allele revealed crucial roles for Neto in
NM] development. Suboptimal Neto lev-
els induced dramatically reduced number
of synaptic iGluR clusters and led to phys-
iological and structural defects. Neto-
deprived animals have reduced frequency
and amplitude of miniature synaptic
potentials, show no presynaptic compen-
sation, and exhibit deficits in the main-
tenance of mature PSDs. Similar deficits
were reported for NM]J synapses develop-
ing in the near absence of iGluRs.** Neto
deprivation does not affect net protein
levels: all postsynaptic components tested
showed normal levels. However, the distri-
butions of iGluRs and other PSD compo-
nents within the striated muscle have been
altered toward extrajunctional location in
neto hypomorphs. Live-imaging studies
have shown that iGluRs stably integrate
at growing PSDs from diffuse extrasyn-
aptic pools, while other postsynaptic pro-
teins remain highly mobile.”® A significant
fraction of these extrasynaptic complexes
must be at the cell surface, as fully func-
tional iGluR complexes were detected on
the muscle surface at extrajunctional loca-
tions.! Neto is also distributed between
junctional and extrajunctional locations
on the muscle membrane.”” One pos-

sibility is that Neto and iGluR engage
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extrajunctionally then the complexes traf-
fic together and are stabilized at the PSDs.
In this scenario, only components engaged
in the complexes could traffic and be sta-
bly incorporated at the synapse, consistent
with the observed co-dependence of Neto
and iGluRs for clustering at the synapse.

How does Neto mediate the clustering
of iGluR complexes, and what does Neto
tell us about mechanisms for recruitment
and stable incorporation of iGluRs at the
NM]J synapses? Neto does not seem to
provide any instructive information that
triggers receptor clustering. Synaptic Neto
clusters appear to always accompany the
iGluR complexes and follow the same
developmental constraints. For example,
Neto and iGluRs cluster together wher-
ever the motor neuron makes contact with
the target muscle, even when this contact
is at inappropriate locations such as in
axon guidance defective animals. In tolloid
related (tlr) mutant larvae, the RP5 motor
neurons fail to dissociate from the ISNb
nerve bundle and make ectopic synapses
on the muscle 12.#% Neto forms clusters
at the ectopic sites, instead of the normal
location within the cleft of muscles 13/12
(Fig. 2).

The only neuronally secreted pro-
tein known to influence the clustering
of iGluRs at the Drosophila NM] is the
N-acetyl-glycosaminoglycan-binding gly-
coprotein called Mind the gap (Mtg).*%
Mtg is thought to organize the extracel-
lular matrix in synaptic cleft toward effec-
tive trans-synaptic signaling and proper
clustering of iGluRs. An mig null allele
was identified in a screen for embry-
onically paralyzed mutants. In mzg null
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embryos, iGluRs remain clustered away
from the neuronal arbor and fail to form
functional synaptic clusters.® We found
that Neto also forms aggregates away from
the neuronal arbor in the absence of Mtg
(Fig. 3). In these aneural clusters, Neto
immunoreactivities co-localize with the
iGluR signals (not shown). The aneural
Neto/iGluR aggregates present in 72zg null
late embryos are relatively large, compa-
rable in size with the synaptic Neto/iGluR
clusters found in wild-type embryos at
this stage of development. In contrast,
the aneural iGluR-positive puncta are
very faint, barely distinguishable from
the background in the absence of Neto.*?
Thus, Neto appears to be required for
both neural and aneural iGluRs clusters,
similar to MuSK and Lrp4. While Mtg
is required to organize the iGluR clusters
in the proximity of the neuronal arbor,
Neto appears to function at eatlier steps
in synapse assembly, synaptic target-
ing and clustering of the receptors. Neto
does not contain any catalytic domains.
Instead, it has a number of extracellular
protein-protein interaction domains and
an intracellular domain rich in putative
phosphorylation sites and docking motifs.
We favor a model in which Neto engages
the iGluRs extrajunctionally and mediates
their traffic to the synapses and/or their
stable incorporation at the PSDs (Fig. 4).

How conserved are Neto activities
across phylogenetic lineages?

Unlike other Netos, Drosophila Neto
has essential roles in synapse formation
and animal viability. However, several
lines of evidences indicate that Netos
constitute a family of highly conserved
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Figure 2. Synaptic accumulation of Neto follows neuronal signaling. In control third instar larvae (upper panels) as well as in axon guidance mutants
(tIre=#1/tlr-41 Jlower panels) Neto (in green) and the postsynaptic scaffold Discs large (Dlg, in red) accumulate at the site of neuronal innervation .
HRP, in blue, marks the neuronal surface. ISNb innervates the ventrolateral muscles and includes axons of RP3, which innervates muscles 6 and 7, and
RP5, which innervates muscle 12. RP3 makes appropriate synaptic contacts in both control and tir animals (white arrow) but in t/r RP5 fails to defas-
ciculate, passes its muscle target, then returns to innervate muscle 12 from the dorsal side. White arrows mark the normal synaptic sites; yellow arrow

marks the ectopic NMJ.

proteins that influence the function of
glutamatergic synapses, which acquired
species- and tissue-specific roles during
evolution. First, all of the Neto proteins
associate with iGluRs in vivo. In fact, ver-
tebrate Neto2 was discovered in a screen
for proteins that coimmunoprecipitated
with GluK2/3 from rat cerebella.?® Netol,
originally identified because of its dis-
tribution in the brain PSD fraction, was
shown to bind with NMDA receptors as
well as hippocampal KA receptors, GluK2
and GluK5.%% Notably, Netol and
Neto2 do not associate with AMPA-type
receptors at PSDs. In contrast, C. elegans
Neto/SOL-2 protein associates with GLR-
1, which shares some characteristics with
both AMPA- and KA-type receptors.”
Likewise, the iGluRs of Drosophila NM]
are complexes of AMPA/KA-like sub-
units: conserved residues known to favor
AMPA binding are present in GluRIIA,
GIuRIIB and GIuRIIC, while GluRIID
and GIuRIIE are predicted to favor
KA binding. Second, the intracellular
domains of all known Netos are rich in
putative phosphorylation sites suggesting
modulatory roles for these domains. These
domains may facilitate synaptic traffick-
ing of specific receptors by differentially
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engaging the receptor subunits and/or
connecting the receptor complexes with
motors and scaffold proteins. While it was
shown that Netol binds directly to PSD-
95 via its PDZ binding domain and Neto
2 to the scaffold protein GRIP,***® char-
acterization of such regulatory functions
awaits further experimentation. Third,
Netos may also mediate stabilization of
the iGluRs at the synapses. In C. elegans,
GLR-1 is delivered to the cell surface
without Neto/SOL-2, but the stability
and/or function of the complex appears
Netol/2
null mice displayed significant reductions
(40-50%) in GluK2 receptor subtype at
cerebellum and hippocampal PSDs with-
out detectable changes in total receptor
levels.?®% These double knockout mice
have defects in long-term potentiation,

compromised.” Interestingly,

learning and memory, but they are via-
ble.”” More importantly, Netol and Neto2
are not essential for iGluR clustering. In
contrast, Drosophila Neto is essential for
iGluR clustering and formation of func-
tional NM]. The requirement for large
receptor aggregates at NM]J may account
for the difference between the essential
roles for Neto at Drosophila NM] but
not in other systems, including fly CNS
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synapses. Clustering of neurotransmitter
receptors at other NMJs is also essential
for viability.

Finally, Netos appear to directly mod-
ify the properties of the iGluR complexes.
Vertebrate Netol and Neto2 slow the
decay kinetics of KA receptors expressed
in Xenopus oocytes (reviewed in ref. 31).
Glutamate-gated currents recorded from
heterologous cells that express C. elegans
GLR-1 appeared faster and smaller with
coexpression of Neto/SOL-2.% Additional
auxiliary subunits are required for the
function of GLR-1: when C. elegans
GLR-1 is expressed alone in heterologous
cells, little or no glutamate-gated current
is detected. Expression of STG-1, a star-
gazin-like protein, together with GLR-1
and the CUB-domain protein SOL-1
reconstitutes glutamate-gated currents in
Xenopus oocytes.” Attempts to reconsti-
tute Drosophila iGluRs in heterologous
systems have failed so far,’® suggesting
that other components or auxiliary pro-
teins are required for functional recep-
tors. This limits our current abilities to
investigate a role for Drosophila Neto in
the modulation of iGluR channel prop-
erties. Along this line, one of the most
important limitations appears to be the
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surface delivery of functional complexes.
Our preliminary results suggest that Neto
does not modulate the surface delivery of
iGluRs. The lack of contribution for Neto
proteins to surface presentation of iGluR
channels may be a shared feature of Netos

from worms to humans.?>2>3!

Conclusions

In summary, Netos appear to (1) bind to
the iGluRs at extrajunctional locations
and remain engaged with the receptors,
(2) regulate their trafficking to synaptic
locations, (3) mediate stable incorpora-
tion of iGluRs and/or their stabilization
at PSDs and (4) modulate the properties
of the channels. Before innervation, Neto/
iGluR complexes could form on the mus-
cle surface and traffic to synaptic locations
at Drosophila NM]. Without innervation,
aggregation of receptor complexes at junc-
tional locations cannot occur and presum-
ably the complexes will be free to diffuse
Neto/iGluR
complexes stably incorporate at the PSDs

away. After innervation,

and form functional synapses (Fig. 4).
During development, Neto mediates fur-
ther recruitment of iGluRs and promotes
the growth and stabilization of postsyn-
aptic structures. How Neto performs all
these postsynaptic activities will be the
focus of future research.

A remaining question is what mediates
the surface delivery of iGluRs. In verte-
brates, native AMPA-type receptors were
shown to contain transmembrane AMPA
receptor regulatory proteins (TARPs) and
Cornichon-like proteins (CNIHs) as aux-
iliary subunits that modulate the surface
delivery, trafficking and channel proper-
ties of the receptor complexes (reviewed
in ref. 21). TARPs include molecules from
the stargazin family and appear to asso-
ciate with nascent AMPA receptor com-
plexes after subunit tetramerization but
before their export from the ER. In heter-
ologous systems, TARPs greatly enhanced
the surface expression of AMPA receptors
but did not affect the traffic of structur-
ally related KA receptors. TARPs appear
to function as chaperones to facilitate the
trafficking of receptors through secretory
compartments and to direct their distribu-
tion to specific membrane compartments.

In addition, TARPs modulate AMPA
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Figure 3. Mtg affects Neto accumulation at the synapses. Neto recruitment and clustering at the
synapses was analyzed in control (upper panels) and mtg mutant (lower panels) embryos

21 h after egg laying. HRP in red marks the neuronal surface. Neto (green) form clusters, which
accumulate at the neuronal arbor (white bracket) in wt or mtg heterozygous animals but not in

mtg mutants.
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Figure 4. Model for Neto/iGluRs recruitment and clustering at the NMJ. Neto engages the iGIuR
complexes extrajunctionally and together they traffic and cluster at the synapses, opposite from
the active zones marked by T-bars. Neto and the essential iGIuR subunits are limiting for forma-
tion of functional iGIuR complexes at the NMJ and for growth of synaptic structures.

receptor gating and pharmacological
properties. Drosophila genome contains a
stargazin-like protein (Stgl) encoded by
CG33670. Previous studies showed that
Drosophila Stgl is functionally homolo-
gous with other stargazin-like molecule
from worms and vertebrates and they
can partially substitute for one another to
reconstitute glutamate-gated currents.’!
Similarly, the C. elegans SOL-1, a more
distantly related TARP, and Drosophila
Sol-1 homolog, encoded by CG34402,
have been shown to functionally substi-
tute for each other.#>?

that
AMPA receptors primarily associate with

Recent studies have shown
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CNIHs and only a fraction associate with
TARPs.” In heterologous systems, CNIHs
enhanced the surface expression of AMPA
receptors and affected the channel proper-
ties to a greater extent than TARPs. Judged
by their high conservation with Drosophila
Cornichon (Cni) and yeast Ervl4p, pro-
teins that aid in the trafficking of the
TGFa-related proteins to the cell surface,
CNIHs are bonafide chaperones.’**” The
molecular mechanisms underlying the
common effects of the structurally distant
TARPS and CNIHs on AMPA receptors
are under intense investigation. No role
in the modulation of iGluRs has been

defined for the Drosophila Cornichon
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(encoded by CG5855) and Cornichon-
related (CG17262). Whether TARDPs or
CNIHs could function as auxiliary sub-
units for Drosophila iGluRs remains to
be determined. But there is no doubt that
learning about the dynamic and multi-
molecular complexes that iGluRs form
with auxiliary subunits will greatly influ-
ence our understanding of synapse assem-
bly and function. Building a synapse is
after all a complex matter.
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