
Cellular/Molecular

MT3-MMP Promotes Excitatory Synapse Formation by
Promoting Nogo-66 Receptor Ectodomain Shedding
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Cell-surface molecules are dynamically regulated at the synapse to assemble and disassemble adhesive contacts that are important for
synaptogenesis and for tuning synaptic transmission. Metalloproteinases dynamically regulate cellular behaviors through the processing
of cell surface molecules. In the present study, we evaluated the role of membrane-type metalloproteinases (MT-MMPs) in excitatory
synaptogenesis. We find that MT3-MMP and MT5-MMP are broadly expressed in the mouse cerebral cortex and that MT3-MMP loss-of-
function interferes with excitatory synapse development in dissociated cortical neurons and in vivo. We identify Nogo-66 receptor (NgR1)
as an MT3-MMP substrate that is required for MT3-MMP-dependent synapse formation. Introduction of the shed ectodomain of NgR1 is
sufficient to accelerate excitatory synapse formation in dissociated cortical neurons and in vivo. Together, our findings support a role for
MT3-MMP-dependent shedding of NgR1 in regulating excitatory synapse development.
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Introduction
The functionality of the mammalian CNS depends on the forma-
tion of a precise network of synaptic contacts that actively change
their strength, morphology and density throughout life (Florence
et al., 1998; Fu and Zuo, 2011). Extracellular matrix and synaptic
components are subject to proteolysis, a mechanism that alters

protein function and allows circuit remodelling (Dityatev and
Schachner, 2003; Gundelfinger et al., 2010; Sanz et al., 2017). A
better understanding of the molecular and cellular mechanisms
that dictate how synapse formation is regulated could lead to thera-
pies to promote functional synaptic recovery after injury, treat
neurological disorders, and increase cognitive function.

In the nervous system, members of the metalloproteinase sub-
family, Matrix metalloproteinases and adamalysins, mediate pro-
teolytic processing of membrane-anchored precursors and the
subsequent release of biologically active, or dominant-negative
fragments. Membrane-type metalloproteinases (MT-MMPs) are
members of the zinc endopeptidase subfamily of matrix metallo-
proteinases (MMPs). They are transmembrane proteases that re-
lease surface proteins through a mechanism termed ectodomain
shedding. Metalloproteinase activity is controlled through removal
of a repressive propeptide domain and the expression of endog-
enous inhibitors called tissue inhibitor of metalloproteinases
(TIMPs). At the subcellular level, MT-MMPs are present in
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Significance Statement

In this study, we identify MT3-MMP, a membrane-bound zinc protease, to be necessary for the development of excitatory synapses
in cortical neurons. We identify Nogo-66 receptors (NgR1) as a downstream target of MT3-MMP proteolytic activity. Furthermore,
processing of surface NgR1 by MT3-MMP generates a soluble ectodomain fragment that accelerates the formation of excitatory
synapses. We propose that MT3-MMP activity and NgR1 shedding could stimulate circuitry remodeling in the adult brain and
enhance functional connectivity after brain injury.

518 • The Journal of Neuroscience, January 17, 2018 • 38(3):518 –529



dendritic spines and proteolytic activity is largely absent from
GABAergic synapses, suggesting a potential role in excitatory
synaptogenesis. Ectodomain shedding targets inhibitory or per-
missive membrane-anchored substrates that alter synapse rear-
rangements (Lim et al., 2012; Peixoto et al., 2012; Toth et al.,
2013). Several factors that restrict synapse formation are present
in myelin and glial cells. Nogo-A, myelin-associated glycopro-
tein, oligodendrocyte glycoprotein, and chondroitin sulfate pro-
teoglycans (CSPGs) converge onto signaling pathways that
restrain axon regeneration and neuronal connectivity (Raiker et
al., 2010; Delekate et al., 2011; Mironova and Giger, 2013; Zem-
mar et al., 2014). The reticulon-4 receptor (Nogo-66 receptor or
NgR1) is a principal receptor for myelin-associated inhibitors
(MAIs) and CSPGs and has been identified as an endogenous
negative regulator of synaptic plasticity. NgR1 signaling restricts
experience-dependent plasticity in the visual cortex, induces
long-term depression and blocks FGF2-mediated LTP in hip-
pocampal slice preparations (McGee et al., 2005; Karlén et al.,
2009; Wills et al., 2012; Akbik et al., 2013). Loss of NgR1 expres-
sion in hippocampal neurons leads to an increased number of excit-
atory synapses and impedes dendritic spine maturation. We
previously reported a decrease in neuronal sensitivity to MAIs asso-
ciated with NgR1 surface proteolysis (Ferraro et al., 2011). A lack of
metalloproteinase activity could impair excitatory synapse forma-
tion by preserving the integrity of inhibitory NgR1 at the synapse.

In the present study, we evaluated the role of MT-MMPs in
the development of excitatory synapses. We describe the expres-
sion of MT3-MMP, a member of the membrane-bound MMP
subfamily, in embryonic and postnatal stages of the cerebral cor-
tex. We find that MT3-MMP loss-of-function reduces excitatory
synapse formation in vitro and in vivo. We find that NgR1 is an
MT3-MMP substrate at synapses and that NgR1 is required for
MT3-MMP-dependent synapse formation. MT3-MMP activity
generates a soluble Ecto-NgR1 (1–358) and a membrane-anchored
carboxy-terminal NgR1 (CT-NgR1) fragment during periods
associated with excitatory synapse development. Expression of a
constitutively shed NgR1 construct or treatment with soluble
Ecto-NgR1 (1–358) fragments accelerates excitatory synaptogen-
esis. Our results demonstrate that MT3-MMP plays an important
role in the formation of functional excitatory synapses through
regulated NgR1 cleavage.

Materials and Methods
Animals. Timed pregnant [embryonic day (E)18 –E19] female Sprague-
Dawley and CD1 mice were purchased from Charles River Laboratories.
C57BL/6 NgR1-null mice were kindly provided by Dr. Mark Tessier-
Lavigne (Stanford University, California). Brain areas were isolated from
embryonic (E18) and postnatal days (P)5–P20 (P10 –P60) WT CD1
mice. E18, P10, and P60 mice brains were embedded in Tissue-Tek OCT
compound and flash frozen with 2-methylbutane. All animal care and
use was in accordance with the McGill University guidelines and ap-
proved by the University Animal Care and Use Committee. Animals were
maintained in standard housing conditions.

Antibodies and reagents. For immunofluorescence, the following anti-
bodies were used: mouse anti-PSD95 (11,000; Millipore), rabbit anti-
synapsin-1 (1:1000; Millipore), mouse anti-PSD95 (1:200; NeuroMab),
guinea pig anti-VGLUT-1 (1:400; Synaptic Systems), mouse anti-Myc
(1:500; Sigma-Aldrich), and goat anti-human IgG Fc (1:500; Jackson
ImmunoResearch). AlexaFluor secondary antibodies were purchased
from Invitrogen Life Technologies (1:500). For Western blot analysis, the
following antibodies were used: goat anti-NgR1 (1:200; R&D Systems);
rabbit anti-NgR1 (Dr. Roman Giger, University of Michigan); mouse
anti-N-Cadherin (1:10,000; M. Takeichi and H. Matsunami, Develop-
mental Studies, Hybridoma Bank); mouse anti-MMP16/MT3 (1:200;
Millipore); goat anti-Lingo-1 (1:1000; R&D Systems); mouse anti-

synaptophysin (SynPhy; 1:10,000; Sigma-Aldrich); mouse anti-PSD95
(1:100,000; NeuroMab); mouse anti-Myc (1:1000; Sigma-Aldrich);
mouse anti-Flag (1:5000; Sigma-Aldrich), and mouse anti-GAPDH (1:
200; Santa Cruz Biotechnology). HRP-conjugated secondary antibodies
were purchased from Jackson ImmunoResearch.

Primary cell culture. Mouse and rat cortical neuron dissections were
described previously (Sanz et al., 2015). Briefly, cortical neurons were
prepared from E17–E19. Cerebral cortices were dissected; 0.25% trypsin-
EDTA digested; mechanically dissociated and cultured for 14 d on 100
�g/ml poly-L-lysine (Sigma-Aldrich) -coated dishes. Neurons were
grown in neurobasal media (Invitrogen) supplemented with 2% B27
(Invitrogen), 1% N2 (Invitrogen), 1% penicillin/streptomycin (Invitro-
gen), and 1% L-glutamine (Invitrogen). Neuronal culture media were
refreshed every 4 d. For immunocytochemical experiments, 8.750 � 10 3

cells per cm 2 were plated on coverslips. For biochemical experiments,
50 � 10 3 cells per cm 2 were plated on plastic plates and analyzed at 14 d
in vitro (DIV).

Plasmids and cloning. Constructs and preparations for soluble human
MT1-MMP, lentivirus rat shRNAmir (MT3-MMP and MT5-MMP),
WT-NgR1, and constitutively cleaved (CE)-NgR1 were described previ-
ously (Morrison and Overall, 2006; Ferraro et al., 2011). The following
primers were used to generate mouse shRNAmir for MT3-MMP lentivi-
rus: top: 5�TGCTGTTATCAA GTCATGAGGGTAACGTTTTGGCCAC
TGACTGACGTTACCCTTGACTTGATAA�3 and bottom: 5�CCTGTT
ATCAAGTCAAGGGTAACGTCAGTCAGTGGCCAAAACGTTACCC
TCATGACTTGATAAC�3.

The following primers were used to validate MT3-MMP knockdown in
mouse cortical neurons: mouse MT3-FW: 5�CAGCTCTGGAAGAAGGT
TGG�3, and mouse MT3-RV: 5�GAGCTGCCT GTCTGGTC�3.

To generate Myc-tagged CT-NgR1 construct, the CT-fragment of
human NgR1 was subcloned into a Psectag2B vector by PCR. The IgK-
signal sequence and the CT-NgR1 were then subcloned into the pRRL-
sinPPT vector by PCR. The following primers were used to generate a
Myc-tagged CT-NgR1 fragment: Forward: 5�GAA GGATCCGAACAA
AAACTCATCTCAGAAGAGGATCTGCGCGTGCCGCCCGGT�3, Re-
verse: 5�GAACTCGAGTCAGCAGGGCCCAAGCAC�3.

The following primers were used to subclone the IgK-signal sequence
and CT-NgR1 into the pRRL-sinPPT vector: Forward: 5�GGAGGCCG
GCCATGGAGACAGACACACTCCTG�3 and reverse: 5�GAACTCGAG
CTAGCTACTAGCTAGTCGAGATCTGAGTCCGG�3.

To generate soluble 358-Fc NgR1, the ectodomain of rat NgR1 up to
amino acid 358 was subcloned into a Psectag2B vector by PCR. The
IgK-signal sequence and the ectodomain of rat NgR1 was then fused to a
human Fc segment by subcloning into the PFUSE vector (Invitrogen) at
the C-terminal end. The following primers were use to subclone 358-Fc
NgR1 into the Psectag2b vector: 358-Fc NgR1 Forward: 5�GCTCAAGC
TTCCTGGTGCCTGTGTGTGC�3 and 358-Fc NgR1 Reverse: 5�GCTCGG
ATCCTCATTTACCCGGAGACAGG�3. For overexpression experiments
in vivo, IgK-358-Fc-P2A-eGFP and IgK-Fc-P2A-eGFP sequences were
cloned into a pCAG vector from Addgene (11151).

Recombinant protein purification. Generation of Fc-tagged recombi-
nant proteins was described previously (Sanz et al., 2015, 2017). Briefly,
HEK293T cells were transfected with calcium phosphate, incubated in Op-
tiMEM (Invitrogen) media, and purified by affinity chromatography with
protein A sepharose beads. Protein concentration was estimated by protein
assay and visualized by Coomassie-brilliant blue stain next to a BSA curve.

Immunochemistry. For shedding experiments in dissociated neuronal
cultures, the culture medium was replaced with neurobasal media and
supplemented with pan-metalloproteinase inhibitors: Batimastat (BB-94; 5
�M; Tocris Bioscience), Ilomastat (GM6001; 20 �M; Tocris Bioscience), in-
active GM6001 analog (20 �M; Tocris Bioscience), and phospholipase C
(PI-PLC; 1U/ml; Invitrogen). After 4–6 h, supernatants were collected and
briefly centrifuged to dispose of residual cell debris. Supernatants were con-
centrated using column centrifuge filters (10K, Amicon Ultra-4, Millipore),
resolved on 10% SDS-PAGE gels, and analyzed by Western blot.

Membrane extracts and synaptosome preparations. Cerebral cortices
were dissected and homogenized in 1 mM NaHCO3, 0.2 mM CaCl2, and
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0.2 mM MgCl2 (homogenization buffer, pH 7.9). All steps were per-
formed at 4°C. Debris was removed by centrifugation at 600 � g for 15
min. The supernatant was centrifuged at 25,000 � g for 45 min and the
pellet was lysed in RIPA lysis buffer.

Synaptosomal preparations were performed as previously described
(Lee et al., 2008). Briefly, the cortex was dissected and homogenized in
0.32 M sucrose, 1 mM EDTA, 5 mM Tris, pH 7.4. Buffer was supplemented
with Complete-EDTA free protease inhibitor mix (Roche). All steps were
performed at 4°C. Homogenate was centrifuged at 1000 � g for 15 min.
The supernatant (S1 fraction) was overlayed on a Percoll discontin-
uous gradient, which consisted of the following layers (from top to
bottom): 3%, 10%, 15%, and 20% Percoll. Synaptosomes were col-
lected at the 10/15% and 15/20% interfaces and washed twice in
homogenization buffer. For shedding experiments, the pellet was re-
suspended in neurobasal media and incubated with pan-MMP inhib-
itors. Samples were centrifuged at 20,000 � g for 15 min, the pellet
was lysed in RIPA buffer, and the supernatant was concentrated with
centrifugal filter units (Millipore).

Riboprobe synthesis and in situ hybridization. MT-MMP probes were
synthesized from mouse cDNA clones of the full coding sequence (Open
Biosystems);MT1-MMP(MMM1013-9498156),MT2-MMP(MMM1013-
98477873), MT3-MMP (5292478), and MT5-MMP (5687204). Riboprobes
were synthesized as described previously (Beaubien and Cloutier, 2009).
Briefly, digoxigenin (DIG)-labeled cRNA riboprobes with sense or anti-
sense orientation were synthesized by in vitro transcription using DIG
labeling mix (Roche) followed by partial hydrolysis with 10 mM DTT, 200
mM NaHCO3/Na2CO3, and pH 11. Probed were stored in diethylpyro-
carbonate (DEPC)-treated water at �80°C. Fresh frozen brains were
cryosectioned at 20 �m at �17°C and thaw mounted on microscope
slides (Fisher Scientific). Sections were fixed in 4% paraformaldehyde/
0.1 M phosphate-buffered isotonic saline, pH 7.4, then rinsed in PBS and
DEPC-treated water. Sections were incubated for 10 min with 0.25%
acetic anhydride in 1% triethanolamine, washed twice in PBS, rinsed
in 1� standard saline citrate (SSC), and prehybridized for 3 h in 50%
formamide, 5� Denhardt’s solution, 5� SSC, 200 mg/ml baker’s
yeast tRNA. Sections were hybridized overnight at 60°C with 100
ng/ml DIG-labeled riboprobe. Sections were washed for in 5� SSC,
followed by in 2� SSC, then in 50% formamide containing 0.2� SSC,
and finally in 0.2� SSC. Sections were then washed in Tris-buffered
saline and blocked for 1 h in a 1% solution of blocking reagent
(Roche). Sections were incubated with anti-DIG Fab fragments con-
jugated to alkaline phosphatase (1:3000) for 3 h followed by washes in
TBS. The color reaction was performed overnight at room tempera-
ture. Sections were rinsed extensively in PBS and coverslipped with
Mowiol 4-88 (Calbiochem). Each in situ hybridization experiment
was repeated a minimum of three times to eliminate any variability in
expression between animals.

Synaptic puncta analysis. For experiments with soluble recombinant
treatments, 13 DIV cortical neurons were treated with 5 �g/ml of 358-Fc
NgR1 and Fc control construct every 24 h for 2 d. For expression of
MT3-MMP and MT5-MMP shRNAmir, cortical neurons 3 DIV were
infected with designated lentivirus at a multiplicity of infection (MOI) 10
for 4 h in neurobasal media. For overexpression of WT-NgR1, CE-NgR1,
and CT-NgR1, cortical neurons were infected at an MOI of 0.3 or 3. At
14 –15 DIV, cortical neurons were fixed in 4% PFA and 20% sucrose in
PBS for 30 min. Neurons were blocked in 5% BSA and 0.2% Triton X-100
in PBS solution for 1 h and stained for PSD95 (Millipore), VGLUT1
(Synaptic Systems), or synapsin-1 (Millipore).

Based on previously described methods (Takahashi et al., 2012), all
image acquisition, analysis, and quantification were performed in a
blinded fashion. Cell culture images were acquired on a confocal micro-
scope, Zeiss 710 using a 40� and 63� oil objective. Images were acquired
and prepared for presentation using Adobe Photoshop.

For quantification, cells were stained simultaneously and imaged with
identical settings. Synaptic puncta were delineated by the perimeter of
the transduced designated neuron. Three dendrites per neuron were
randomly selected and the number of synaptic puncta (synapsin-1 or
VGLUT1, PSD95, and colocalized synapsin-1 or VGLUT1/PSD95) per
20 �m of dendrite length was measured using the Puncta Analyzer plugin

from the ImageJ software. A total of 25– 45 cells per condition were
analyzed in at least three independent experiments.

In utero electroporation. Pregnant mice were deeply anesthetized with
isoflurane (4 –5% for initial anesthesia, �2–3% for maintenance). Mid-
line incision was performed through the skin and the abdominal wall to
expose the uterine horns. 2 �l of 2.7 �g/�l plasmid mixture (1.8 �g/�l
pCAG_MT3-GFP/control-GFP/358-Fc/Fc constructs; 0.9 �g/�l pCAG_
Lck-mCherry) were injected into the lateral ventricles of E13–E14 em-
bryos using a glass micropipette. Immediately after injection, five square
pulses of current were applied (39 – 40 V; 50 ms followed by 950 ms
intervals) using an electroporator (Harvard Apparatus) and three-pronged
tweezer-electrodes. Two electrodes connected to the negative pole were
placed on the side of the head with a single positive electrode on the top,
above the ventricles. The uterine horns were subsequently replaced in the
abdominal cavity. The abdominal cavity was filled with warm PBS, and
silk sutures were used to close the overlying abdominal muscle and skin.

Spine counts. Mice were perfused at P24. Brains were collected, fixed
with 4% PFA in PBS overnight at 4°C, and immersed consequently in
30% sucrose in PBS at 4°C. The brains were then embedded in OCT
compound, and stored at �20°C until analysis. Frozen brains were cut
into 40-�m-thick coronal sections by cryostat. Dendritic spines from the
cerebral cortex were visualized using a spinning-disc microscope at 100�
magnification. Neurons from the layer VI cortex expressing both GFP
and Lck-mCherry were randomly selected. 3D spine counts were per-
formed using the NeuronStudio software (Rodriguez et al., 2008). Ten
images from 3–5 brains per condition were compiled and analyzed.

Electrophysiological recordings. Cortical neurons were prepared as de-
scribed previously (Hudmon et al., 2005). Dissociated cortical neurons
were plate on poly-D-lysine-coated glass coverslips at a density of 1057
cells/mm 2. Growth media consisted of neurobasal enriched with 1% B27,
penicillin/streptomycin (50 U/ml; 50 �g/ml) and 0.5 mM L-glutamax. Fetal
bovine serum (5%; Hyclone) was added at the time of plating. After 5 d,
half of the media was changed without serum and with Arac-C (5 �M;
Sigma-Aldrich). Twice a week thereon, half of the growth medium was
replaced with serum and Ara-C–free medium. The neurons were trans-
fected at 8 DIV with Lipofectamine 2000 (Invitrogen) as described pre-
viously (Hudmon et al., 2005).

Neurons were continuously perfused (2 ml/min) with aCSF (105
NaCl, 10 HEPES, 10 glucose, 5 KCl, 2 MgCl2, and 1.2 CaCl2, pH 7.3; 235
mOsm/L) using a perfusion system with temperature adjusted to 30 –
32°C. Whole-cell voltage-clamp recordings were obtained from visually
identified transfected cortical cells at 13–15 DIV. For recordings, the glass
pipettes of 3.5–5 M� were filled with a solution containing the following
(in mM): 80 CsMeSO3, 20 CsCl, 10 diNa-phosphocreatine, 10 HEPES, 2.5
MgCl2, 0.6 EGTA, 4 ATP-Tris, 0.4 GTP-Tris, pH 7.28; 215 mOsm/L.
mEPSCs were recorded at the reversal potential of GABA (�70 mV) in
the presence of tetrodotoxin (0.5 �M; Alomone Labs). Data acquisition
(filtered at 1.8 kHz and digitized at 10 kHz) was performed using a
MultiClamp 700B amplifier and the Clampex 10.6 software (Molecular
Devices). Data were analyzed using Clampfit 10.2 (Molecular Devices)
and Igor Pro (Wave Metrics).

Statistics. Analyses were performed using Microsoft Excel and Graph-
Pad Prism5. Statistical comparisons were made using one-way and two-
way ANOVA, followed by Bonferroni post hoc test and unpaired two-tails
t test, as indicated in the figure legends. All data are reported as the mean �
SEM from at least three independent experiments. Statistical significance
was defined as follows: *p � 0.5, **p � 0.01, and ***p � 0.001.

Results
MT3-MMP and MT5-MMP are expressed during periods
of synaptogenesis
Although MMPs expression has been reported in the CNS, the
temporal-spatial expression pattern of MT-MMPs has not been
fully described. To evaluate the expression of transmembrane
MT-MMPs, we examined the mRNA expression of MT1-MMP,
MT2-MMP, MT3-MMP, and MT5-MMP in developing and
adult mouse brain by in situ hybridization (Fig. 1a). The major
phase of synaptogenesis occurs during the first month of murine
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life (P5–P35), peaking at the second postnatal week (Herschkow-
itz et al., 1997). Before synapse formation at E18, robust expres-
sion of MT3-MMP and MT5-MMP is detected in the cortex and
hippocampus, whereas MT2-MMP and MT1-MMP are weak or
absent (Fig. 1a; Huttenlocher, 1979). At P10, when synapses be-

gin to abruptly increase in density, MT3-MMP and MT5-MMP
are expressed by neurons in layers II–IV and layer VI of the cere-
bral cortex and in areas CA1/CA3 and dentate gyrus (DG) of the
hippocampus, suggesting a role in neuronal connectivity. Fol-
lowing synapse formation, neuronal networks undergo continu-

Figure 1. MT3-MMP and MT5-MMP are expressed during periods of synaptogenesis. a, In situ hybridization experiment from coronal section of E18 and early P10 mouse cerebrum with
antisense cRNA probes for members of the MT-MMP subfamily (MT1-MMP, MT2-MMP, MT3-MMP, and MT5-MMP). b, Sagittal sections from mouse cerebrum at P60, probed for MT3-MMP
and MT5-MMP expression. Mouse cerebral areas from P60 hippocampus and cerebral cortex, probed for MT3-MMP and MT5-MMP mRNA expression. H, Hippocampus; c, cortex. The
expression of MT-MMPs was assessed in three independent brains from developmental stages (E18, P10, and P60). The ability of MT-MMP probes was validated by comparison to sense
control probes. Scale bar, 1 mm.
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ous remodeling of synaptic connections, possibly through focal
expression and activity of metalloproteinases (Nudo et al., 1996;
Fu and Zuo, 2011). Interestingly at P60, MT3-MMP and MT5-
MMP are highly present in regions of synaptic plasticity. MT5-
MMP is expressed in the granular layer of the cerebellum and
the CA1/CA3 and DG of the hippocampus, whereas MT3-
MMP is specifically enriched in the DG. Similarly, MT3-MMP
and MT5-MMP are expressed in most cortical layers, except
for layers I and V (Fig. 1b). Together, we conclude that MT3-
MMP and MT5-MMP expressions correlate with the process
of synaptogenesis and are maintained in regions that exhibit
high levels of synaptic plasticity.

MT3-MMP loss-of-function decreases excitatory
synapse formation
Based upon the expression pattern of MT-MMPs, we evaluated
their contribution to synaptogenesis by examining the number of
excitatory synapses in mature dissociated cortical neurons following
MT-MMP inhibition by the pan-metalloproteinase inhibitor, BB-
94. Syn-1 and PSD95 puncta were used to delineate presynaptic and
postsynaptic sites and their overlap used to detect putative excitatory
synapses. Treatment with BB-94 significantly decreased the levels of
Syn-1 by 43.4%, PSD95 by 27.3% and colocalized puncta by 47.8%
at day 14, signifying that metalloproteinases promote excitatory syn-
aptogenesis (Fig. 2a,b). To specifically investigate the effects of MT3-
MMP and MT5-MMP on excitatory synapses, we knocked down
MT3-MMP and MT5-MMP expression using shRNAs introduced
into a microRNA backbone (shRNAmir; Fig. 2c–f). Knockdown of
MT3-MMP, but not MT5-MMP, repressed synapse formation sim-
ilar to BB-94. Following MT3-MMP knockdown levels of Syn-1 de-
creased by 31.1%, PSD95 by 45.1% and colocalized Syn-1/PSD95
puncta by 56.8% (Fig. 2f). Consistent with loss of synapses detected
by immunolabeling, electrophysiological recordings revealed that
loss of MT3-MMP activity significantly decreased the frequency of
miniature EPSCs (mEPSCs), with no effect on the mEPSC ampli-
tude (Fig. 2g,h). Thus, MT3-MMP promotes the formation of func-
tional excitatory synapses.

MT3-MMP loss-of-function inhibits synapse and spine
formation in vivo
MT-MMPs are constitutively expressed in many tissues and are
implicated in a wide range of physiological and pathological pro-
cesses. To explore the neuronal cell autonomous function of
MT3-MMP in excitatory synaptogenesis in vivo, we knockdown
the expression of MT3-MMP by in utero electroporation (Fig.
3a,b). Based upon the expression pattern of MT-MMPs (Fig. 1),
we electroporated MT3-MMP shRNAmir in the mouse brain at
E13 and quantified the number of dendritic spines in layers III
and VI of the cerebral cortex (Fig. 3c,d). At P24, the loss of MT3-
MMP activity significantly decreased the density of dendritic
spines in both cortical layers (Fig. 3d,e), demonstrating that neu-
ronally expressed MT3-MMP enhances the number of excitatory
synapses in vivo.

MT3-MMP mediates synaptic NgR1 shedding
NgR1 is an endogenous repressor of synaptogenesis and syn-
aptic plasticity. Overexpression of MT1-MMP, MT3-MMP, and
MT5-MMP are able to cleave the ectodomain of NgR1 relieving
myelin-dependent outgrowth inhibition (Ferraro et al., 2011). In
loss-of-function experiments in healthy cortical neurons, MT3-
MMP mediates endogenous NgR1 shedding (Ferraro et al., 2011).
We therefore asked whether NgR1 is a synaptic MT3-MMP sub-
strate that is shed to alleviate the repressive effect of NgR1 on

excitatory synapse formation. NgR1 shedding generates two frag-
ments, a soluble shed 50 kDa fragment and a 30 kDa fragment
that remains anchored to the cell surface by the GPI moiety (CT-
NgR1; Fig. 4a). We used an antibody that specifically detects both
FL-NgR1 and CT-NgR1 in crude membrane extracts and vali-
dated its specificity by demonstrating a loss of reactivity in sam-
ples from NgR1 knock-out mice (Fig. 4b). By treating cortical
neurons with recombinant MT1-MMP to cleave NgR1 and per-
forming cell surface biotinylation, we demonstrated an increase
in CT-NgR1 levels at the expense of FL-NgR1 with this antibody
(Fig. 4c). More detailed characterization of NgR1 shedding from
P5 to P30 cerebral cortices showed a progressive increase in the
CT-NgR1 band that increases from P10 to P30, during the peak of
synapse formation (Fig. 4d,e). This accumulation of CT-NgR1
mirrored the expression of the excitatory postsynaptic marker
PSD95, supporting a potential relationship between NgR1 shed-
ding and excitatory synapse development (Fig. 4d).

We then assessed expression of NgR1 and MT3-MMP in syn-
aptosomes isolated from the mature cerebral cortex and sepa-
rated into extra-synaptic, presynaptic and postsynaptic fractions
(Fig. 4f). Consistent with previous reports FL-NgR1 was present
in all synaptic subdomains, with highest expression in extra-
synaptic and postsynaptic subfractions (Fig. 4f; Lee et al., 2008).
The CT-NgR1 fragment is strongly enriched in the postsynaptic
subfraction, suggesting that it is cleaved on the postsynaptic
membrane. MT3-MMP is present in all synaptosome subfrac-
tions and is enriched in extrasynaptic and postsynaptic compart-
ments. To directly assess NgR1 shedding, we probed conditioned
media from isolated synaptosomes. A 50 kDa NgR1 fragment
was detected in the conditioned media and treatment of syn-
aptosomes with pan-metalloproteinase inhibitors, BB-94 or
GM6001, blocked the release of the NgR1 ectodomain frag-
ment (Fig. 4g). The NgR1 shedding profile is similar to
N-Cadherin, a previously identified metalloproteinase sub-
strate (Fig. 4g). To test whether MT3-MMP mediates synaptic
NgR1 cleavage, we performed shedding experiments from dissoci-
ated 14 DIV cortical neurons expressing MT3-MMP shRNAmir and
assessed NgR1 ectodomain levels in the conditioned media (Fig.
4h,i). Knockdown of MT3-MMP expression, but not MT5-MMP as
a control, significantly decreased the levels of NgR1 shed fragment by
61.4% (Fig. 4i). Together, we conclude that MT3-MMP is responsi-
ble for synaptic NgR1 shedding from cortical neurons and that NgR1
is primarily cleaved on the postsynaptic membrane to release a sol-
uble fragment.

NgR1 shedding is sufficient to promote excitatory
synapse formation
Previously, we reported that MT-MMPs decrease neuronal sen-
sitivity to soluble MAI by diminishing NgR1 surface levels (Fer-
raro et al., 2011). Furthermore, NgR1 shed fragment retains the
ability to bind Nogo-66, suggesting a dominant-negative func-
tion for NgR1 cleavage fragment (Walmsley et al., 2004). To as-
sess the contribution of NgR1 proteolysis in excitatory synapse
formation, we examined the number of excitatory puncta in
neurons overexpressing WT-NgR1 or a previously characterized
NgR1 mutant with enhanced cleavage (cleavage-enhanced, CE-
NgR1; Ferraro et al., 2011). At a low MOI, WT-NgR1 dampens
the number of excitatory synapses, as previously reported (Fig.
5a,b; Wills et al., 2012). We also found that the anti-synaptogenic
effect of WT-NgR1 disappeared when neurons were transduced
with a high viral titer and we noted that this was accompanied by
an increased deposition of NgR1 cleaved fragment in the synaptic
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conditioned media (Fig. 5a,b). We reasoned that this fragment
may neutralize the anti-synaptogenic effect of NgR1. To test this
possibility, we infected neurons with a previously reported NgR1
mutant with enhanced cleavage. Synaptic counts were performed
in neurons expressing CE-NgR1 (Fig. 5a,c). Low-level transduc-
tion with CE-NgR1 were sufficient to generate shed NgR1 in the
conditioned media and this construct failed to suppress syn-
apse formation (Fig. 5a,c). High levels of CE-NgR1 expression
were sufficient to mediate strong NgR1 cleavage in the cultures

(Fig. 5a) and this was accompanied by a significant increase in
Syn-1 puncta (61.6%), PSD95 puncta (58.8%), and colocal-
ized puncta (70.7%; Fig. 5c). Furthermore, the presence of a pan-
metalloproteinase inhibitor decreased the number of excitatory
synapses in CE-NgR1 transduced neurons, implicating metallo-
proteinase activity in excitatory synapse potentiation by CE-
NgR1 (Fig. 5d,e). Together this supports a role for MT3-MMP in
promoting excitatory synapses through regulated surface NgR1
proteolysis.

Figure 2. MT3-MMP loss-of-function decreases excitatory synapse formation. a, Fourteen days in vitro cortical neurons infected with a control lentivirus and treated with DMSO or BB-94 for 7 d.
b, Synaptic counts from DMSO and BB-94-treated cortical neurons stained for Syn-1 and PSD95. c, d, RT-PCR from rat cortical neurons 14 DIV infected with a lentivirus encoding MT3-MMP shRNAmir,
MT5-MMP shRNAmir, or a control empty vector. GAPDH was used as a loading control. e, Cortical neurons 14 DIV infected with a lentivirus encoding MT3-MMP shRNAmir, MT5-MMP shRNAmir, or
a control empty vector. f, Synaptic counts from MT3-MMP and MT5-MMP knockdown experiments in cortical neurons stained for Syn-1 and PSD95. g, h, Representative examples of whole-cell
patch-clamp recordings from cortical neurons expressing MT3-MMP shRNAmir or control condition (g). mEPSCs recorded from dissociated cortical neurons expressing MT3-MMP shRNAmir (h).
Scale bars: 12 (upper panel a and e) and 4 (lower panel a and e). *p � 0.5, **p � 0.01, ***p � 0.001.
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Figure 3. MT3-MMP loss-of-function decreases dendritic spines in vivo. a, b, RT-PCR analysis from mouse cortical neurons infected with control empty vector or MT3-MMP shRNAmir. c, Coronal
sections of mouse brain in utero coelectroporated with control GFP or MT3-MMP shRNAmir and Lck-mCherry. d, Dendritic spines in layers III and VI of the cerebral cortex in utero coelectroporated with
control GFP or MT3-MMP shRNAmir and Lck-mCherry. e, Number of dendritic spines in layers III and VI of the cerebral cortex, expressing MT3-MMP shRNAmir or GFP control by in utero
electroporation. One hundred dendrites from three to five independent brains. Scale bars: 500 (c) and 5 (d) �m. Data are mean � SEM. *p � 0.05, **p � 0.01 by Bonferroni post hoc test.

Figure 4. MT3-MMP mediates synaptic NgR1 shedding from cortical neurons. a, Schematic representation of soluble Ecto-NgR1 (1–358) and CT-NgR1 (359 – 410) fragments generated by
surface NgR1 proteolysis. b, Crude membrane extract from WT and NgR1-KO mice probed with commercially available mouse anti-NgR1 polyclonal antibody. c, Cell-surface biotinylation of mouse
dissociated cortical neurons treated with 0.75 �M rec-MT1-MMP and PI-PLC, probed with commercially available mouse anti-NgR1 polyclonal antibody. d, Membrane extracts from mouse cerebral
cortex (P10 –P30) probed for NgR1 and PSD95. e, Densitometry analysis of full-length NgR1 and CT-NgR1 during cortical mouse development. f, Synaptosomes from mouse cerebral cortex
fractionated into extrasynaptic (Extra), presynaptic (Pre) and postsynaptic (Post) compartments. PSD95, SynPhy, and Lingo-1 were used as markers for synaptic subfractions. g, Conditioned media
and lysates from cortical synaptosomes treated with pan-metalloprotease inhibitors, BB-94 and GM6001, DMSO, and GM6001-inactive control (GM-I). N-Cadherin (N-Cad) expression in media and
lysates was used as a control MMP-substrate. h, i, NgR1 shed fragments in the conditioned media and quantification (protein densitometry) from MT3-MMP and MT5-MMP knockdowns in cortical
neurons aged for 14 DIV. N 	 3–7 from independent brains, or dissociated cortical cultures. Data are mean � SEM. *p � 0.05, **p � 0.01, ***p � 0.001, by Bonferroni post hoc test.
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As a parallel approach, we exposed cortical neurons to the
recombinant shed ecto-domain of NgR1, Ecto-NgR1 (1–358)
fused to the Fc region of human IgG (Fig. 5f ). Similar to
CE-NgR1, Ecto-NgR1 (358-Fc) increases Syn-1 by 54.5%,
PSD95 by 60% and Syn-1/PSD95 colocalized puncta by 73.3%,
demonstrating that the soluble NgR1 cleaved fragment is suf-
ficient to enhance excitatory synapse formation (Fig. 5g,h).
Overexpression of the 30 kDa C-terminal stub of NgR1 that is
retained on the cell membrane (CT-NgR1) after NgR1 shed-
ding, did not affect the formation of excitatory synapses (Fig.
5i–k).

The NgR1 Ectodomain cleavage fragment promotes
excitatory synapse formation in vivo
To evaluate the ability of the cleaved NgR1 fragment to promote
excitatory synapse formation in vivo, we electroporated E13 mice
to overexpress soluble 358-Fc and Fc control (Fig. 6a) and as-
sessed dendritic spine formation in layers III and VI of the cere-
bral cortex (Fig. 6b,c). At P14, secretion of 358-Fc significantly
increases the number of dendritic spines in layers III and VI of the
cerebral cortex compared with Fc control demonstrating that the
shed fragment of NgR1 is sufficient to promote excitatory syn-
apse formation in vivo (Fig. 6c).

Figure 5. NgR1 shedding and Ecto-NgR1 (1–358) fragment are sufficient to promote excitatory synapses. a, Lysates and conditioned media from cortical neurons expressing WT-NgR1 and
CE-NgR1 at different MOI (0.3 and 3). b, c, Synaptic counts from cortical neurons overexpressing WT and CE-NgR1 at MOI 0.3 and 3 and stained for Syn-1 and PSD95. Synaptic counts were normalized
to corresponding vector control. d, Lysates from cortical neurons expressing CE-NgR1 and exposed to BB-94. e, Synaptic counts from cortical neurons overexpressing CE-NgR1 in the presence or
absence of BB-94. Synaptic counts were normalized to DMSO control. N 	 3– 4 from independent cultures. f, Recombinant Fc and 358-Fc generated in Hek293T cells. g, Cortical neurons aged for
14 DIV and treated with soluble 358-Fc or Fc control every 24 h for 2 d. h, Synaptic counts for cortical neurons treated with recombinant proteins for 48 h and stained for Syn-1 and PSD95. i, Lysates
from cortical neurons expressing CT-NgR1 at different MOI. j, Cortical neurons infected with lentivirus encoding CT-NgR1 or empty vector at MOI 0.3. k, Synaptic counts from cortical neurons
overexpressing CT-NgR1 stained for VGLUT-1 and PSD95. Synaptic counts were normalized to corresponding vector control. N 	 4 from independent cultures. Data are mean � SEM. *p � 0.05,
**p � 0.01, ***p � 0.001 by Bonferroni post hoc test. Scale bars: 12 (upper panel g and j) and 4 (lower panel g and j) �m.
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MT3-MMP effects on excitatory synapse formation are
dependent on NgR1
To directly test whether the prosynaptogenic effects of MT3-
MMP can be fully attributed to its effect on NgR1 shedding, we
suppressed MT3-MMP expression in neurons from NgR1-null
mice and quantified the number of excitatory synapses (Fig.
7a,b). Unlike wild-type mice, in an NgR1-null background, loss
of MT3-MMP activity failed to inhibit excitatory synaptogenesis
with no effect on the number of Syn-1, PSD95, or Syn-1/PSD95-
positive punctae (Fig. 7b). We then evaluated the ability of Ecto-
NgR1 fragment to rescue excitatory synapse development in the
absence of MT3-MMP activity (Fig. 7c,d). Exposure of dissociated
cortical neurons expressing MT3-MMP shRNAmir to Ecto-NgR1
(358-Fc) rescues the number of Syn-1, PSD-95, and colocalized
punctae. We conclude that NgR1 cleavage can rescue the formation
of excitatory synapses in the absence of MT3-MMP activity. To-
gether the data supports a model whereby MT3-MMP-dependent
shedding of NgR1 plays a key role in the formation of excitatory
cortical synapses (Fig. 7e).

Discussion
Several lines of evidence have suggested a role for metalloprotei-
nases in structural remodelling of synaptic networks. Metallo-
proteinase expression and activity is observed in close opposition
to molecular markers of excitatory postsynaptic scaffolding and
presynaptic vesicle proteins (Wilczynski et al., 2008). Further-
more, many constituents of synaptic connections are targeted
by metalloproteinases, implying their importance in synaptic
circuit remodeling. In the present study, we evaluated the role
of membrane-type metalloproteinases in excitatory synapse
development. Through in situ hybridization, we identified two
members of the MT-MMP subfamily, MT3-MMP, and MT5-
MMP, abundantly expressed in the developing and mature

cerebral cortex (Fig. 1). MT5-MMP has previously been re-
ported to localize to synapses through interactions with pro-
teins containing PDZ domains and the glutamate receptor
interacting protein, suggesting a function for MT-MMPs in
synaptogenesis (Monea et al., 2006). Interestingly, loss of
MT3-MMP activity, but not MT5-MMP, restricted the num-
ber of excitatory synapses in dissociated cortical neurons and
decreased the frequency of mEPSCs (Fig. 2). Similar to
MMP-9, a well characterized metalloproteinase important for
synaptic physiology and plasticity (Monea et al., 2006), the
loss of MT3-MMP expression decreased the density of den-
dritic spines in vivo (Fig. 3), implying a new function for MT3-
MMP in excitatory synapse development.

Previously, we reported a role for metalloproteinases in the
processing of surface NgR1 (Ferraro et al., 2011). NgR1 is an
endogenous repressor of synaptic plasticity that gradually in-
creases in expression in the neonatal brain, inhibits the formation
of excitatory synapses and the turnover of dendritic spines (Lee et
al., 2008; Wills et al., 2012; Akbik et al., 2013). MT3-MMP might
have a prosynaptic effect by targeting synaptic NgR1 protein. We
identified MT3-MMP as the major sheddase for synaptic NgR1 at
baseline levels in cortical neurons. MT3-MMP is present in syn-
aptosomes and colocalizes with NgR1 cleave fragment (Fig. 4).
Loss of MT3-MMP activity decreases NgR1 shedding in dissoci-
ated cortical neurons (Fig. 4). Furthermore, the absence of MT3-
MMP activity inhibits excitatory synapse formation only in the
presence of NgR1 (Fig. 6), implying NgR1 as the downstream
effector of MT3-MMP-dependent proteolysis important for ex-
citatory synapse development. Accordingly, ectopic expression of
a constitutively cleaved NgR1 (CE-NgR1) construct and treat-
ment with Ecto-NgR1 (1–358) are sufficient to accelerate excit-
atory synaptogenesis (Figs. 5, 7). Therefore, we propose that

Figure 6. The shed NgR1 ectodomain fragment promotes excitatory synapse formation in vivo. a, Coronal sections of mouse brain in utero electroporated with control Fc or 358-Fc. Ipsilateral (Ipsi)
and Contralateral (Contra) sections stained with an anti-human Fc or anti-NgR1 antibody to validate the constructs. b, Representative images of dendritic spines present in layers III and VI cerebral
cortex from mice in utero electroporated with 358-Fc or Fc constructs. c, Number of dendritic spines in layers III and VI of mouse cerebral cortex electroporated with Fc or 358-Fc. Sixty dendrites from
three independent brains. Scale bars: 50 (a) and 5 (b) �m. Data are mean � SEM. ***p � 0.001 by Bonferroni post hoc test.
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NgR1 shed fragment might be acting as a dominant-negative
entity to attenuate inhibitory cues in the synaptic environment
and promote excitatory synaptogenesis.

NgR1 has recently been described as a molecular-brake that
titrates synaptic plasticity and is responsible for the repressive
adult-like state in the brain connectivity (Lee et al., 2008; Wills et
al., 2012; Akbik et al., 2013). Furthermore, NgR1 restricts surface
trafficking of AMPA receptors in the barrel cortex (Jitsuki et al.,
2016), illustrating a potential role for NgR1 in limiting the
strength of synaptic communication. Interestingly, NgR1 shed-
ding is present during postnatal development and in the mature

cerebral cortex (Fig. 4), implying its importance in ongoing cog-
nitive processes. Surface NgR1 expression might be important for
the stability of neuronal networks, while NgR1 shedding might
provide a permissive microenvironment to facilitate changes in
synaptic strength, morphology and density that continue to ap-
pear throughout life (Florence et al., 1998; Fu and Zuo, 2011). It
remains to be determined whether synaptic activity triggers MT3-
MMP expression and NgR1 shedding. Previous groups have re-
ported synaptic activity to downregulate NgR1 expression at the
mRNA and protein level (Wills et al., 2012; Karlsson et al., 2013).
Glutamatergic receptors, intracellular calcium, as well as Ca�2/

Figure 7. MT3-MMP effects on excitatory synapse formation are dependent on NgR1. a, Cortical neurons from WT or NgR1-deficient mice infected with control empty vector or
MT3-MMP shRNAmir. b, Synaptic counts from MT3-MMP knockdown experiments in WT and NgR1-null cortical neurons. Synaptic counts were normalized to corresponding vector
control. c, Cortical neurons from WT mice infected with control empty vector or MT3-MMP shRNAmir and exposed to soluble 358-Fc or Fc control at 7 and 14 DIV. d, Synaptic counts from
MT3-MMP knockdown experiments in WT cortical neurons. Synaptic counts were normalized to corresponding vector control. All data corresponds to N 	 3– 4 from independent cortical
cultures. Data are mean � SEM. *p � 0.05, **p � 0.01, ***p � 0.001, by Bonferroni post hoc test. Scale bars: 12 (upper panel a and c) and 4 (lower panel a and c) �m. e, Model for
MT3-MMP and NgR1 shedding in excitatory synaptogenesis. Cortical neurons express FL-NgR1 in the extrasynaptic, presynaptic, and postsynaptic terminal subdomains. FL-NgR1 is
processed by MT3-MMP activity, releasing an ecto-NgR1 fragment (1–358) into the pericellular microenvironment. Surface FL-NgR1 proteolysis and release of Ecto-NgR1 (1–358)
promote the formation of excitatory synapses.
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calmodulin-dependent protein kinase II (CaMKII) activity have
been reported to promote trafficking and activation of metallo-
proteinases (Peixoto et al., 2012; Suzuki et al., 2012; Toth et al.,
2013). In addition, metalloproteinase expression is upregulated
in response to sensory deprivation and damage to the brain cir-
cuitry. ADAM-10 and MT5-MMP increase synaptic expression
in response to traumatic brain injury (Warren et al., 2012), while
rapid changes in ECM composition following monocular depri-
vation are inhibited in MMP-9-deficient mice (Kelly et al., 2015).
Therefore, focal expression and activity of MT3-MMP might in-
crease NgR1 proteolysis to promote plasticity during periods of
synaptic activity.

Several groups have targeted the NgR1 signaling pathway as
a potential strategy to promote synaptic plasticity. Functional block-
ing antibodies against Nogo-A and NgR1 promote spine forma-
tion and LTP in organotypic slice cultures from the cerebral
cortex (Zemmar et al., 2014). Recently, delivery of (1–310) Ecto-
NgR1 fragment was shown to promote erasure of fear memories
by increasing plasticity of inhibitory synaptic connections (Bha-
gat et al., 2016). Furthermore, a soluble ecto-domain fragment of
paired-Ig-like receptor B increases visual acuity and spine density
in mice following long-term monocular deprivation (Bochner et
al., 2014). Here, we report that NgR1 proteolysis is an endoge-
nous mechanism necessary for excitatory synapse development
that promotes excitatory synapse formation both in vitro and in
vivo. MT3-MMP activity or Ecto-NgR1 (1–358) fragments could
enhance circuitry remodelling during development, as well as
during cognitive processes in the adult brain.
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