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Neurexin nanoclusters: A novel structure at presynaptic terminals

Daichi Kawaguchi® and Yukiko Gotoh?@®

The trans-synaptic cell adhesion molecule neurexin regulates synaptic functions but its high-resolution subcellular localization and
dynamics were unknown. Trotter et al. (2019. J. Cell Biol. https://doi.org/10.1083/jcb.201812076) describe previously unrecognized nanoscale
clusters of neurexin-1 in presynaptic terminals and their regulation by ADAM10-mediated proteolysis.

Synapses are specialized subcellular interfaces
between neurons that transmit electrochemi-
cal signals and serve as fundamental infor-
mation processing units of the brain. Changes
in synapse structure and function are the
basis of learning and memory, while aberrant
synaptic development underlies a variety
of neuropsychiatric disorders. Trans-synaptic
cell adhesion molecules are crucial to confer
specificity between synaptic partners during
synapse formation and control their mature
properties and dynamics. Neurexins (Nrxns)
are one family of presynaptic molecules that
bind to postsynaptic ligands such as neuro-
ligins, leucine-rich repeat transmembrane
proteins, neurexophilins, dystroglycan, GABA,
receptors, and GluD2-cerebellin-1 and mediate
the proper assembly and functional matura-
tion of synapses in an isoform-specific manner
(1). In mice, Nrxns are encoded by three genes,
Nrxnil-3, with numerous spliced isoforms, and
the genetic deletion of Nrxns impairs the
regulation of presynaptic Ca** channels and
neurotransmitter release and reduces the
trans-synaptic recruitment of postsynap-
tic AMPA-type glutamate receptors (AMPARs;
2, 3). Recent studies with the use of super-
resolution microscopy techniques unveiled
trans-synaptic molecular nanocolumns within
the active zone that axially align presynaptic
release sites and postsynaptic receptors for
efficient signal transmission (4-6). Related to
these observations, overexpressed Nrxnlf
tagged with a biotin acceptor peptide was
found to cluster at presynaptic terminals of
cultured mouse hippocampal neurons (7).
However, the precise location and dynamics of
endogenous Nrxns at the synaptic junction
have remained elusive.

In this issue, Trotter et al. describe super-
resolution 3D stochastic optical reconstruction
microscopy (STORM) imaging in mouse hip-
pocampal neurons and report an unexpected
localization pattern of Nrxnl, namely, a nano-
scale cluster-like presynaptic organization
(Fig. 1). To investigate the precise localization of
Nrxnl, the authors generated conditional
knockin mice that express HA-tagged Nrxnl
for anti-HA immunostaining (8). Fach Nrxnl
nanocluster covered 15-20% of the Homerl-
covered synaptic cleft in cultured hippocam-
pal neurons and hippocampal sections. Only a
fraction (~40%) of excitatory synapses con-
tained Nrxnl nanoclusters in hippocampal
neurons, and most of these synapses harbored
only a single nanocluster that comprised more
than four Nrxnl molecules. These surprising
results suggest that Nrxnl nanoclusters are not
associated with many trans-synaptic nano-
columns at a given time in a given synapse.
Moreover, Nrxnl nanoclusters showed locali-
zation and clustering patterns distinct from
SynCam and N-cadherin, two other trans-
synaptic cell adhesion molecules that form
ring-like structures surrounding the active
zone. Therefore, Nrxn proteins appear to show
a unique localization and clustering pattern
that is distinct from any other known synaptic
molecules.

To rule out the possibility that Nrxnl
nanoclusters were artifacts due to the inser-
tion of the HA tag into the Nrxnl protein,
Trotter et al. (8) confirmed that endoge-
nous wild-type Nrxn proteins detected by
anti-pan-Nrxn antibodies also show similar
nanoclusters at excitatory synapses in hip-
pocampal neurons. Importantly, these signals
were eliminated by a triple knockout of the

Nrxnl-3 genes but not by a single knockout of
the Nrxnl gene, suggesting that Nrxn2 and/or
Nrxn3 also form nanoclusters. Moreover,
they confirmed that conditional knockin mice
expressing an HA-tagged schizophrenia-
related mutant of Nrxnl that lacks the
transmembrane and intracellular domains do
not show HA-Nrxnl nanoclusters. Together,
these results validate the existence of Nrxn
nanoclusters.

What is the physiological function of Nrxn
nanoclusters? Trotter et al. (8) found that
Nrxn nanocluster-positive synapses show
higher levels of presynaptic vesicle exocytosis
and postsynaptic surface AMPAR expression
than nanocluster-negative synapses, sug-
gesting that Nrxn nanocluster-positive syn-
apses are more active. However, Nrxnl
deletion did not affect excitatory synapse
formation or basic properties of synaptic
transmission such as AMPAR currents, at
least in cultured hippocampal neurons, which
may be due to the compensatory effects
of Nrxn2 and Nrxn3. It will be necessary to
manipulate all Nrxn nanoclusters to investi-
gate their synaptic functions, specifically by
disrupting their clustering feature.

Are Nrxnl nanoclusters stable or dynam-
ically regulated? Trotter et al. (8) found that
the proportion of excitatory synapses that
contain Nrxnl nanoclusters, the Nrxnl con-
tent per nanocluster, and the relative nano-
cluster size all greatly increase in association
with the maturation of hippocampal neurons
during development. Furthermore, localiza-
tion of Nrxnl nanoclusters appear to be
influenced by neuronal activity, as pharma-
cological activation of cultured hippocampal
neurons did not significantly change the
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Nrxn nanoclusters at presynaptic terminals and their dynamic regulation by ADAM10-mediated ectodomain cleavage. Two distinct presynaptic

nanoscale organizations, nanocolumns and Nrxn nanoclusters, are shown. Nanocolumns are observed across the synaptic cleft that axially align presynaptic release
sites and postsynaptic receptors. In contrast, only a fraction (~40%) of excitatory synapses contained Nrxn1 nanoclusters in hippocampal neurons in vitro and in vivo,
and most of these synapses harbored only a single nanocluster that was comprised of more than four Nrxnl molecules. Nrxn nanoclusters are dynamically regulated
during synaptic maturation and Nrxnl ectodomain shedding by ADAM10.

abundance of HA-Nrxnl nanoclusters but
shifted their location from the center to the
periphery of the active zone, which was
also observed during neuronal maturation.
Most intriguingly, the authors also found
that Nrxnl undergoes extensive ectodomain
shedding with a dominant contribution of
ADAMI0-mediated cleavage at an extracel-
lular juxtamembrane site. Indeed, under
physiological conditions, ~4% to ~6% of HA-
Nrxnlo was present as soluble ectodomain
protein in the adult mouse brain. Inhibition
of ADAMI0-mediated proteolysis in cultured
hippocampal neurons suppressed ectodomain
shedding of Nrxnl and dramatically increased
the number of synapses containing Nrxnl
nanoclusters from ~40% to ~80% of excita-
tory synapses and the Nrxnl content per
nanocluster by twofold. ADAMIO may thus
disassemble Nrxnl nanoclusters by cleaving
Nrxnl to generate soluble ectodomains.

The unexpected discoveries of Nrxn
nanoclusters and their dynamic shedding in
hippocampal excitatory neurons raise many
exciting questions. How are the Nrxn
nanoclusters spatially and functionally re-
lated to known active zone structures, most
notably the trans-synaptic nanocolumns
composed of many molecules including
RIM1/2, AMPARs, and PSD95 that are re-
peatedly distributed within the active zone?
Nrxn nanoclusters might provide a selective
dynamic regulation of nanocolumn-based
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synaptic machinery given the existence of
only a single Nrxn nanocluster per synapse.
Then, what molecules do Nrxn nanoclusters
interact with? Nrxn proteins have been
implicated in the regulation of synaptic
maturation, possibly via their interaction
with CASK (Ca2*/calmodulin-dependent
serine protein kinase), and it would there-
fore be interesting to determine if Nrxn
proteins interact physically with CASK-
associated active zone proteins including
RIM and RIM-BP, which are also known to
associate with Ca?* channels and have re-
cently been shown to induce liquid-liquid
phase separation (9). Do Nrxn nanoclusters
interact with specific postsynaptic partners
or ligands? Given that neuroligin-1 forms
postsynaptic nanodomains with AMPARs
and plays an essential role in alignment of
pre- and postsynaptic machinery (4), it will
be important to determine whether Nrxn
nanoclusters interact with the neuroligin-
1-mediated nanodomains. Further investi-
gation of the nature and interacting partners
of Nrxn nanoclusters may provide clues to
understanding their functions.

Finally, human genetic studies suggest
that mutations in Nrxn genes are linked to
several psychiatric disorders including
autism and schizophrenia (10). Further
characterization of Nrxn nanoclusters and
determination of how they are disrupted
or altered by disease-associated mutations
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might provide unexpected insights into the
pathogenesis of these disorders.
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