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Neuronal MT1-MMP mediates ECM clearance and Lrp4 cleavage

for agrin deposition and signaling in presynaptic development
Marilyn Janice Oentaryo, Anna Chung-Kwan Tse and Chi Wai Lee*

ABSTRACT

Agrin is a crucial factor that induces postsynaptic differentiation at
neuromuscular junctions (NMJs), but how secreted agrin is locally
deposited in the context of extracellular matrix (ECM) environment
and its function in presynaptic differentiation remain largely unclear.
Here, we report that the proteolytic activity of neuronal membrane-
type 1 matrix metalloproteinase (MT1-MMP; also known as MMP14)
facilitates agrin deposition and signaling during presynaptic
development at NMJs. Firstly, agrin deposition along axons exhibits
a time-dependent increase in cultured neurons that requires MMP-
mediated focal ECM degradation. Next, local agrin stimulation
induces the clustering of mitochondria and synaptic vesicles, two
well-known presynaptic markers, and regulates vesicular trafficking
and surface insertion of MT1-MMP. MMP inhibitor or MT1-MMP
knockdown suppresses agrin-induced presynaptic differentiation,
which can be rescued by treatment with the ectodomain of low-
density lipoprotein receptor-related protein 4 (Lrp4). Finally, neuronal
MT1-MMP knockdown inhibits agrin deposition and nerve-induced
acetylcholine receptor clustering in nerve-muscle co-cultures and
affects synaptic structures at Xenopus NMJs in vivo. Collectively, our
results demonstrate a previously unappreciated role of agrin, as well
as dual functions of neuronal MT1-MMP proteolytic activity in
orchestrating agrin deposition and signaling, in presynaptic
development.

KEY WORDS: Agrin, Extracellular matrix, Matrix metalloproteinase,
Presynaptic differentiation, Lrp4

INTRODUCTION

The construction of neuronal circuit involves an intricate array of
connections to be established during early development that allows
the formation and proper functioning of the nervous system (Sanes
and Yamagata, 2009; Yogev and Shen, 2014). Generally, neuronal
outgrowth and synaptogenesis are considered as two distinct phases
in neuronal circuit wiring (Dai and Peng, 1996; Peng et al., 2003).
During the early stage of wiring, the growth cone, a motile structure
located at the leading edge of a growing axon, extends and navigates
the axon outward to the target cell. Binding of the extracellular
ligands to their receptors on the plasma membrane triggers
intracellular signaling pathways to regulate the motility, outgrowth
and turning response of the growth cones (Lowery and Van Vactor,
2009; Omotade et al., 2017). After reaching a specific target, the
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motile growth cone structure then transforms into a much more
stable nerve terminal for activity-dependent neurotransmitter
release. This is evidenced by the accumulation of synaptic vesicle
(SV) and mitochondrial clusters, two of the most prominent
presynaptic differentiation markers (Dai and Peng, 1998; Lee and
Peng, 2006). However, whether the transition from neuronal
outgrowth to synaptogenic phase is regulated by intrinsic or
extrinsic factors, and their underlying molecular mechanisms
remain largely unclear.

Agrin, a large heparan sulfate proteoglycan (HSPG), has been
well characterized for its functions in postsynaptic differentiation at
developing neuromuscular junctions (NMJs) (Liet al., 2018; Ruegg
and Bixby, 1998). Agrin induces the clustering of acetylcholine
receptors (AChRs) in muscle fibers through the activation of low-
density lipoprotein receptor-related protein 4 (Lrp4) and muscle-
specific kinase (MuSK) signaling pathway (Kim et al., 2008; Zhang
et al., 2008). At the tripartite NMJs, agrin is expressed in and
secreted by all three cell types (i.e. motor neurons, muscle fibers and
perisynaptic Schwann cells) (Reist et al., 1992; Yang et al., 2001).
However, the multiple alternatively spliced forms of agrin have
different binding characteristics and bioactivities (Scotton et al.,
2006). While motor neurons express a mixture of agrin isoforms,
those isoforms containing inserts of four and eight amino acids at
site A and B, respectively, are the most effective in inducing AChR
clustering in vitro and in vivo (Bezakova et al., 2001; Gesemann
et al., 1995). In contrast to the well-characterized functions of agrin
in postsynaptic differentiation at NMJs, the regulation of agrin
deposition by spinal neurons and the physiological function of
endogenous agrin in presynaptic differentiation, however, are still
elusive.

The extracellular matrix (ECM) contains different ligands, such
as laminin, collagen and fibronectin, that modulate the adhesion and
motility of neuronal growth cones (Kerstein et al., 2015).
Interestingly, neuronal growth cones are associated with the
activity of matrix metalloproteinases (MMPs) to mediate local
proteolysis of ECM proteins, which may spatiotemporally control
the release of ECM-associated growth factors (Santiago-Medina
et al., 2015). Currently, 23 different MMPs have been identified in
humans, which differ in their substrate specificity (Nagase et al., 2006),
and they are classified as either membrane-bound or soluble forms.
Membrane-type | MMP (MT1-MMP, also known as MMP14), can
degrade a range of different ECM components (collagen, gelatin and
laminin) (Itoh, 2015) and activate other soluble MMPs through
proteolytic cleavage of their pro-domain peptide (Deryugina et al.,
2001; Li et al., 2017). However, whether MMP-mediated proteolytic
regulation of ECM proteins and/or other synaptogenic factors affects
presynaptic development remains to be investigated.

In this study, we investigated how secreted agrin is locally
deposited in the context of ECM environment through the action of
MT1-MMP that induces presynaptic development. Firstly, we show
that agrin deposition along the neurites can be strongly detected in
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1- or 2-day-old Xenopus spinal neuron cultures, but not in young
cultures at which the neuronal outgrowth phase is dominant. MMP-
mediated ECM degradation allows the spatial deposition of agrin
along the neurites. We further demonstrate that the application of
polystyrene beads coated with recombinant neural agrin proteins
focally induces presynaptic differentiation in cultured spinal
neurons, as reflected by a panel of different presynaptic markers,
through Lrp4-dependent mechanisms. Next, we identify that
endogenous MT1-MMP is required for ECM degradation along
the neurites and agrin bead-induced presynaptic differentiation.
Time-lapse imaging further shows the dynamic axonal transport of
MTI1-MMP vesicles, followed by the local capture and surface
delivery of vesicular MT1-MMP proteins at the agrin bead-
contacted sites. Furthermore, either pharmacological inhibition of
MMP activity or reduced expression of endogenous MT1-MMP
suppresses agrin-induced presynaptic differentiation, and the
inhibitory effects can be rescued by treatment with the
ectodomain of Lrp4 (ecto-Lrp4), suggesting another function of
MT1-MMP in Lrp4 proteolytic activation. Finally, we show that
neuronal MT1-MMP plays an essential role in early NMJ formation
in vitro and in vivo. In summary, this study has identified a
previously unappreciated role of agrin in presynaptic differentiation
and a dual regulatory role of MT1-MMP in orchestrating agrin
deposition and signaling through ECM degradation and Lrp4
activation, respectively.

RESULTS

Intrinsic neuronal mechanisms control the transition from
axonal growth to synaptogenesis

It has been suggested that neuronal development consists of two
distinct phases: neuronal outgrowth and synaptogenesis (Dai and
Peng, 1996; Peng et al., 2003). After plating dissociated Xenopus
spinal neurons on ECM-coated substratum for 4-8 h, the neuronal
outgrowth phase is dominant, as demonstrated by the presence of
axonal growth cones, the motile structures located at the tips of
growing axons, in these young neurons (Fig. 1A). As the cultures
became older, a gradual reduction in neuronal outgrowth, as
reflected by the reduced length of axonal extension, was observed
(Fig. 1A,B). To examine whether the outgrowth and synaptogenic
phases of spinal neurons are developmentally regulated in culture,
we next examined the secretion and deposition of agrin, a crucial
nerve-derived factor for inducing postsynaptic differentiation, in
cultured neurons at different time points. While agrin deposition
was seldom detected in the outgrowing young neurons, we started to
detect agrin deposition, together with a gradual increase in the
intensity of agrin immunostaining signals, to be associated with
most neurites in the older neurons (Fig. 1C). By examining the
patterns of fluorescent gelatin conjugate, the ECM protein used for
substratum coating, we intriguingly detected an increasing extent of
gelatin degradation that was spatially and temporally correlated with
the patterns of agrin deposition in older (i.e. 1- or 2-day-old)
neurons (arrows in Fig. 1C). Line profiles of fluorescent gelatin, and
agrin and synapsin 1 immunostaining signals further demonstrated
that the segment of neurite with reduced fluorescent gelatin intensity
was closely associated with increased signals of agrin and synapsin
1; by contrast, the segment of the same neurite with basal
fluorescent gelatin intensity was closely associated with the
portion where there was minimal signals of agrin and synapsin 1
in 1-day-old cultures (Fig. 1D). Notably, expression and deposition
of endogenous agrin were strongly detected along the entire length
of neurites with extensive ECM degradation in 2-day-old cultures
(bottom row, Fig. 1C). Quantification showed a time-dependent

increase in the percentage of neurites with gelatin degradation, and
the extent of degradation, after cell plating in culture over time
(Fig. 1E). A similar trend was also observed in the percentage of
neurites with agrin deposition and its fluorescence intensity in the
cultured neurons at different time points (Fig. 1F), which was also
coupled with an increased intensity of synapsin 1 (Fig. 1G), a highly
conserved phosphoprotein  involved in the regulation of
neurotransmitter release (Greengard et al, 1987). When we
performed the ECM degradation assay using another ubiquitously
expressed ECM protein, collagen, we also detected a strong spatial
correlation between synapsin 1 localization and focal degradation of
fluorescent collagen at different segments of the same neurite in 1-day-
old cultures (Fig. S1). These results suggest that local degradation of
ubiquitously expressed ECM proteins is required for the proper
deposition and localization of agrin at the nascent synaptic basal lamina,
which may be crucial developmentally regulated cellular events in
presynaptic development.

Agrin is a molecular switch from axonal growth to
presynaptic differentiation in young neurons

Since neuronal growth cones translate environmental signals into
directional guidance responses for the extending axons to find their
ultimate destination (Lowery and Van Vactor, 2009), we anticipated
that the transition of neuronal outgrowth to synaptogenic phase
could be reflected by the morphological changes in growth cone
structures. By comparing the growth cone morphology in cultured
neurons at different time points, we observed a developmental shift
from the normal fan-shaped to the collapsed bulb-shaped growth
cone structures between young (4-8 h) and old (1 day) neurons
(Fig. 2A). In the old neurons, collapsed growth cone structures were
found in >70% of the neurites, as compared to only ~20% showing
such structures in the young neurons (Fig. 2B), implicating a gradual
loss of axonal growth ability of spinal neurons in culture over time.
Interestingly, bath treatment of recombinant agrin, at 0.1 mg/ml,
significantly induced growth cone collapse in the young neurons,
but not in the old neurons. Together with growth cone collapse, we
also detected a significant reduction in neurite extension in the
young neurons treated with agrin (Fig. 2C). To determine the effects
of agrin treatment on presynaptic differentiation, we next examined
the clustering of SVs and mitochondria, both of which are well-
known presynaptic markers that are enriched in nerve terminals and
varicosities in cultured neurons (Dai and Peng, 1995; Lee and Peng,
2006). Compared to the untreated cultures, agrin treatment
significantly increased SV and mitochondrial clustering along the
neurites in the young neurons (Fig. 2D-F). However, no further
increase was observed in the old neurons after agrin treatment,
suggesting that expression and deposition of endogenous agrin are
sufficient to induce presynaptic differentiation in the old neurons.
Notably, agrin treatment caused a significant increase in the
intensity of MitoTracker signals (Fig. 2E), indicating that the
membrane potential and ATP generating ability of mitochondria
were elevated by agrin treatment in these young neurons.

To further determine whether agrin expression and/or deposition
are developmentally regulated processes that serve as a stop signal
for the transition from the neuronal outgrowth to synaptogenic
phase in culture, we manipulated agrin expression and activity by
means of an antisense morpholino oligonucleotide (MO) and
functional blocking antibody, respectively. As no commercial
antibodies were available to detect Xenopus agrin by western
blotting, the knockdown efficiency of agrin MO was validated by
immunostaining, with a 57% reduction in endogenous agrin protein
level seen as compared to the control (Fig. S2). In 1-day-old
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Fig. 1. Cultured spinal neurons exhibit time-dependent change in ECM degradation, agrin deposition and synapsin 1 localization along the neurites.
(A) Representative images showing the extension length of cultured Xenopus spinal neurons at different time points. Dotted lines align different images
based on the position of growth cones at the first time point. S, soma. (B) Quantitative analysis showing the normalized net length of neurite extension after 2 h in
cultured neurons at different time points. n=85 neurites in each experimental group from three independent experiments. (C) Representative images showing the
patterns of fluorescent gelatin degradation, agrin deposition and synapsin 1 localization along neurites in cultured spinal neurons at different time points.
Arrows indicate the segment of a neurite with both gelatin degradation and localized signals of agrin and synapsin 1; arrowheads indicate the absence or minimal
levels of gelatin degradation, agrin deposition, and synapsin 1 localization at the other segment of the same neurite. The yellow line indicates the region of interest
for generating line profiles along the length of neurites, with the numbers representing the relative position in pixels. (D) Line profiles showing the relative
fluorescent intensities of gelatin, agrin and synapsin 1 along the yellow line (indicated in C) in a 1-day-old cultured neuron. (E-G) Quantitative analysis showing the
increasing percentage of neurites with gelatin degradation (solid bars) and the extent of gelatin degradation (patterned bars) (E), the increasing percentage of
neurites with agrin deposition (solid bars), the increasing intensity of agrinimmunostaining signals (patterned bars) (F), and the increasing intensity of synapsin 1

(G) in cultured neurons over time. For quantifying the percentage, n=150 neurites were measured in each experimental group from three independent
experiments. For quantifying the intensity, n=65 (4-8 h), 65 (1 day), or 52 (2 days) neurites were measured from three independent experiments. Data are
meanzts.e.m. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 (one-way ANOVA with Tukey’s multiple comparison test). Scale bars: 10 pm.

cultures, agrin knockdown or the antibody-treated neurons
remained in the outgrowth phase, as reflected by a significant
increase in neurite extension and reduced percentage of collapsed
growth cones, compared with the control neurons (Fig. 2G-I). We
found that recombinant agrin treatment was able to rescue the effects
on neurite extension and growth cone structures caused by agrin
knockdown, but not by anti-agrin functional blocking antibody.
Intriguingly, semi-quantitative reverse-transcription polymerase chain
reaction (RT-PCR) data showed that agrin mRNA levels were
comparable between young and old neurons (Fig. S3). Together, our
data suggest that an intrinsic developmental regulation of agrin secretion
and deposition, and not its expression, may serve as a molecular switch
from neuronal outgrowth to presynaptic differentiation in culture.

Local application of agrin induces presynaptic

differentiation through neuronal Lrp4

Previous studies have shown that local application of synaptogenic
factors, such as basic fibroblast growth factor (bFGF), via
polystyrene beads can spatio-temporally induce presynaptic
differentiation, as reflected by the clustering of SVs and
mitochondria at the bead—neurite contact sites (Lee and Peng,
2006, 2008). While agrin-coated beads have been found to be
effective in inducing postsynaptic AChR clustering in cultured
muscle cells, as shown in our previous study (Lee et al., 2009), here
we further tested whether agrin beads can spatiotemporally induce
presynaptic differentiation to a similar extent to bFGF beads in
spinal neurons cultured for less than 1 day. After adding agrin- or
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Fig. 2. Bath treatment with agrin suppresses neuronal outgrowth and promotes the clustering of presynaptic markers in young cultured spinal
neurons. (A) Representative images showing the morphological difference between a normal and collapsed growth cone in cultured Xenopus spinal neurons.
(B) Quantitative analysis showing that bath application of agrin significantly induces growth cone collapse in young neurons, but not in old neurons. n=150 neurites
in each experimental group from three independent experiments. (C) Quantitative analysis showing that agrin treatment significantly inhibits axonal growth in
young neurons. n=85 neurites in each experimental group from three independent experiments. (D) Representative images showing that agrin treatment
significantly increases mitochondrial and SV clustering along the neurites in young neurons, but notin old neurons. Asterisks indicate the soma. (E,F) Quantitative
analysis showing the effects of agrin treatment on the intensity of mitochondrial clusters (E) and SV clusters (F) along the neurites in young versus old cultures.
n=60 neurites in each experimental group from three independent experiments. (G) Representative images showing the effects on neurite extension upon
molecular knockdown with agrin MO or treatment with anti-agrin functional blocking antibody. Dotted lines align different images based on the position of growth
cones at the first time point. Insets indicate the fluorescent dextran signals. (H) Quantitative analysis showing the effects of agrin knockdown or inhibition on
neurite extension. n=264 (wild-type), 303 (agrin), 202 (control MO), 185 (agrin MO), 201 (agrin MO+agrin), 173 (anti-agrin), or 224 (anti-agrin+agrin) neurites from
atleast three independent experiments. (1) Quantitative analysis showing the effects of agrin knockdown or inhibition on growth cone collapse. n=200 (wild-type or
agrin) or 150 (other experimental groups) neurites from at least three independent experiments. Data are meants.e.m. *P<0.05; **P<0.01; ***P<0.001;

n.s., not significant (unpaired Student’s t-test). Scale bars: 10 ym.

bFGF-coated beads to these young spinal neurons for 4 h, we
detected the accumulation of SV and mitochondrial clusters at most
of the bead-neurite contact sites (Fig. 3A). Specifically, the
effectiveness of agrin-coated beads for inducing the clustering of
these two presynaptic markers was comparable to that of bFGF-
coated beads (Fig. 3B). In contrast, BSA control beads were found
to be ineffective. The loading and unloading experiments with the
lipophilic styryl dye FM1-43 indicated that agrin beads could
induce the clustering of readily releasable SVs at the bead—neurite

contacts in live cultured spinal neurons (Fig. 3C). Furthermore,
fluorescent phalloidin staining and phosphotyrosine, bassoon, and
piccolo immunostaining showed that filamentous actin (F-actin)
scaffold (Peng, 1983), tyrosine-phosphorylated presynaptic
proteins (Dai and Peng, 1995) and active zone markers (Zhai
et al., 2001) were all highly enriched at agrin bead—neurite
contacts (Fig. 3D). These findings strongly support the
hypothesis that localized agrin stimulation is capable of
inducing the assembly of various presynaptic components for
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Fig. 3. Local agrin stimulation induces presynaptic differentiation through an Lrp4-dependent pathway. (A) Representative images showing the
localization of mitochondrial and SV clusters at the sites of neurite in contact with agrin- or bFGF-coated beads, but not with BSA control beads. (B) Quantitative
analysis showing that agrin beads effectively induce mitochondrial and SV clusters to an extent comparable to bF GF-coated beads. n=150 bead—neurite contacts
in each experimental group from three independent experiments. (C) Representative images showing that agrin beads induce the clustering of the readily
releasable pool of SVs, as revealed by the sequential loading and unloading of FM1-43 in high potassium solution. (D) Representative images showing the
enrichment of F-actin, tyrosine phosphorylated (PY) presynaptic proteins and active zone proteins at bead—neurite contacts. (E) Representative images showing
the requirement of neuronal Lrp4 for agrin-induced presynaptic differentiation. (F) Quantitative analysis showing the inhibitory effects of Lrp4 knockdown

on agrin-induced presynaptic differentiation. n=150 bead—neurite contacts in each experimental group from three independent experiments. Asterisks indicate
the bead—neurite contact sites; arrows indicate the localization of presynaptic markers; arrowheads indicate the absence of presynaptic marker localization

at the bead—neurite contacts. Data are meants.e.m. **P<0.01, ***P<0.001, ****P<0.0001 (one-way ANOVA with Dunnett's multiple comparison test).

neurotransmitter release. Since the effectiveness of agrin beads
on the clustering of SVs and mitochondria was comparable in
either young or old neurons (Fig. S4), old neurons were primarily
used in our subsequent experiments as they had much longer
neurites for making bead contacts.

Since a role for the agrin—Lrp4-—MuSK signaling pathway has
been well characterized in postsynaptic differentiation at NMJs
(Kim et al., 2008; Zhang et al., 2008), we next investigated
whether agrin bead-induced presynaptic differentiation also
requires neuronal Lrp4 expression. Lrp4 mRNA and proteins
were detected in cultured Xenopus spinal neurons, as shown by
RT-PCR and immunostaining data (Fig. S5A,B). To determine the
requirement of Lrp4 for presynaptic differentiation, endogenous
Lrp4 expression was knocked down by an antisense MO and
fluorescent dextran was used as the cell lineage tracer for
identifying the MO-containing neurons in early Xenopus
embryos. Since there were no commercial antibodies available
for detecting Xenopus Lrp4 by western blotting, we performed
immunostaining experiments, which showed a significant
reduction of endogenous Lrp4 signals, by 62%, in Lrp4 MO
neurons (Fig. S5C,D). Importantly, Lrp4 knockdown significantly
inhibited agrin bead-induced clustering of mitochondria and SVs
compared with that seen in the wild-type neurons or neurons
with control MO (Fig. 3E,F). These results suggest that neuronal
Lrp4 expression is required for agrin-induced presynaptic
differentiation.

MT1-MMP activity regulates agrin-induced presynaptic
differentiation

Recent studies have suggested that MMP-mediated ECM
degradation regulates axonal guidance of neuronal growth cones
(Santiago-Medina et al., 2015); however, whether MMP activity

also regulates the development of presynaptic nerve terminals
remains unclear. To test this, we first used a broad-spectrum MMP
inhibitor BB-94, at 5 uM, which caused a complete inhibition in the
degradation of fluorescent gelatin associated with the cultured
neurons (Fig. 4A,B). Moreover, BB-94 treatment significantly
suppressed agrin deposition and synapsin 1 localization along the
neurites (Fig. 4C,D), further supporting the notion that ECM
degradation is a prerequisite for the proper deposition and
localization of secreted agrin to induce presynaptic differentiation.

To address whether agrin can be proteolytically degraded by
MMP activity, we then performed agrin immunostaining, followed
by live-cell imaging, to examine the effects of BB-94 treatment on
the fluorescence intensity of secreted agrin signals. Agrin
immunostaining signals were found to be comparable in the
presence or absence of BB-94 after 1 day (Fig. 4E,F), suggesting
that agrin is not a proteolytic target of MMPs in spinal neurons.
Importantly, BB-94 treatment was found to significantly inhibit
agrin bead-induced presynaptic differentiation (Fig. 4G), as
reflected by a reduced percentage of bead—neurite contacts with
mitochondrial or SV clusters (Fig. 4H) and a lower fluorescence
intensity of these two presynaptic markers at the bead—neurite
contacts (Fig. 4I). These data suggest that MMP proteolytic activity,
on top of its known function in ECM degradation, may regulate
other signaling molecule(s) required for presynaptic differentiation.

MTI1-MMP is the best-characterized and prevalent isoform
among the 23 known MMPs in humans. We next examined
whether MTI-MMP is required for agrin-induced presynaptic
differentiation by an MO-mediated knockdown approach. The
knockdown efficiency of the MT1-MMP MO in Xenopus embryos
was validated by western blot analysis in our recent study (Chan
et al., 2020a). In cultured spinal neurons, the specificity of MT1-
MMP antibody was further demonstrated by a positive correlation
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and absence of presynaptic marker localization at the bead—neurite contacts, respectively. (H) Quantitative analysis showing the effects of BB-94 on the clustering
of presynaptic markers at agrin bead—neurite contacts. n=150 bead—neurite contacts in each experimental group from three independent experiments. (l)
Quantitative analysis showing the effects of BB-94 on the fluorescence intensity of the presynaptic markers at agrin bead—neurite contacts. n=60 bead—neurite
contacts in each experimental group from three independent experiments. Data are meants.e.m. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; n.s., not
significant (unpaired Student’s t-test). Scale bars: 10 pm.

between the fluorescence intensity of endogenous MT1-MMP MTI-MMP MO neurons, a significant inhibition of fluorescent
signals in different neurites and the extent of fluorescent gelatin  gelatin degradation associated with the neurites was detected
degradation associated with those neurites (Fig. S6A,B). In (Fig. 5A,B), which was contributed to by a reduced endogenous
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Fig. 5. MT1-MMP is required for agrin-induced presynaptic differentiation. (A) Representative images showing the reduction of gelatin degradation
associated with MT1-MMP knockdown neurons. Fluorescent dextran indicates the presence of microinjected MO in cultured neurons. (B) Quantitative analysis
showing that MO-mediated MT1-MMP knockdown reduces the percentage of neurites with gelatin degradation (solid bars) and the extent of gelatin degradation
(patterned bars). (C) Representative images showing the reduction of agrin deposition associated with MT1-MMP knockdown neurons. Fluorescent dextran
indicates the presence of microinjected MO in cultured neurons. (D) Quantitative analysis showing that MO-mediated MT1-MMP knockdown reduces the
percentage of neurites with agrin deposition (solid bars) and the intensity of secreted agrin (patterned bars). (E) Representative images showing that MO-
mediated MT1-MMP knockdown inhibits agrin bead-induced clustering of mitochondria and SVs in live and fixed cultured neurons, respectively. Fluorescent
dextran indicates the presence of microinjected MO in cultured neurons. Asterisks indicate the bead—neurite contact sites. Arrows and arrowheads indicate the
presence and absence of presynaptic marker localization at the bead—neurite contacts, respectively. (F,G) Quantitative analysis showing that MT1-MMP
knockdown reduces the percentage of agrin bead—neurite contacts with mitochondrial and SV clusters (F) and their intensities at the bead—neurite contacts (G).
Data are meants.e.m. For quantifying the percentage, n=150 neurites in each experimental group were measured from three independent experiments. For
quantifying the intensity, n=30 neurites in each experimental group were measured from three independent experiments. *P<0.05; **P<0.01; ***P<0.001;
****P<0.0001 (one-way ANOVA with Dunnett’'s multiple comparison test). Scale bars: 10 um.
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MTI1-MMP expression level (Fig. S6C,D). As MTI-MMP-
mediated ECM degradation is required for agrin deposition, we
also detected a significant reduction of agrin immunostaining
signals in MTI-MMP MO neurons, as expected (Fig. 5C,D).
Importantly, agrin bead-induced presynaptic differentiation was
significantly suppressed in MT1-MMP MO neurons (Fig. 5E), as
reflected by a reduced percentage of bead—neurite contacts with
mitochondrial or SV clusters and a lower fluorescence intensity of
those two presynaptic markers at the bead—neurite contacts
compared to that in the wild-type or control MO neurons (Fig. SF,
Q). Taken together, these data demonstrated that endogenous MT1-
MMP expression is required not only for agrin deposition through
mediating ECM degradation, but also for agrin signaling involved in
presynaptic differentiation.

MT1-MMP trafficking and surface insertion are
spatiotemporally targeted to agrin bead-stimulated sites
Similar to endogenous MT1-MMP localization, exogenous MT1-
MMP-mCherry signals were found along the entire neurites but
with a preferential enrichment at the varicosities (Fig. 6A), the
specialized structures containing clusters of SVs, dense-core
vesicles and mitochondria (Lee and Peng, 2006; Peng et al.,
1987). After agrin bead stimulation, spatial localizations of both
endogenous MT1-MMP and exogenous MT1-MMP-mCherry
signals were detected at the bead—neurite contact sites (Fig. 6B),
suggesting that MT1-MMP-mCherry overexpression did not alter
the localization patterns of MT1-MMP in cultured neurons.

Since MT1-MMP is an integral membrane protein, its proteolytic
activity requires the intracellular trafficking of MT1-MMP vesicles
to the sites of agrin bead stimulation in a spatially and temporally
controlled manner. To test this, we performed live-cell imaging to
track the mobility of MT1-MMP-mCherry signals along the
neurites after agrin bead stimulation. While MT1-MMP-mCherry
signals were found to be highly enriched at agrin bead—neurite
contact sites (Fig. 6C, arrows), these MT1-MMP-mCherry vesicles
were relatively immobile, as reflected by the white-colored signals
in a merge image of three different time-points (0, 10 and 20 s) and
by the largely straight vertical lines in the kymograph (Fig. 6C,
bottom panel). In contrast, other MT1-MMP-mCherry signals
along the neurites outside the bead contacts were relatively motile,
exhibiting bidirectional movement along the neurites.

To further determine whether MT1-MMP-mCherry vesicles are
locally captured at the bead—neurite contact, we next performed
fluorescence recovery after photobleaching (FRAP) experiments to
track the mobility of MT1-MMP-mCherry vesicles before and after
passing through the bead-contacted sites (Fig. 6D). Before
photobleaching, immobile MT1-MMP-mCherry signals were
locally enriched at the bead—neurite contact (Fig. 6E, left column,
arrows). Then, a region of the bead—neurite contact site containing
MT1-MMP-mCherry signals (dotted square region in Fig. 6D) was
photobleached and followed by performing time-lapse imaging to
visualize the dynamic movement of MT1-MMP-mCherry vesicles
into the photobleached region. To illustrate the temporal movement
of MT1I-MMP vesicles, MT1-MMP-mCherry signals from three
different time-points are displayed in the merge image with different
pseudo-colors (Fig. 6E, middle and right columns, arrowheads). In
this example, we observed some initially motile MT1-MMP—
mCherry vesicles moving along the neurites that became stabilized
at the bead-—neurite contact at both 34s and 108s after
photobleaching. Kymograph analyses further indicated that
multiple events of local capturing of MTI-MMP—mCherry
vesicles were identified at agrin—bead contact sites (Fig. 6F,

arrows). Nevertheless, we also observed bidirectional transport of
some MTI1-MMP-mCherry vesicles passing through the bead—
neurite contacts without stopping. By counting the number of MT1-
MMP-mCherry vesicles passing through the bead—neurite contact
sites during a period of 100 s after photobleaching, we identified
that 21 out of 40 (52.5%) discrete MT1-MMP-mCherry vesicles
were stalled at the bead contact. These data indicate that some
dynamic MT1-MMP vesicles can be locally captured at the sites
induced by agrin beads.

To demonstrate that the locally captured MT1-MMP vesicles can
subsequently be inserted into the membrane at the sites of agrin
stimulation, we used a construct encoding MTI-MMP tagged with
pHluorin, a pH-sensitive GFP variant. The sensitivity of MT1-MMP—
pHluorin for detecting its surface expression in Xenopus primary
cultures has been validated by previous experiments where there was a
sequential change of culture media to those with different pHs (Chan
et al., 2020a). Compared with MT1-MMP-mCherry or MT1-MMP
immunostaining signals, which reveal both surface and vesicular pools
of MT1-MMP proteins, we observed discrete MT1-MMP—pHIuorin
signals preferentially at the bead—neurite contacts (Fig. 6G), indicating
agrin beads locally induce surface localization of MT1-MMP. Next, we
performed photobleaching experiments on one of the bead—neurite
contacts, followed by live-cell imaging to monitor the recovery of MT1-
MMP-pHluorin signals at the photobleached region (Fig. 6H). In this
example, we observed discrete MT1-MMP—pHIuorin signals appearing
at the edge of bead—neurite contact at between 8 s and 11 s after
photobleaching, followed by the disappearance of the localized signals.
Taken together, our findings suggested that localized agrin stimulation
directs the vesicular trafficking and surface insertion of MT1-MMP
proteins, which are then incorporated into the existing MT1-MMP
clusters induced by agrin beads.

MT1-MMP-mediated proteolytic cleavage of neuronal Lrp4 is
required for agrin-induced presynaptic differentiation

MMPs have recently been found to play a critical role in presynaptic
differentiation through the proteolytic cleavage of the transmembrane
Lrp4 proteins into the diffusible ectodomain fragment of Lrp4 (ecto-
Lrp4) (Wu et al., 2012). The released ecto-Lrp4 then acts as a co-
receptor of agrin to stimulate AChR clustering in skeletal muscles.
However, whether MT1-MMP proteolytically cleaves Lrp4 to
generate ecto-Lrp4 in presynaptic differentiation remains unclear.
Firstly, we tested whether soluble recombinant ecto-Lrp4 could
rescue the suppression of presynaptic differentiation caused by either
MMP inhibition or neuronal MT1-MMP knockdown. Consistent
with the data presented above, BB-94 treatment or MT1-MMP MO
significantly inhibited mitochondrial and SV clustering induced by
agrin beads. Interestingly, these inhibitory effects were abolished by
incubating the cells with soluble recombinant ecto-Lrp4 proteins
(Fig. 7). In particular, soluble ecto-Lrp4 treatment in wild-type
neurons caused a slight, although not statistically significant, increase
in agrin bead-induced SV and mitochondrial clustering compared to
the untreated neurons (Fig. 7B). These findings suggested a
requirement of MT1-MMP in agrin-Lrp4 signaling in presynaptic
differentiation, and MT1-MMP-mediated proteolytic processing of
endogenous neuronal Lrp4 is sufficient to produce the required
amount of ecto-Lrp4 fragments for agrin-induced presynaptic
differentiation.

Neuronal MT1-MMP is required for agrin-Lrp4 signaling in
NMJ formation

To examine the role of MMP activity in the formation of NMJs, we
used the well-established Xenopus nerve-muscle co-culture system
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Fig. 6. Axonal trafficking and surface insertion of MT1-MMP are directed to sites of local agrin stimulation. (A) Representative images showing a similar
localization pattern between endogenous MT1-MMP signals and exogenous MT1-MMP-mCherry signals in cultured neurons. (B) Representative images
showing the spatial localization of endogenous MT1-MMP and exogenous MT1-MMP-mCherry signals at agrin bead—neurite contact sites. Inset shows
endogenous MT1-MMP signals in the contrast-enhanced image. Asterisks indicate the bead—neurite contact sites. Arrows indicate the localization of
presynaptic markers at the bead—neurite contacts. (C) Representative images showing the mobility of MT1-MMP-mCherry vesicles at bead-contact versus
non-contact regions along the neurite. A pseudo-color image was constructed by merging time-lapse images from three different time points to illustrate the
mobility of MT1-MMP—mCherry vesicles. Asterisks indicate the bead—neurite contact sites. Arrows indicate the immobile clusters of MT1-MMP-mCherry vesicles
localized at the bead—neurite contacts. A kymograph (bottom panel) shows the stability of MT1-MMP-mCherry vesicles at the bead-contact versus non-contact
regions along the neurite. (D) Representative images showing the fluorescence signals of MT1-MMP-mCherry at agrin bead—neurite contact before and

after photobleaching of signals at a defined region (square). An asterisk indicates the bead—neurite contact site. (E) Time-lapse images showing MT1-MMP-
mCherry signals in the dotted rectangular region (indicated in D) before and after photobleaching. Pseudo-colored merge images were constructed to indicate
the position of MT1-MMP-mCherry vesicles at three different time points. Arrows indicate the immobile clusters of MT1-MMP-mCherry vesicles localized at
the bead—neurite contact. Arrowheads indicate local capture of MT1-MMP-mCherry vesicles at the bead—neurite contacts. (F) A kymograph constructed from
100 frames in a 97 s time-lapse series along the yellow line (indicated in D). White arrows indicate the local capturing of multiple MT1-MMP-mCherry
vesicles at the bead—neurite contacts. White dotted lines mark the boundary of an agrin bead, and a yellow dotted line indicates the time of photobleaching.
(G) Representative images showing the spatial enrichment of surface MT1-MMP at agrin bead—neurite contact sites (asterisks). For clarity, the boxed region in
MT1-MMP—pHIluorin image was magnified and is shown in the inset. (H) Representative FRAP time-lapse images showing the spatial insertion of MT1-MMP-
pHluorin induced by localized agrin stimulation, as reflected by the appearance of discrete MT1-MMP—pHluorin signals (arrows) at an agrin bead—neurite contact
after photobleaching. Numbers indicate the elapsed time (in seconds) after photobleaching. For clarity, pseudo-colored images (bottom row) were included to
show the relative fluorescence intensity of MT1-MMP—pHIuorin. Scale bars: 10 pm with exception of kymographs, which are as indicated on the image.

to examine the effects of MMP inhibition on neuromuscular inhibitory effects of BB-94 on NMJ formation were demonstrated
synaptogenesis. First, bath application of BB-94 significantly by a reduced percentage of nerve—muscle contacts with AChR
inhibited nerve-induced AChR clustering, a hallmark of NMJ clustering and agrin deposition (Fig. 8B) and a lower fluorescence
formation, and agrin deposition along the neurites (Fig. 8A). The intensity of these two synaptic markers at the nerve—muscle contacts
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Fig. 7. Soluble ecto-Lrp4 reverses the inhibitory effect of MMP inhibition or MT1-MMP knockdown on agrin-induced presynaptic differentiation.

(A) Representative images showing that soluble recombinant ecto-Lrp4 reverses the suppression of agrin-induced mitochondrial and SV clustering induced
by BB-94 treatment or by MO-mediated knockdown of endogenous MT1-MMP expression (MT1-MO). Asterisks indicate the bead—neurite contact sites. Arrows
and arrowheads indicate the presence and absence of presynaptic marker localization at the bead—neurite contact, respectively. (B) Quantitative analysis
showing the percentage of agrin bead—neurite contacts with presynaptic markers in BB-94-treated or MT1-MO-mediated knockdown neurons with or without
soluble ecto-Lrp4 treatment. =150 bead—neurite contacts in each experimental group from three independent experiments. (C) Quantitative analysis showing
the fluorescence intensities of agrin-induced mitochondrial and SV clusters in BB-94-treated or MT1-MO-mediated knockdown neurons with or without
soluble ecto-Lrp4 treatment. n=90 (WT), 103 (BB-94), 99 (MT1-MO), 107 (WT+ecto-Lrp4), 128 (BB-94+ecto-Lrp4), or 93 (MT1-MO+ecto-Lrp4) bead—neurite
contacts from three independent experiments. Data are meants.e.m. *P<0.05; **P<0.01 (unpaired Student’s t-test). Scale bar: 10 pm.

(Fig. 8C). As MT1-MMP is expressed in both motor neurons and
muscle fibers, we next examined the functional roles of neuronal
MT1-MMP in the formation of NMJs using chimeric nerve-muscle
co-cultures consisting of MT1-MMP MO neurons and wild-type
muscle cells (Fig. 8D). In wild-type co-cultures and the chimeric
co-cultures containing control MO neurons, AChR clusters were
prominently detected at nerve—muscle contact sites, and agrin
deposition was found along the neurites. However, in the chimeric
co-cultures containing MT1-MMP MO neurons, both nerve-
induced AChR clustering and agrin deposition along the neurites
were significantly suppressed (Fig. 8D—F). To examine the
requirement of neuronal MT1-MMP for NMJ development
in vivo, we next performed microinjection of MT1-MMP MO,
together with fluorescent dextran as a cell lineage tracer, into a
specific blastomere of stage 6 (32-cell) embryos (Fig. 8G), which
later predominantly give rise to the spinal cord tissues as
determined by the well-defined fate map of Xenopus laevis
(Moody, 1987). We found that knockdown of neuronal MT1-
MMP affected the synaptic structures of developing Xenopus
NMIJs in vivo, as evidenced by the reduction of both presynaptic
SV2 and postsynaptic AChR clusters compared with that seen in
the wild-type embryos (Fig. 8H).

Consistent with our previous study using whole-body MT1-MMP-
knockout mice (Chan et al., 2020a), here we also found that
knockdown of MT1-MMP preferentially in spinal cord tissues caused
a reduced axonal length in motor neurons at stage 32 Xenopus
embryos in vivo (Fig. 8H, arrows). The essential requirement of MT1-
MMP for neuronal outgrowth was further validated by examining
MTI-MMP MO cultured neurons, which showed a significant
reduction in neurite outgrowth and increased percentage of neurites
with collapsed growth cones (Fig. S7). Collectively, this study

indicates that neuronal MT1-MMP is an important regulator of axonal
growth and neuromuscular synaptogenesis in vitro and in vivo.

DISCUSSION

In this study, we first reported an intrinsic regulation in the transition
of Xenopus spinal neurons from the outgrowth to the synaptogenic
phase in vitro, in which neuronal MT1-MMP regulates presynaptic
differentiation by means of mediating ECM degradation to allow
agrin deposition, as well as by producing soluble ecto-Lrp4
proteolytically to modulate agrin signaling (Fig. 8I). Although
dissociated neural tube tissues of Xenopus embryos contain
different neuronal types, previous electrophysiological studies
have shown that more than 60% of the neuronal population in
cultured Xenopus spinal neurons release acetylcholine upon their
direct muscle contact (Chow and Poo, 1985). Importantly, imaging
studies further demonstrated that AChR clustering could be detected
at up to 90% nerve—muscle contacts (Peng et al., 2003). These
studies therefore indicate that the major neuronal type in Xenopus
spinal neuronal cultures is indeed motor neurons.

Young cultured Xenopus spinal neurons underwent robust axonal
outgrowth as demonstrated by the presence of large fan-shaped
growth cone structures that are composed of actin-based dynamic
filopodial and lamellipodial protrusions (Dent et al., 2011; Gomez
and Letourneau, 2014). The direction in which the growth cone
moves greatly relies on its interaction with the extracellular
environment. As the neuron matures, it degrades the surrounding
ECM molecules to allow the deposition of nerve-derived agrin,
which is one of the most crucial synaptogenic factors in NMJ
development. Here, we showed that this transition from outgrowth-
to-synaptogenesis phase in young neuronal cultures was greatly
accelerated upon treatment with exogenous recombinant agrin.
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Fig. 8. Neuronal MT1-MMP is required for NMJ formation in vitro and in vivo. (A) Representative images showing that BB-94 suppresses agrin deposition and
nerve-induced AChR clustering. Arrows indicate the localization of agrin deposition and AChR clusters at the nerve—muscle contacts. Arrowheads indicate the
reduced signals of both agrin deposition and AChR clusters at the nerve—muscle contacts. (B) Quantitative analysis showing that BB-94 treatment inhibits agrin
deposition and nerve-induced AChR clustering at the nerve—muscle contact. n=150 nerve-muscle contacts in each experimental group from three independent
experiments. (C) Quantitative analysis showing that BB-94 treatment reduces the fluorescence intensity of AChR and agrin deposition at the nerve—muscle
contact. n=30 nerve—muscle contacts in each experimental group from three independent experiments. (D) Representative images showing that neuronal MT1-
MMP knockdown inhibits agrin deposition and nerve-induced AChR clustering at the nerve—muscle contact. Fluorescent dextran indicates the presence of MO in
neurons, but not in muscle cells. Arrows indicate the localization of agrin deposition and AChR clusters at the nerve—muscle contacts. Arrowheads indicate the
reduced signals of both agrin deposition and AChR clusters at the nerve—muscle contacts. (E) Quantitative analysis showing that neuronal MT 1-MMP knockdown
inhibits agrin deposition and nerve-induced AChR clustering at the nerve—muscle contact. n=150 nerve—muscle contacts in each experimental group from three
independent experiments. (F) Quantitative analysis showing that neuronal MT1-MMP knockdown reduces fluorescence intensity of AChR and agrin deposition at
the nerve—muscle contact. =30 nerve—muscle contacts in each experimental group from three independent experiments. (G) Schematic diagram showing the
specific blastomere selected for microinjection of MT1-MMP MO and fluorescent dextran in stage 6 Xenopus embryos. The microinjected blastomere will
subsequently develop to spinal cord tissues primarily at stage 32 embryos. (H) Representative wide-field and confocal images showing that neuronal MT1-MMP
knockdown preferentially in spinal cord tissues affects presynaptic and postsynaptic structures at Xenopus NMJs in vivo. Arrows indicate the axonal growth
defects in neuronal MT1-MMP knockdown embryos. (1) Working model suggesting dual functional roles of MT1-MMP activity in agrin-induced presynaptic
differentiation via regulating agrin deposition and signaling through ECM degradation and Lrp4 activation, respectively. Blue dotted lines represent MT1-MMP
proteolytic activity. Data are meanzs.e.m. *P<0.05; **P<0.01; ****PP<0.0001 [unpaired Student’s t-test (B,C), one-way ANOVA with Dunnett’s multiple comparison
test (E,F)]. Scale bars: 10 ym (A,D); 100 ym (H).

Specifically, agrin treatment of young neurons caused a significant
increase in the presence of two of the well-defined presynaptic
markers, SVs and mitochondrial clustering (Dai and Peng, 1995;
Lee and Peng, 2006, 2008), along the neurites to a comparable
extent to that observed in the older untreated neurons. In addition,
agrin-induced acceleration of synaptogenic transition in young
neurons was further reflected by a reduction of neurite extension and
an increase in collapsed growth cones. Interestingly, exogenous
agrin treatment did not cause any significant effects on the older
neurons, indicating that the developmentally regulated secretion and
deposition of endogenous agrin serve as an intrinsic molecular
switch for the transition from outgrowth to synaptogenic phase of

cultured spinal neurons. It is noteworthy that Xenopus spinal
neurons can survive up to 5 days in culture, in the absence of tropic
factor supplementation (Peng et al., 2003). In addition, it is true that
motor axons keep growing until they make synapses in an in vivo
environment. As explained by the classical neurotrophic hypothesis
(Davies, 1988; Henderson, 1996), target cells secrete various
neurotrophic factors that act to promote the survival, outgrowth,
and/or pathfinding of neurons. In agreement with other previous
studies using ciliary ganglion neurons (Campagna et al., 1997) and
hippocampal neurons (Bdse et al., 2000), our findings further
demonstrate that agrin serves as a differentiation-inducing stop
signal for cultured spinal neurons. Importantly, our present study
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suggests that the spatiotemporal control of agrin deposition, through
modulating the surrounding ubiquitously expressed ECM proteins,
is a novel intrinsic neuronal property underlying the transition from
axonal outgrowth to synaptogenesis, which is difficult to study in
the complex in vivo environment.

It has been suggested that ECM degradation mediated by MMP
activity plays a permissive role in axonal extension by allowing
growth cone advance and pathfinding across the surrounding tissues
(Miller et al., 2008; Short et al., 2016). Within the central domain of
growth cones, actin-rich basal membrane protrusions, termed
invadosomes, facilitate the targeting of MMPs to mediate local
ECM remodeling through their proteolytic activities (Santiago-
Medina et al., 2015). In this study, we demonstrated that either
global inhibition of multiple MMPs, by BB-94 treatment, or
reduced expression of a specific MMP, by MTI-MMP MO,
suppressed agrin-induced presynaptic differentiation in neurons and
nerve-induced AChR clustering at NMJs. Photobleaching
experiments in cultured spinal neurons overexpressing MT1-
MMP-mCherry demonstrated that MTI1-MMP vesicles were
bidirectionally transported along the neurites, and some of the
locally captured MT1-MMP vesicles were inserted at the agrin
bead—neurite contact sites. In migrating keratinocytes, the vesicular
trafficking and surface insertion of MT1-MMP are targeted to the
sites of focal adhesion via cytoplasmic linker-associated protein-
mediated microtubule capture (Stehbens et al., 2014). It is suggested
that growth cones employ similar cellular and molecular
machineries as other migrating cells to ‘clutch’ retrograde actin
flow in the surrounding ECM environment (Short et al., 2016),
possibly through site-directed trafficking and surface targeting of
MTI1-MMP. Our recent study demonstrated that MTI1-MMP-
knockout mice exhibit an obvious presynaptic defect in phrenic
nerves, which are innervating diaphragm muscles, at embryonic
stages (Chan et al., 2020a), suggesting the requirement of MT1-
MMP-mediated ECM modulation in neuronal outgrowth and
presynaptic differentiation (Chan et al., 2020b). Consistent with
this observation, we here also report that both pharmacological
inhibition of MMP activity and molecular manipulation of
endogenous MT1-MMP expression greatly induced growth cone
collapse, leading to a significant reduction in neurite outgrowth of
cultured Xenopus spinal neurons. By knocking down MT1-MMP
preferentially in spinal cord tissues, we observed structural defects
in presynaptic and postsynaptic structures in Xenopus embryos,
suggesting that neuronal MTI1-MMP is essential for NMJ
development in vivo. Nevertheless, this warrants further
investigations and validations using tissue-specific MT1-MMP-
knockout animal models in future studies.

Previous studies have suggested that MMP-3 and other MMPs are
involved in the removal of agrin from synaptic basal lamina at adult
NMJs (Patel et al., 2012; VanSaun et al., 2003). At developing
NMIJs, however, our recent study demonstrated that the pattern and
intensity of cell-free endogenous agrin tracks cultured with muscle
cells were largely unaffected by MMP inhibitors (Chan et al.,
2020a). Therefore, we hypothesize that the spatiotemporal control
of MT1-MMP intracellular trafficking and surface localization
focally regulate degradation and remodeling of different
ubiquitously expressed ECM proteins, in order to clear the
surrounding extracellular environment for the subsequent deposition
of synapse-specific proteins (e.g. the synaptogenic factors agrin and
neuregulin, and the synapse-specific ECM proteins laminin B2 and
collagen IV). Consistent with this notion, we also found that the
synapse-specific protein agrin is resistant to MMP-mediated
degradation in this study. Taken together, these data rule out the

possibility that agrin is a proteolytic target of either muscle or neuronal
MT1-MMP activity.

Local presentation of some heparan sulfate proteoglycan (HSPG)-
bound growth factors (e.g. bFGF and heparin-binding growth-
associated molecule) via polystyrene beads can effectively induce
both cytoplasmic and membranous presynaptic specializations at the
bead—neurite contact sites in a spatiotemporally controllable manner
(Dai and Peng, 1995; Rauvala and Peng, 1997). Here, we found that
polystyrene beads coated with the C-terminal fragment of
recombinant agrin proteins locally induce presynaptic differentiation
to an extent similar to bFGF-coated beads. This recombinant agrin
fragment contains the amino acid sequence from Alal153 to Pro1959,
with a highly conserved nine amino acid insert at the Z site, which is
known as one of the neural agrin isoforms produced selectively by
motor neurons for inducing acetylcholine receptor clustering in
muscle cells (Ferns et al., 1992; Gesemann et al., 1995; Ruegg et al.,
1992). On the postsynaptic side, agrin-coated beads effectively induce
local AChR clustering in cultured Xenopus muscle cells (Lee et al.,
2009), further suggesting that agrin-Lrp4 signaling is a shared
synaptogenic pathway that regulates both presynaptic and
postsynaptic differentiation at developing NMlJs.

In postsynaptic differentiation, the role of the agrin-Lrp4-MuSK
signaling pathway has been well established (Kim et al., 2008;
Zhang et al., 2008). In this study, we further demonstrated a similar
molecular mechanism initiated by agrin for the induction of
presynaptic differentiation at developing NMJs. Consistent with the
previous studies in mouse models (Wu et al., 2012; Yumoto et al.,
2012), we found that Lrp4 is endogenously expressed in both
muscles and spinal neurons cultured from Xenopus embryos as
shown by the RT-PCR results. In Lrp4-null mice, nerve processes
extend across a larger area of diaphragm muscles, rather than having
the arborized nerve terminals concentrated at the central region of
the muscles in the wild-type animals. This indicates the crucial
requirement of Lrp4 expression for both preventing aberrant axonal
growth and initiating presynaptic differentiation. Interestingly,
distinct functions of motoneuron and muscle Lrp4 have been
proposed to make a concerted effort in regulating NMJ development
in vivo (Wu et al., 2012). MMP-mediated extracellular cleavage of
single-transmembrane Lrp4 proteins is believed to generate soluble
ecto-Lrp4, which in turn acts as a co-receptor of agrin to induce
ACHR clustering. To further determine the source of Lrp4 for NMJ
development, we found that ecto-Lrp4 treatment can rescue the
inhibitory effects on presynaptic and postsynaptic differentiation
caused by Lrp4 knockdown in either spinal neurons or muscles
(Fig. S8). However, a previous study showed that Lrp4 in motor
neurons is dispensable for NMJ formation, as evidenced by the
normal NMJ structures in PO diaphragm muscles of motor neuron-
specific Lrp4-deficient mice (Wu et al., 2012). These data suggest
that while MT1-MMP-mediated proteolytic activation of Lrp4
from both spinal neurons and muscle cells is required for early
NMIJ development (E13.5-E18.5), ecto-Lrp4 generated by
muscle Lrp4 is sufficient to induce and maintain normal NMJ
development in neuronal Lrp4-deficient animals at later stages. In
the central nervous system, recent studies have also demonstrated
that presynaptic Lrp4 promotes dendritic development and
synapse formation in mouse hippocampal and cortical neurons
(Karakatsani et al., 2017) and synaptogenesis of excitatory
neurons in Drosophila (Mosca et al., 2017). Therefore, the
results of this study suggest that the MT1-MMP activity has a role
for generating ecto-Lrp4 in the regulation of synapse formation
and plasticity in both central and peripheral nervous systems of
different species.
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MATERIALS AND METHODS

Xenopus embryo microinjection and primary cell culture

All experiments involving Xenopus frogs and embryos were carried out in
accordance with the approved protocols by the Committee on the Use of
Live Animals in Teaching and Research (CULATR) of The University of
Hong Kong. DNA constructs encoding mCherry- or pHluorin-tagged MT1-
MMP (a gift from Cheng-Han Yu, The University of Hong Kong) were
microinjected into the one- or two-cell stage Xenopus embryos using an
oocyte injector Nanoject (Drummond Scientific) as previously described
(Lee et al., 2009, 2014). To knock down the endogenous expression of
specific proteins, custom-designed antisense MO sequences (agrin:
5'-CTACTGCTGCTCAAAGGAAAACCTA-3’; Lrp4: 5'-CCATAATGC-
CACTTCTCCCCCTG-3’; MT1-MMP: 5'-CCAGGCTGCTCTCAGAGG-
CTCCATC-3’; Gene Tools) were used. The control MO sequence
(5’-CCTCTTACCTCAGTTACAATTTATA-3’; Gene Tools) was used as
a negative control. Alexa Fluor 488- or tetramethylrhodamine-conjugated
dextran (Thermo Fisher Scientific) was co-injected into the embryos as a
fluorescent cell lineage tracer.

Wild-type or microinjected embryos were dissected when they reached
Nieuwkoop and Faber stage 19-22. Neural tubes and/or myotomes were
collected after collagenase treatment and then dissociated in Ca**/Mg?>*-free
solution as previously described (Peng et al., 1991). The dissociated cells
were plated on acid-washed glass coverslips coated with entactin-collagen
IV-laminin (71.4 pg/ml; Merck Millipore). For fluorescent gelatin coating,
the acid-washed glass coverslips were coated with Oregon Green- or FITC-
conjugated gelatin (1 mg/ml; Thermo Fisher Scientific) according to an
established protocol (Diaz, 2013).

All chemicals were purchased from Sigma unless otherwise specified. Cell
cultures were maintained in culture medium containing 10% Leibovitz’s L-15
medium (v/v), 87% Steinberg’s solution (v/v; 60 mM NaCl, 0.67 mM KCl,
0.35 mM Ca(NO3),, 0.83 mM MgSO,4, 10 mM HEPES pH 7.4), 1% fetal
bovine serum (v/v; Thermo Fisher Scientific), 1% penicillin/streptomycin (v/v;
Thermo Fisher Scientific) and 1% gentamicin sulfate (v/v; Thermo Fisher
Scientific). The cultured neurons were kept at room temperature for different
durations as specified prior to the experiments. For the nerve—muscle co-cultures,
dissociated spinal neurons were plated on 2-day-old muscle cultures to induce
synaptogenesis. In some experimental groups, the following reagents were added
to the culture medium 1 h before plating the neurons: recombinant rat agrin
(R&D Systems), recombinant Lrp4 (R&D Systems) or BB-94 (ApexBio). To
locally induce presynaptic differentiation in cultured neurons, 4.5 pum
polystyrene beads (Polysciences) were coated with 100 pg/ml recombinant
human bFGF (ProSpec) or rat agrin based on the procedures previously
described (Dai and Peng, 1995; Lee et al., 2009), while the beads coated with
100 pg/ml bovine serum albumin (BSA, Sigma) served as a negative control.

Live-cell staining

To label mitochondria, live cultured neurons were stained with
MitoTracker® Red CMXRos (50 nM; Thermo Fisher Scientific) for 5 min
and then rinsed with culture medium three times before mounting the
coverslip for imaging. To label the readily releasable pool of SV clusters, the
cultured neurons were stained with FM 1-43 fixable dye (Thermo Fisher
Scientific) in a high potassium solution (30 mM NaCl, 51 mM KCI, 2 mM
CaCl,, 5mM HEPES pH 7.4) for 5 min, and then rinsed with culture
medium three times prior to imaging. FM1-43 unloading was then
performed by treating the live neurons with the high potassium solution
for 15 min. Agrin deposition was visualized by labeling with anti-agrin
monoclonal antibody [1:100; cat. # 6D2-s, Developmental Studies
Hybridoma Bank (DSHB)], followed by Alexa Fluor 488-, 546-, or 647-
conjugated secondary antibodies (1:400; Thermo Fisher Scientific). To
label synaptic AChR clusters, nerve—muscle co-cultures were stained with
1 pg/ml Alexa Fluor 488- or 546-conjugated o-bungarotoxin (o-BTX,
Thermo Fisher Scientific) for 45 min, followed by extensive washing with
the culture medium for at least 3 times.

Cell fixation and immunostaining

Coverslips were fixed with 4% paraformaldehyde (Sigma) for 15 min,
followed by cell permeabilization with 0.1% Triton X-100 (Sigma) for
10 min. For labeling transmembrane or secreted proteins, the cell

permeabilization step was skipped. Cells were then blocked in 2% BSA at
4°C overnight. The fixed cultures were labeled with primary antibodies,
including anti-synaptotagmin 1 (1:200; cat. # mab 48; Developmental
Studies Hybridoma Bank), anti-synapsin 1 (1:1000; cat. # A6442; Thermo
Fisher Scientific), anti-phosphotyrosine (1:100; cat. # 05-321; Millipore),
anti-MT1-MMP (1:100; cat. # MAB3328; Millipore), or anti-Lrp4 (1:200;
cat. # A10172; ABclonal Technology), for 2 h, followed by Alexa Fluor
488, 546 or 647 secondary antibodies (1:400; Thermo Fisher Scientific) for
45 min. Coverslips were then mounted on glass slides with the anti-
bleaching reagent fluoromount-G (cat. # 00-4958-02; Thermo Fisher
Scientific) for later observation.

Total RNA extraction and RT-PCR

Total RNA from 1-day-old muscle, spinal neuron or nerve—muscle cultures
were extracted with RNAiso Plus (Takara), followed by incubation with
isopropanol and glycogen at —20°C overnight and washed with 70% ethanol
prior to its resuspension in DNase and RNase-free water (Thermo Fisher
Scientific). The total RNAs were reverse transcribed by using a high-
capacity cDNA reverse transcription kit (Thermo Fisher Scientific). PCR
primers for Xenopus Lrp4 were designed based on the NCBI sequence
XM_018257331.1, forward, 5'-GACATGTAAGAGCTTGCGGG-3', and
reverse, 5-AATGAGCAAGACGGGGAAGA-3’. PCR primers for
Xenopus motor neuron and pancreas homeobox 1 (mnx1) were designed
based on the NCBI sequence NM_001096823.1, forward,
5’-CCCTACTCCCAGATGCAGAG-3’, and reverse, 5'-TGACTGGTAA-
ACGCTGTCCT-3". PCR primers for Xenopus myogenic differentiation 1
(myoD1) were designed based on the NCBI sequence NM_001087823.1,
forward: 5'-ACCAGAGACTCCCCAAAGTG-3’, and reverse, 5'-GGGG-
CTGTCAGTGTAGAAGT-3". PCR primers for Xenopus agrin were
designed based on the NCBI sequence XM_018227826.1, forward, 5'-T-
CTCTGGAGGACAATGTGAGAAAGC-3', and reverse, 5'-CCTGAGT-
GGCTTCAGTCTTTATGC-3'. PCR primers for Xenopus GAPDH were
designed based on the NCBI sequence NM_001087098.1, forward, 5'-G-
TGTATGTGGTGGAATCT-3’, and reverse, 5'-AAGTTGTCGTTGATG-
ACCTTTGC-3'. PCR was performed using Phusion II High Fidelity DNA
polymerase (Thermo Fisher Scientific) on Takara PCR Thermal Cycler
Dice. PCR products were loaded on 1.5% agarose gel and separated by gel
electrophoresis, followed by the visualization using ultraviolet
transilluminator.

Immunocytochemistry of whole-mount Xenopus embryos

To knockdown the endogenous expression of MT1-MMP preferentially in
spinal cord, MT1-MMP MO or control MO was co-injected with Alexa
Fluor 488-conjugated dextran (Thermo Fisher Scientific) into a specific
blastomere of 32-cell stage Xenopus embryos, as determined by the well-
established fate map (Moody, 1987). After reaching Nieuwkoop and Faber
stage 32, wild-type and microinjected embryos were fixed in 4% PFA for 1 h
at room temperature, followed with permeabilization with 1% Triton X-100.
The embryos were blocked in 10% fetal bovine serum at 4°C overnight. The
embryos were then incubated with primary antibodies against neurofilament
3A10 (1:50; cat. # 3A10-s, DSHB) and synaptic vesicle marker SV2 (1:50;
cat. # SV2-s, DSHB) at 4°C overnight. After extensive washing, the
embryos were stained with Alexa Fluor 647-conjugated anti-mouse-IgG
secondary antibody (1:200; Thermo Fisher Scientific) and Alexa Fluor 546-
conjugated o-BTX (1:500; Thermo Fisher Scientific). After extensive
washing with PBS with 1% Triton X-100, the embryos were mounted on
glass slides with Fluoromount-G mounting medium (Thermo Fisher
Scientific).

Fluorescence recovery after photobleaching

FRAP was performed by using Nikon total internal reflection fluorescence
(TIRF) microscope. The region of agrin bead—neurite contact site in MT1-
MMP-mCherry- or MT1-MMP—pHIluorin-expressing neurons was selected
for photobleaching. 11 images at 0.2 s interval were taken before the
photobleaching to obtain a baseline fluorescence intensity, then 150 images
(MT1-MMP-mCherry) or 200 images (MTI1-MMP—pHluorin) at s
interval were taken afterwards to visualize the vesicular trafficking and
fluorescence recovery of MTI-MMP-mCherry or MT1-MMP—pHluorin
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signals at the photobleached area. Kymographs were constructed in ImageJ
using the selected frames from the time-lapse series.

Microscopy and data analysis

Fluorescence imaging on live or fixed cells was performed on an inverted
wide-field fluorescence microscope (IX-83, Olympus) using PlanApo 60%
NA 1.42 phase-contrast oil immersion objective lens. The microscope was
controlled through imaging software Micro-Manager (Open Imaging) and
images were taken by ORCA-Flash 4.0 LT+ digital CMOS camera
(Hamamatsu). For whole-mount Xenopus embryo imaging, z-stack images
were acquired on confocal microscope (LSM880, Carl Zeiss) controlled by
the imaging software ZEN (Carl Zeiss) using a 10x NA 0.45 phase-contrast
objective lens.

All images were acquired with identical parameters between control and
experimental groups. The percentage values were quantified by scoring 150
samples from at least three independent experiments. For quantifying the
fluorescence intensities, at least 30 samples from at least three independent
experiments were collected and analyzed. Data analyses were conducted
using ImageJ (NIH), and the statistical analyses were performed using Prism
7 (GraphPad).
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