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N-Cadherin Prodomain Processing Regulates
Synaptogenesis
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Classical cadherins, which are adhesion molecules functioning at the CNS synapse, are synthesized as adhesively inactive precursor
proteins in the endoplasmic reticulum (ER). Signal sequence and prodomain cleavage in the ER and Golgi apparatus, respectively,
activates their adhesive properties. Here, we provide the first evidence for sorting of nonadhesive precursor N-cadherin (ProN) to the
neuronal surface, where it coexists with adhesively competent mature N-cadherin (N-cad), generating a spectrum of adhesive strengths.
In cultured hippocampal neurons, a high ProN/N-cad ratio downregulates synapse formation. Neurons expressing genetically engi-
neered uncleavable ProN make markedly fewer synapses. The synapse number can be rescued to normality by depleting surface ProN
levels through prodomain cleavage by an exogenous protease. Finally, prodomain processing is developmentally regulated in the rat
hippocampus. We conclude that it is the ProN/N-cad ratio and not mature N-cad alone that is critical for regulation of adhesion during
synaptogenesis.

Introduction
A variety of putative adhesion molecules are localized to the CNS
synapse and some regulate synapse formation (Klein, 2001;
Scheiffele, 2003; Sakisaka and Takai, 2005; Shapiro et al., 2007;
Siddiqui and Craig, 2011). Classical cadherins, bona fide adhe-
sion molecules in virtually all tissue of epithelial origin, including
CNS, are prominent participants in synapse formation (Takeichi,
2007; Arikkath and Reichardt, 2008). N-cadherin (N-cad) is a
classical cadherin found at CNS synapses that is localized to the
active zone of young neurons and the periphery of the active zone
in highly mature synapses (Fannon and Colman, 1996; Uchida et
al., 1996). In addition to its adhesive role during development,
N-cad plays a role in spine morphology, synaptic remodeling,
plasticity, and long-term potentiation (Bozdagi et al., 2000, 2010;
Togashi et al., 2002; Okamura et al., 2004; Jüngling et al., 2006;
Tai et al., 2007; Mendez et al., 2010). Furthermore, synaptic stim-
ulation modifies N-cad conformation and distribution along the

surface, demonstrating that synaptic adhesion is dynamically and
locally controlled and modulated by synaptic activity (Tanaka et
al., 2000).

Like all classical cadherins, N-cad is synthesized on the rough
endoplasmic reticulum as a precursor protein. The N-terminal
signal sequence cleavage generates a new N terminus and the
ensuing 107 aa comprise the “prodomain” of N-cad. The prodo-
main renders the molecule adhesively inactive until it is removed
by furin and other convertases (Ozawa and Kemler, 1990; Post-
haus et al., 1998). The prodomain lacks the sites for calcium
coordination, thus permitting a freely moveable nonrigid sec-
ondary structure devoid of adhesive properties (Koch et al.,
2004). Transgenic expression of precursor N-cadherin (ProN), in
vivo, inhibits synapse formation (Latefi et al., 2009). It is generally
accepted that endogenous ProN is not found on any normal cell
surface under physiological conditions. However, we recently re-
ported that, in melanoma, not only N-cad but also ProN can
reach the cell surface where it remains uncleaved and therefore
nonadhesive (Maret et al., 2010). The aberrant expression of
ProN on the melanoma cell plasma membrane dramatically af-
fects cell adhesion properties, making some tumors very invasive
(Maret et al., 2010). Since melanoma is a neural crest derivative,
we analyzed whether ProN can also regulate neuronal adhesion
during neuronal cell development.

We show that, in cultured neurons and rodent hippocampus,
the ProN expression, distribution, and processing are develop-
mentally regulated, modulating adhesion during synaptogenesis.
Unexpectedly, ProN is abundantly expressed on the surface of
cultured neurons. During process outgrowth, the ProN/N-cad
ratio is high (�2), and, as synapse formation progresses, the ratio
drops significantly (�0.8), reflecting a switch from a nonadhesive
state to generation of an adhesive bond between presynaptic and
postsynaptic membranes. By overexpressing a mutant that is un-
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cleavable by endogenous enzymes, we show that ProN inhibits
synapse formation, suggesting that ProN could act as a down-
regulator of synapse formation. We propose that the dynamic
ProN/N-cad ratio on the neuronal surface is a previously unrec-
ognized but important mechanism by which neurons regulate
adhesion during synapse formation in the CNS.

Materials and Methods
Primary culture and transfections. Hippocampal neuronal cultures were
prepared from embryonic day 18 Sprague Dawley rats as described in our
previous report (Lucido et al., 2009). Briefly, hippocampal neurons were
dissociated by treatment with 0.25% trypsin followed by trituration
through a Pasteur pipette. Cells were plated at a density of 1 � 10 5/cm 2

or 7 � 10 3/cm 2 on poly-D-lysine-coated plastic dishes or glass coverslips,
respectively, and maintained for up to 18 d in Neurobasal medium
(Invitrogen) supplemented with 2% B27 (Invitrogen) and 0.5 mM glu-
tamine. Neurons were transfected by electroporation (Amaxa Biosys-
tems) according to the manufacturer’s protocol. Briefly, 4 � 10 6

hippocampal neurons were transfected in suspension with 3 �g of DNA
and were plated immediately on poly-D-lysine-coated glass coverslips at a
density of 6 –10 � 10 5 cells/cm 2. Neurons were maintained up to 18 d in
Neurobasal medium (Invitrogen) supplemented with 2% B27 and 0.5
mM glutamine. The average transfection efficiency was �60%. For all
transfections, epitope-tagged wild-type N-cad or ProN (Koch et al.,
2004; Shan et al., 2004) driven by the chicken actin gene promoter was
used. Mock-transfected cells and neurons expressing ProN that is un-
cleavable by endogenous enzymes were treated with 0.4 U/ml factor Xa
(Sigma-Aldrich) at 11 and 13 d in vitro (DIV) and fixed at 14 DIV.

Cell and tissue homogenates. Homogenates were prepared from hip-
pocampal neurons grown in culture for 3, 5, 7, 10, 12, or 14 DIV by
rinsing cells in PBS and solubilizing them in RIPA buffer (10 mM

Tris-Cl, pH 8.0, 150 mM NaCl, 1% Igepal, 0.5% sodium deoxycholate,
0.1% SDS). Lysates were incubated on ice and spun down at full speed
in a microcentrifuge for 20 min. The resulting supernatant (deter-
gent-soluble fraction) was saved for further analysis, and pellets were
resuspended in 2% SDS, sonicated briefly, and centrifuged as above.
Supernatants obtained in the first (detergent-soluble fraction) and
second step (detergent-insoluble fraction) were analyzed by SDS-
PAGE followed by immunoblotting.

For brain homogenates, hippocampi and cortices from 1-, 3-, 5-, 7-,
10-, 15-, and 25-d-old pups (P1, P3, P5, P7, P10, P15, and P25, respec-
tively) and from adult rats were dissected and homogenized at 25% (w/v)
in 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.05% SDS in 50 mM

Tris-HCl, pH 7.5, containing a protease inhibitor mixture (Roche) and 1
mM PMSF. The pellets obtained after centrifugation at full speed in a
microcentrifuge for 20 min were resuspended in 2% SDS, sonicated, and
spun down as above. The supernatants obtained in the first (Triton
X-100-soluble fraction) and second (Triton X-100-insoluble fraction)
steps were analyzed by SDS-PAGE followed by immunoblotting. For
detection of the ProN domain released into the cell culture medium,
hippocampal neuronal culture media were collected at 3, 6, 9, and 12
DIV, concentrated (5�) using an Amicon Centricon 10 kDa molecular
weight cutoff columns (Millipore) and subjected to immunoblotting.

Cell surface biotinylation. Hippocampal neurons grown for 3, 5, or 7
DIV on poly-D-lysine-coated 60 mm plastic dishes were washed three
times with ice-cold 2 mM Mg 2� in PBS, pH 8.0, and incubated at 4°C for
30 min with 0.5 mg/ml EZ-link Sulfo-NHS-LC-Biotin (Pierce Biotech-
nology) in cold PBS/2 mM Mg 2�. After washing three times with ice-cold
10 mM glycine in TBS/2 mM Ca 2�/2 mM Mg 2�, neurons were lysed with
RIPA buffer containing a protease inhibitor mixture (Roche) and 1 mM

PMSF, and centrifuged at full speed in a microcentrifuge for 10 min.
Streptavidin-agarose beads (Pierce Biotechnology) were added to the
supernatants, and the mixture was incubated overnight at 4°C. After
washing the beads three times with RIPA buffer, the bound proteins were
eluted by boiling the beads in SDS sample buffer and subjected to SDS-
PAGE followed by immunoblotting.

Isolation of synaptosomes and separation of presynaptic and postsynaptic
proteins. Synaptosomes were prepared as previously described (Phillips

et al., 2001). Cortices and hippocampi from five male adult Sprague
Dawley rats (5 g total wet weight) were homogenized separately in 15 ml
of 0.32 M sucrose, 0.1 mM CaCl2, 1 mM MgCl2, and 0.1 mM PMSF at 4°C
using a Teflon-glass homogenizer. The homogenate was brought to a
final sucrose concentration of 1.25 M by addition of 2 M sucrose (70 ml)
and 0.1 mM CaCl2 (30 ml) and divided into six 25 � 89 mm ultracentri-
fuge tubes. The homogenate was overlaid with 10 ml of 1.0 M sucrose, 0.1
mM CaCl2, and with 5 ml of 0.32 M sucrose, 0.1 mM CaCl2, and centri-
fuged at 100,000 � g for 3 h at 4°C. The synaptosomal fraction was
collected at the 1.25 M/1.0 M sucrose interface. The presynaptic and post-
synaptic components were separated as described previously (Phillips et
al., 2001). Briefly, synaptosomes were sequentially extracted with 1%
Triton X-100 at pH 6.0 followed by pH 8.0. Synaptosomes (prepared as
described above) were diluted 1:10 with ice-cold 0.1 mM CaCl2. The
suspension was brought to a final concentration of 20 mM Tris, pH 6.0,
and 1% Triton X-100. Membranes were extracted on ice for 30 min and
spun down at 40,000 � g for 30 min. The pellet (synaptosomal mem-
branes) was resuspended in 10 ml of 20 mM Tris, pH 8.0, 1% Triton
X-100, extracted, and centrifuged as above. The supernatant contains the
presynaptic components, while the final pellet comprises the postsynap-
tic proteins.

SDS-PAGE and immunoblot analysis. Protein concentrations from cell
and brain homogenates were determined using the BCA protein assay
(Pierce Biotechnology). Samples (10 �g of protein) were dissolved in 2�
SDS sample buffer, boiled, centrifuged, and run in 6, 8, 10, or 4 –20%
precast Tris-glycine gels (Invitrogen). The proteins were then transferred
to a nitrocellulose membrane, blocked with 5% milk, incubated over-
night at 4°C with the primary antibodies, washed, and incubated with
species-matched horseradish peroxidase-conjugated secondary antibod-
ies. After stringent washings, membranes were revealed by incubating
with ECL chemiluminescence substrate (PerkinElmer) and exposed with
Kodak BioMax films (Sigma-Aldrich). Blots were scanned using identical
parameters, and band intensity was assessed using a NIH ImageJ macro
for quantifying band intensity from gels. For comparison purposes,
bands were standardized against actin intensity (used as a loading con-
trol). Statistical differences were evaluated by one- or two-way ANOVA
followed by Student–Newman–Keuls posttesting. Statistical significance
was set at p � 0.05.

Immunostaining. Neurons cultured for 5 or 24 h or 3–18 DIV were
fixed for 10 min at room temperature (RT) in 4% paraformaldehyde/PBS
solution, pH 7.2. After permeabilizing for 10 min at RT with 0.1 or 0.2%
Triton X-100 and blocking for 30 min at RT with normal donkey serum
(NDS) (Jackson ImmunoResearch), neurons were incubated overnight
at 4°C in primary antibody diluted in 1% NDS in PBS. The following day,
the cells were washed and incubated for 1 h at RT with appropriate
secondary antibodies (Jackson ImmunoResearch or Invitrogen) and
mounted using a ProLong Antifade kit (Invitrogen). For all immunocy-
tochemical studies, control cultures were incubated with and without
either primary or secondary antibodies.

The cell surface staining was performed on water–ice slurry to reduce
antibody endocytosis, as described previously (Dhaunchak and Nave,
2007; Dhaunchak et al., 2011). Briefly, neurons for 3–7 DIV were washed
with ice-cold Dulbecco’s PBS (DPBS), incubated with ProN antibody
(1:500) diluted in DPBS for 15 min, washed twice with DPBS, and fixed
with 2% paraformaldehyde in DPBS. Cells were then transferred to RT,
washed twice with DPBS, incubated with Cy3-conjugated secondary an-
tibody for 30 min, washed three times with DPBS, permeabilized with
0.1% Triton X-100 for 10 min, blocked, and immunostained for total
N-cad as described above.

Antibodies. For immunofluorescence, the following polyclonal and
monoclonal antibodies were used. Rabbit polyclonal antibodies were
anti-ProN (Koch et al., 2004), anti-myc-tag (Millipore), anti-�-catenin
(Sigma-Aldrich). Mouse monoclonal antibodies were anti-neuronal
class III �-tubulin (clone TUJ1; Stem Cell Technologies), anti-synap-
tophysin (Millipore Bioscience Research Reagents), anti-PSD-95 (Affin-
ity Bioreagents), anti-N-cadherin (clone 32; Biocompare), anti-MAP2
(Sigma-Aldrich), anti-GAD (Millipore Bioscience Research Reagents),
and anti-VGLUT (Millipore Bioscience Research Reagents). F-actin was

6324 • J. Neurosci., May 2, 2012 • 32(18):6323– 6334 Reinés et al. • N-Cadherin Prodomain Regulates Synaptogenesis



visualized with Alexa 488-conjugated phalloidin. Antibodies used for
immunoblotting were anti-synaptophysin (clone SVP-38; Sigma-
Aldrich), anti-PSD-95 family (clone K28/86.2; Millipore), anti-N-
cadherin (MNCD2, against the EC2 domain; Developmental Studies
Hybridoma Bank), anti-GluR1 (polyclonal rabbit; Millipore Bioscience
Research Reagents), anti-actin (clone C4; MP Biomedicals), and anti-
GAPDH (monoclonal; Abcam). For immunofluorescence and immuno-
blot analysis, fluorochrome- and HRP-conjugated secondary antibodies
were used (Jackson ImmunoResearch).

Functional labeling of presynaptic boutons. Hippocampal cultures (14
DIV) were incubated with 15 �M FM4-64 (Invitrogen) in high-K � iso-

osmotic HBSS (103 mM NaCl, 45 mM KCl, 2 mM CaCl2, and 0.5 mM

MgCl2) for 90 s at RT followed by 15 min washing with dye-free medium
at the same temperature to remove free FM4-64. Labeled cells were fixed
with 4% paraformaldehyde for 10 min, washed with PBS three times, and
imaged immediately.

FM4-64 dye unloading was obtained by two rounds of 90 s 45 mM KCl
application spaced by a 2 min rest interval. Three minutes after dye
loading and unloading, neurons were incubated for 30 s with Advasep 7
(CyDex), a modified cyclodextrin, to remove excess dye. Images were
acquired on an epifluorescent Zeiss Axiovert 200 microscope (63� oil
objective) after 10 min washing with HBSS after stimulation.

Figure 1. ProN expression during early hippocampal neuron differentiation. A, Primary hippocampal neurons (18 DIV) immunostained for ProN (in green), PSD-95 (in red), and actin (in blue).
ProN is localized in close relationship with synapses in mature neurons. The arrowheads indicate that the small puncta of ProN immunoreactivity are in close proximity with PSD-95. B, At higher
magnification, localization of ProN (green) and the presynaptic and postsynaptic puncta visualized by synaptophysin (red; top) and PSD95 (red; bottom) labeling, respectively. The close proximity
of ProN with presynaptic and postsynaptic puncta can be observed in detail. C, D, Primary hippocampal neurons (3–14 DIV) immunostained for ProN (green) and the dendritic marker MAP2 (in red;
C) or the axonal marker SMI31 (in red; D). ProN is expressed in dendrites and axons throughout neuronal differentiation as shown by MAP2 and SMI31, respectively. Scale bars: A, 2 �m; B, 0.1 �m;
C, D, 10 �m.
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Figure 2. ProN versus total N-cadherin expression in hippocampal neurons. A, Primary hippocampal neurons stained for ProN (green) or total N-cad (red). At early stages of neuronal differentiation (3 DIV),
ProN is highly expressed and the total N-cad pool consists mainly of ProN (quantified in the right panel). After 7 DIV, the relative contribution of ProN to the total N-cad pool drops considerably with simultaneous
elevation in mature N-cad shown with a punctate distribution. B, ProN and total N-cad distribution shown at higher magnification. ProN distributes diffusely forming small puncta at 3 DIV. After 7 DIV, a high
proportion of total N-cad distributes as larger puncta that fail to match with ProN labeling, demonstrating an increase in mature synaptic N-cad. C, ProN and N-cad distribution in detergent-soluble and -insoluble
fractions. During differentiation, ProN and mature N-cad distribute from the detergent-soluble to the detergent-insoluble fraction. ProN is predominantly expressed in the detergent-soluble fraction at the early
stages of neuronal differentiation (3–7 DIV), while mature N-cad mainly distributes into the detergent-insoluble fraction during synaptogenesis (7 DIV onward). From 7 DIV onward, both ProN and N-cad
distribute into the detergent-insoluble fraction. Densitometry reveals that the ProN/N-cad ratio drops significantly only in the soluble fraction during neuronal differentiation. The ProN/N-cad ratio drops to�1
from 7 DIV onward, and constant levels are maintained that show no change in the detergent-soluble or -insoluble fractions. For comparison, expression levels and the distribution in the soluble and insoluble
fractions of the synaptic proteins GluR1 and PSD-95 are also shown. The results are expressed as mean values�SD (n�4 independent cultures). Scale bars: A, 10�m; B, 0.5�m. *p�0.001, compared with
7 DIV for the ProN/N-cad ratio in the soluble fraction or 3 DIV for ProN levels, by one-way ANOVA followed by Student–Newman–Keuls test.
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Microscopy and analysis. All fixed cells were imaged using a 63�, 1.4
numerical aperture oil-immersion objective on a Zeiss LSM 510 confocal
microscope with an electronic zoom of 1 or 4. Single optical sections and
compression series (projections) of z-axis optical sections were used.

Data obtained from two channels simultane-
ously using a dichroic beam splitter were com-
pared with data obtained sequentially using
one laser line to ensure that emission spectra
were clearly separated. Laser intensity and de-
tector gain and offset were adjusted to avoid
saturation and kept constant throughout.
Measurements of immunolabeled puncta
number and area were obtained from projec-
tions of z-axis optical sections series using NIH
ImageJ program in which the threshold inten-
sity was adjusted to maximize numbers of
puncta and minimize the extent of fusion be-
tween puncta. Fluorescent puncta from a 50
�m region were measured in four to five den-
drites per neuron (n � 30 neurons). Dendritic
segments of similar thickness and location
from the cell soma (normally the largest pro-
cesses) were included for quantification. Spine
morphology was analyzed in a 5 �m region of
four to five dendrites per neuron (n � 30 neu-
rons). The number of filopodia-like spines ver-
sus total number of spines per segment was
counted. Thresholds were adjusted slightly be-
tween sections to maximize numbers of puncta
and minimize the extent of fusion between
puncta, but the threshold values did not differ
within or across conditions. For quantitative
analysis, four independent experiments were
used in which 20 –30 neurons were analyzed
per condition. Statistical differences among
conditionswereevaluatedbytwo-wayANOVAfol-
lowed by Student–Newman–Keuls test (statistical
significance was set at p � 0.05).

Electrophysiology. Whole-cell patch-clamp
recordings were performed on cultured hip-
pocampal neurons (14 DIV). Voltage clamp
was performed at a holding potential of �70
mV. Currents were recorded at room temper-
ature using an Axopatch 200B amplifier,
digitized with a Digidata 3200A interface (Mo-
lecular Devices), and acquired at a frequency of
10 kHz using pClamp 9. Recording electrodes
were pulled from borosilicate glass tubes using a
P-97 puller (Sutter Instrument) and fire-polished
with a MP-830 microforge (Narishige) to a tip
resistance of 3–6 M	. Pipettes were filled with
internal solution, containing the following (in
mM): 120 K-gluconate, 20 KCl, 2 MgCl2, 0.2
EGTA, 10 HEPES, 7 di-tris phosphocreatine, 4
Na2ATP, 0.3 Tris-GTP. pH was adjusted to 7.3
with KOH. The perfusion solution, pH 7.4, con-
tained the following (in mM): 140 NaCl, 5 KCl, 2
MgCl2, 2 CaCl2, 10 HEPES, and 10 D-glucose.
TTX (0.3 �M) and picrotoxin (0.05 �M) were
added to block Na� channels and GABAA recep-
tors, respectively. EPSC events were detected us-
ing the Mini Analysis software (Synaptosoft) and
verified visually. Data are presented as mean �
SEM, and analysis was performed using Student’s
t test.

Electron microscopy. Rats were anesthetized
and perfused transcardially (4% paraformal-
dehyde, 2% glutaraldehyde), and brains were
removed and postfixed. Hippocampal sec-
tions were treated with 2% OsO4 for 2 h and

stained en bloc with uranyl acetate, dehydrated, and embedded in
Epon. Ultrathin sections were cut and stained with uranyl acetate–
lead citrate and viewed in an electron microscope at 8300 –50,000�

Figure 3. ProN is actively sorted to the cell surface during differentiation. A, Live hippocampal neurons (3 and 7 DIV) after staining with
ProN antibody (red) were fixed and additionally stained for total Ncad (green). Note that the surface ProN levels diminish by 7 DIV and that
ProN overexpression (cotransfection ProN/GFP, 4:1) leads to robust surface ProN expression. Scale bar, 10�m. B, Biochemical evidence for
surface sorting of ProN. Cell surface biotinylation supports the live staining data that ProN is actively sorted to the cell surface. The levels of
surface (pulldowns) ProN drop significantly by 7 DIV, while the levels of mature N-cad increase markedly, coinciding with the elevation in
the level of glutamate receptor (GluR1) at the cell surface. Actin and GADPH immunoblots show that the cytoplasmic proteins are spared
from biotinylation. C, Quantification of ProN and N-cad levels in the total lysates and at the cell surface. The surface ProN/N-cad ratio drops
significantly during differentiation. Results are expressed as mean values � SD (n � 3 independent cultures). D, E, Release of processed
prodomain by neurons. The ProN peptide accumulates in the culture media during neuronal differentiation. RP denotes the recombinant
prodomain of ProN. The absence of bands when the immunoblot is incubated with ProN antibody that has been preincubation with RP
demonstrates that the processed product in D is the prodomain of N-cad. Results are expressed as mean values�SD (n�3 independent
cultures). *p � 0.001, compared with 3 DIV, by one-way ANOVA followed by Student–Newman–Keuls test.
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magnification. Immunogold labeling was performed as described
previously (Phend et al., 1995). In each immuno-electron micro-
scopic (immuno-EM) section, gold grains localized to cell soma and
plasma membrane were counted. Depending on their subcellular dis-
tribution, gold particles were divided into four main classes: (1) syn-
aptic, (2) flanking a synapse, (3) nonsynaptic, and (4) soma restricted.

Results
ProN expression during hippocampal neuron differentiation
and synaptogenesis
To determine the relative contribution of ProN during the
process of neuritogenesis and synaptogenesis, we used a ProN-
specific antibody (Koch et al., 2004) together with an antibody
that recognizes both ProN and N-cad. ProN is localized to
neuronal cell soma, dendrites, growth cones, and axons, and is
in close relationship with the synapse in mature hippocampal
neurons (Fig. 1 A–D). ProN is detectable as early as 5 h after

plating, and high levels of ProN persist until 5 DIV (Figs.
1C,D, 2 A).

During the first 5 DIV, the total N-cad pool mainly consists of
ProN (Fig. 2). During this early stage, the ProN staining is diffuse
and small puncta are seen (Fig. 2A,B). From 5 DIV onward, the
rate of ProN proteolytic processing increases, reducing ProN lev-
els in the total N-cad pool (Fig. 2A–C). Note that, over time (7–14
DIV), an increasing proportion of total N-cad concentrates as
larger puncta that correspond to N-cad (Fig. 2A,B) and ProN
concentrates in smaller puncta surrounded by a larger N-cad
disk. Several groups have reported N-cad expression in cultured
neurons (Benson and Tanaka, 1998); however, our data for the
first time demonstrate that, during early steps of neuritogenesis
and synaptogenesis, it is ProN that predominates over N-cad.
Thus,theN-cadexpressionanalyzedduringearlystepsinpreviousstud-
ies predominantly represents ProN and not the mature N-cad.

Figure 4. ProN expression inhibits synapse formation. Primary hippocampal neurons were transfected before plating with plasmids encoding a myc epitope (as control), wild-type N-cad
(N-cad-myc), or uncleavable mutant ProN encoding a factor Xa cleavable site (ProN-myc). A, The presynaptic and postsynaptic assembly in transfected hippocampal neurons was assessed at 14 DIV
by synaptophysin and vGLUT1/2 (glutamatergic presynaptic marker) immunostaining. The bottom panels were costained for �III-tubulin (blue). B, Quantification of synaptic markers in transfected
neurons. Neurons expressing uncleavable mutant ProN make markedly fewer synapses as revealed by significantly fewer synaptophysin, GAD, VGLUT1/2, and PSD-95 puncta. Synapse number can
be rescued to normality by cleaving the prodomain by exogenous protease (factor Xa). Importantly, neurons expressing N-cad make significantly more synapses when compared with the control
neurons (control vector; myc). Results are expressed as the mean number of puncta (�SD) per 50 �m of dendritic length from 30 neurons (n � 30). Scale bar, 10 �m. *p � 0.001 between bars,
by one-way ANOVA followed by Student–Newman–Keuls test.
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Subcellular redistribution of ProN during synaptogenesis
We have previously reported that N-cad partitions within a
detergent-insoluble fraction (Tanaka et al., 2000). Here, we ex-
amined whether or not ProN is sorted to similar compartments.
Quite surprisingly, during the early stages of hippocampal neu-
ronal differentiation (1–5 DIV), ProN is present in the detergent-
soluble fraction (Fig. 2C). From 7 DIV onward, ProN is reduced
abruptly in the detergent-soluble fraction and significantly par-
titions into the detergent-insoluble fraction (Fig. 2C). N-cad, as
previously reported, mainly partitions in the detergent-insoluble
fraction after 7 DIV; however, significant levels are also found in
the soluble fraction (Fig. 2C). Interestingly, the ProN/N-cad ratio
in the detergent-soluble fraction is high initially and shows a
drastic reduction around the peak of synaptogenesis (7 DIV) and
is maintained at �1 in both the detergent-soluble and -insoluble
fractions (Fig. 2C). ProN is nonadhesive and has been shown to
be processed in the post-Golgi compartment by furin and other
proteases; however, we find very high levels of ProN in proximity

to both presynaptic and postsynaptic markers. Therefore, it is
possible that the ProN staining that we observe is in the ER be-
neath the presynaptic and postsynaptic plasma membrane rather
than at the synaptic plasma membrane. To investigate whether
the ProN is at the cell surface or within the cell (in the ER), we
stained live cells and, in addition, quantified the surface ProN
with biotinylation assays (Fig. 3). We biotinylated the cell
surface-expressed proteins with a membrane-impermeable ana-
log of biotin and probed for ProN in the biotinylated pool. As
deduced by the colabeling experiments (Figs. 1, 2), the biotinyla-
tion and surface staining experiments provide evidence for cell
surface expression of ProN from 3 to 7 DIV (Fig. 3A–C). Pre-
cisely, in the cell lysate, the ProN/N-cad ratio drops from 2 at DIV
3 to 0.7 by DIV 7, and the surface ProN/N-cad ratio drops from 2
to 0.8 (Fig. 3C). This is coupled with a gradual increase in
cleaved ProN peptide in the culture media of hippocampal
neurons (Fig. 3 D, E). Interestingly, the surface ProN/N-cad
ratio drops suddenly during differentiation (Fig. 3A–C). At 7

Figure 5. ProN expression reduces the number of synapses. Primary hippocampal neurons were transfected before plating with plasmids encoding GFP or myc (as control vector), wild-type N-cad
(N-cad-GFP or N-cad-myc), or uncleavable mutant ProN (ProN-GFP or ProN-myc) protein. A, Labeling of presynaptic boutons with FM4-64 dye (14 DIV) shows a reduced number of active terminals
in the ProN-transfected neurons. B, Dendrites of neurons expressing the mutant ProN show extremely long filopodia-like spines typical of immature synapses. C, Quantification of FM4-64-labeled
puncta shows that the synapse number can be partially rescued by cleaving the prodomain of the mutant ProN-GFP by supplementation with factor Xa. Results are expressed as the mean number
of puncta (�SD) per 50 �m of dendritic length from 30 neurons (n � 30). D, Quantification shows that the ProN mutant conferred an immature phenotype and that factor Xa treatment partially
restored spine morphology. Results are expressed as the percentage of filopodia-like spines (�SD) in 30 neurons (n � 3 independent experiments). Scale bars: A, 10 �m; B, 0.5 �m. *p � 0.001
between bars, by one-way ANOVA followed by Student–Newman–Keuls test.
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DIV, coinciding with the peak period of synaptogenesis in
vitro, the availability of N-cad shows sudden dramatic in-
crease, suggesting that prodomain cleavage could play an im-
portant role during synaptogenesis.

The timing of ProN processing is a cell-intrinsic regulator
of synaptogenesis
The progressive relative decrease in endogenous ProN and the
parallel increase of N-cad during synaptogenesis in cultured hip-

pocampal neurons suggests that ProN might act as a cell-intrinsic
negative regulator of synaptogenesis. The activity of ProN could
be developmentally regulated by expression of an unknown cell
surface-expressed protease that renders ProN inactive upon
prodomain cleavage. To investigate whether absolute levels of
ProN negatively regulate synapse formation in cultured neurons,
we transfected hippocampal neurons with a mutant ProN expres-
sion construct (ProN mutant) in which the endogenous prodo-
main cleavage site was replaced by a factor Xa cleavage site,
making it uncleavable by endogenous enzymes (Koch et al.,
2004). Before analyzing the phenotype of ProN-expressing neu-
rons, we investigated the effect of overexpression of wild-type
N-cad on synapse number. N-cad overexpression increases the
number of presynaptic endings when analyzed by synaptophysin
labeling of the presynaptic puncta, whereas ProN mutant over-
expression reduces the presynaptic ending number significantly
(p � 0.001, when compared with mock-transfected cells; Fig.
4A,B). In addition to a reduction in the number of synapto-
physin-positive puncta, expression of uncleavable ProN results in
elongation of the remaining puncta (Fig. 4A), which previously
has been described as a presynaptic organization defect (Togashi
et al., 2002). Mutant ProN expression also results in reduction of
the number of puncta corresponding to GABAergic and glutama-
tergic synapses, as shown by GAD and VGLUT 1/2 immunostain-
ing, respectively (Fig. 4A,B). When the ProN domain is cleaved
by treating these neurons with exogenous factor Xa, thereby fa-
voring N-cad expression, the synapse number is restored to con-
trol levels (Fig. 4A,B). In concordance with reduced presynaptic
endings (evaluated with synaptophysin labeling), there is also a
reduction in the number of postsynaptic endings in mutant
ProN-expressing neurons (labeled with PSD-95; Fig. 4B). As ex-
pected, the cleavage of the prodomain by addition of factor Xa
restores the postsynaptic puncta number to control levels (Fig.
4A,B).

ProN overexpression alters spine morphology and
synaptic activity
The labeling of presynaptic boutons with FM4-64 dye reaffirms
the above observation that neurons expressing mutant ProN ex-
hibit fewer functional synapses (Figs. 5A,C, 6), as seen by re-
duced number of FM4-64-labeled puncta. This drastic effect of
mutant ProN expression is reversed when the prodomain se-
quence is cleaved by exogenous factor Xa treatment (Fig. 5A,C).
The mock-transfected neurons show typical mushroom-like
spine morphology. Mutant ProN expression results in extremely
long filopodia-like spines typical of immature synapses (Fig.
5B,D). This is associated with the formation of branches and the
absence of synaptic specialization (Fig. 5B). Quantification con-
firms these observations and shows that the cleavage of the
prodomain by addition of factor Xa partially restores spine mor-
phology (Fig. 5B,D).

To determine whether factor Xa treatment of ProN-ex-
pressing neurons rescues synaptic activity, we performed whole-
cell voltage-clamp recordings on neurons (14 DIV) to measure
the frequency of spontaneous EPSCs (sEPSCs) (Fig. 7). In neu-
rons overexpressing N-cad, the mean frequency of postsynaptic
events was 2.98 � 0.61 Hz. Expression of mutant ProN resulted
in a dramatic reduction in the mean sEPSC frequency to 0.70 �
0.13 Hz. The sEPSC frequency could be significantly rescued
(1.72 � 0.28 Hz) by cleaving the prodomain with factor Xa,
demonstrating that the prodomain inhibits the spontaneous syn-
aptic activity in cultured neurons (Fig. 7).

Figure 6. FM4-64-labeled functional synapses. Primary hippocampal neurons were trans-
fected, as above, with EGFP (as control vector), N-cad (N-cad/GFP; 4:1), or ProN (ProN/GFP; 4:1).
A, Representative overlays (left panel) showing live transfected neurons (green) labeled with
FM4-64 dye (red). Scale bar, 10 �m. The boxed areas are magnified on right and show loading
and unloading of active terminals. The arrowheads point to puncta showing a drop in fluores-
cence intensity. B, The percentage of unloading in each group was similar. Quantifications from
experiments (n � 3) on 6 (GFP), 13 (Ncad), 17 (ProN), and 13 (ProN factor Xa-treated) neurons
show that the mean � SEM from four groups are not significantly different from each other
(one-way ANOVA). The percentage unloading from �75 puncta per neuron (�600 –1300
puncta per group) was calculated.
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ProN expression and distribution is also regulated in the
postnatal rat hippocampus
We examined whether neurons in situ also exhibit a switch in
ProN processing. In the rat CNS, at postnatal day 3 (P3), ProN
localizes to the center of junctions formed by presynaptic and
postsynaptic membranes (Fig. 8A,C). By P15, ProN redistributes
to flank the active zone after the critical period of synapse forma-
tion (Fig. 8B,C). These data demonstrate that ProN concentrates
at synaptic sites during synaptogenesis in situ. We next examined
the expression of N-cad and ProN in the hippocampus during
neuronal development (P1 to adult). As we have shown previ-
ously, N-cad dimerization at the synaptic junction is resistant to
Triton X-100, but not to SDS (Tanaka et al., 2000; Phillips et al.,
2001). We therefore prepared Triton X-100-soluble and -insolu-
ble hippocampal fractions. Similar to its distribution in cultured
neurons (Fig. 2C), ProN predominantly partitions into the
detergent-soluble fraction during the initial stages of neuronal
differentiation (Fig. 8D), while it is expressed throughout all de-
velopmental stages in the soluble and insoluble fractions (Fig.
8D,E). At P1, mature N-cad levels are low, but there is a gradual
increase between P3 and P5 (Fig. 8D–F), especially in the
detergent-insoluble fraction (Fig. 8E). Comparison of the total
ProN and N-cad expression (soluble plus insoluble fractions)
(Fig. 8D,E) reveals that quantitatively ProN predominates over
N-cad before P5 (Fig. 8F). Similar to the increased prodomain
processing in cultured neurons (Fig. 2C), the ProN/N-cad ratio
in rat hippocampus drops dramatically around P5–P7. At P10,
there is a robust increase in N-cad levels (Fig. 8E). This period
during development is coincident with the period of active syn-
apse formation. Intriguingly, ProN is retained in the same insol-
uble fraction with N-cad from developmental stage P10 to
adulthood (Fig. 8E). To examine whether or not ProN and N-cad
coexist at synaptic sites, we purified synaptic terminals from adult
brain and isolated presynaptic and postsynaptic proteins. In
agreement with previous reports (Beesley et al., 1995; Phillips et
al., 2001), we also find N-cad to be concentrated in the postsyn-
aptic membranes. Surprisingly, we also find equal amounts of
ProN in the postsynaptic membranes (Fig. 8G). These results
imply that both adhesive and nonadhesive N-cad molecules co-
exist within synaptic sites in situ.

Discussion
We demonstrate that ProN and N-cad are actively sorted to
the surface of neurons generating a spectrum of adhesive strengths.

ProN processing and subcellular distribu-
tion is developmentally regulated and a
high ProN/N-cad ratio at the cell surface
initially sets up the nascent synapses. As
this ratio drops, the presynaptic and post-
synaptic membranes are locked. We pro-
pose that the developmental regulation
of surface ProN processing regulates
synaptogenesis.

Prodomain cleavage is considered as
an obligatory final step for N-cad matura-
tion, so that no uncleaved N-cad (ProN)
reaches the cell surface (Ozawa and Kem-
ler, 1990; Posthaus et al., 1998; Wahl et al.,
2003). We show sorting of high levels of
ProN together with N-cad to the surface
of hippocampal neurons during matura-
tion. These findings demonstrate that ad-
hesive interactions mediated by N-cad in
maturing neurons are controlled by the

interplay between the two N-cad forms on the cell surface. Once
at the surface, calcium-dependent homophilic interaction be-
tween N-cad extracellular domains is required to generate a
highly adhesive core between molecules from opposite plasma
membranes (Boggon et al., 2002; Al-Amoudi et al., 2007). The
structural model for cadherin adhesive function revealed that the
presence of the prodomain completely changes the protein prop-
erties (Boggon et al., 2002; Koch et al., 2004). The prodomain
sequence of N-cad consists of an Ig-like domain and unstruc-
tured C-terminal region. The folded part of this sequence has a
striking structural resemblance to the cadherin adhesive domains
but lacks all the features known to be important for cadherin–
cadherin interactions (Koch et al., 2004). Hence cells exhibiting
perturbed levels of surface ProN show minimal adhesion (Koch
et al., 2004; Latefi et al., 2009) and elevated migratory properties
(Maret et al., 2010). In cultured neurons, we find high levels of
ProN during the process of active neurite outgrowth. One plau-
sible reason for this could be that neurite outgrowth requires the
movement of membranes past each other, and therefore strong
adhesive bonding would not be desirable during a period of rapid
neurite outgrowth.

In mature neurons, N-cad is mostly present in detergent-
insoluble membrane microdomains (Tanaka et al., 2000) and is
known to interact with catenins (Arikkath, 2009) and mediate
clustering of glutamate receptors (Nuriya and Huganir, 2006;
Saglietti et al., 2007). We show that, in contrast to N-cad, ProN is
mostly found in the detergent-soluble fraction at early stages with
dramatic redistribution into the insoluble pool after synaptogen-
esis. It is likely that, before synaptogenesis, the distribution of
ProN over dendritic and axonal compartments in the detergent-
soluble pool plays a role in inhibiting adhesion mediated by
N-cad. Interestingly, even during development, in situ ProN lev-
els and distribution in the detergent-soluble pool are regulated,
suggesting that ProN redistribution and processing are crucial
steps that are regulated and coupled with synaptogenesis, in situ.

Processing of ProN into N-cad involves a posttranslational pro-
cess that has been shown to occur in the late Golgi by an unknown
furin protease (Ozawa and Kemler, 1990; Posthaus et al., 1998,
2003). Since the expression of furin proteases was shown to be de-
velopmentally regulated in different tissues (Kayo et al., 1996, 1997;
Konda et al., 1997; Nakayama, 1997), the increased activity of such
enzyme(s) could regulate the ratio of ProN/N-cad during develop-
ment. Another possible regulatory mechanism could be increased

Figure 7. ProN expression reduces the spontaneous EPSC frequency. Representative traces (left) from whole-cell voltage-clamp
recordings showing a higher frequency of sEPSCs in neurons transfected with N-cad (N-cad/GFP 4:1) compared with those trans-
fected with ProN (ProN/GFP 4:1). Addition of factor Xa increases the frequency of spontaneous events in ProN-expressing neurons.
Quantification of sEPSC frequency (right) shows a significant decrease in ProN-expressing neurons compared with N-cad (**p �
0.01; n � 11). Factor Xa treatment rescues sEPSC frequency in neurons transfected with mutant ProN (**p � 0.01; n � 9 –11).
Error bars indicate SEM.
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internalization (Wu et al., 2008) as we also
show that, as the CNS develops, ProN is
found associated with plasma membrane
tubular invaginations (Immuno EM; Fig. 8)
previously described as related to endocytic
phenomena (Smith et al., 2008; Dittman
and Ryan, 2009). In addition, mem-
brane-bound or extracellular enzymes are
also likely mediators of cleavage, especially
when taking into account that furin pro-
teases are known to cycle from the Golgi to
the cell surface (Molloy et al., 1994). Inter-
estingly, in addition to intracellular proteo-
lytic cleavage by �-secretase (Uemura et al.,
2006, 2007, 2009) or calpain (Jang et al.,
2009), extracellular matrix protease-
mediated cleavage of N-cad has been re-
cently reported (Reiss et al., 2005; Monea et
al., 2006). Therefore, enzymes similar to the
ones involved in the activation of prometal-
loproteases (Ra and Parks, 2007) or metal-
loproteases are appealing candidates.

Since N-cad is among the first adhesive
molecules to accumulate at synaptic junc-
tions (Togashi et al., 2002; Jontes et al.,
2004), it has been proposed to initiate ad-
hesive forces across the synaptic cleft. In
fact, evidence indicating that disruption
of N-cad function inhibits synapse forma-
tion (Togashi et al., 2002; Bozdagi et al.,
2004) and impairs axon targeting and cor-
tical layering (Poskanzer et al., 2003; Kad-
owaki et al., 2007) supports the notion
that N-cad-mediated adhesion is a critical
factor of synaptogenesis. The perturbed
targeting of axons in null mice is likely due
to lack of ProN function, and a high em-
bryonic ProN expression may inhibit
neurite adhesion, hence facilitating ax-
onal pathfinding. This, however, is specu-
lative, and transgenic mice overexpressing
uncleavable ProN may provide insights
into the in vivo role of high ProN levels
during development.

N-cad and its intracellular partners
(catenins) are able to shape and adapt syn-
aptic structure during synaptogenesis (Yu
and Malenka, 2004; Junghans et al., 2005;
Arikkath and Reichardt, 2008). Interest-
ingly, the ProN/N-cad ratio decreases on
the neuronal surface in such a way that the
active period of synapse formation coin-
cides with the highest availability of
N-cad. Conversely, the period before syn-
aptogenesis is accompanied by high ex-
pression of ProN at the neuronal surface. Importantly,
overexpression of uncleavable ProN inhibits synapse formation
and alters presynaptic organization. The reduced labeling of ac-
tive presynaptic boutons with FM4-64 dye and the reduction in
sEPSC frequency validate these observations, revealing reduced
synaptic activity in ProN-expressing neurons. Our results are in
agreement with a previous report in which suppression of N-cad
function by overexpression of a dominant-negative mutant was

shown to impair presynaptic organization and synapse number
(Togashi et al., 2002; Vitureira et al., 2012). Furthermore, Aiga et
al. (2011) have recently shown that synapse density increases
following N-cad overexpression (Aiga et al., 2011) only in young
neurons. The discrepancy between our study and those that
show no effect on synapse number after N-cad overexpression
(Okamura et al., 2004; Vitureira et al., 2012) could be attributed
to the superior transfection rate (�60%) in the current study,

Figure 8. ProN is expressed at the synapse in situ. ProN synaptic localization was determined in the rat hippocampus by
immuno-electron microscopy (immuno-EM) and synaptic fractionation. A, B, Immuno-EM labeling of ProN in the rat hippocampus
at P3 reveals that ProN is present both at the presynapse and the postsynapse. By P15, ProN redistributes to the region flanking the
active zone or is present in plasma membrane tubular invaginations. The asterisks indicate synaptic vesicles, and the arrowheads
point at plasma membrane tubular invaginations. C, Quantification of the ProN immunogold labeling. Total gold grains in 10 –15
immuno-EM sections obtained from two independent animals were counted and classified into the above-mentioned classes. At
P3, the gold grains are seen at synaptic sites, at the plasma membrane, and at cell soma, but are absent from the zone flanking the
active zone, also shown in A. However, at P15, the synaptic gold grains are exclusively seen at the zone flanking the active zone, as
shown in B. There are no major differences in gold grains at the plasma membrane or soma between P3 and P15. D, E, Immunoblots
show that ProN is present in both the detergent-soluble and -insoluble fractions during neuronal development and adulthood.
Before P5, ProN is more abundant than mature N-cad. F, Quantification of the ProN/N-cad ratio in the detergent-soluble and
-insoluble fractions. At early developmental stages, the ProN/N-cad ratio in the detergent-soluble fraction stays well above 1,
while the ratio in the insoluble fraction is tightly maintained at �1. Results are expressed as mean values � SD (n � 2 indepen-
dent developmental series). G, Immunoblotting shows that ProN and mature N-cadherin are found in purified synaptic mem-
branes (SM), and although present at the presynaptic side (Pre SM), the two forms are very concentrated at the postsynapse (Post
SM). The PSD-95 and synaptophysin blots validate the purity of the postsynaptic and presynaptic fractions. *p � 0.001, compared
with P5, by one-way ANOVA followed by Student–Newman–Keuls test.

6332 • J. Neurosci., May 2, 2012 • 32(18):6323– 6334 Reinés et al. • N-Cadherin Prodomain Regulates Synaptogenesis



which was achieved by nucleofection before seeding the cells.
Future studies focused on studying the effect of elevated N-cad-
mediated adhesion in the hippocampus of transgenic mice over-
expressing wild-type and mutant N-cad will shed more light on
its role in regulating synapse number, in vivo. We also found that
neurons overexpressing ProN exhibit spines with either
filopodia-like structures or smaller elongated spine heads indic-
ative of immature synapses (Harris, 1999; Abe et al., 2004; Takeichi
and Abe, 2005). Dendritic spine defects manifested by the pres-
ence of thin elongated filopodia have been also observed when
N-cad or �N-catenin function is suppressed (Togashi et al., 2002;
Abe et al., 2004). Together, we report a previously unrecognized
critical step in the regulation of synaptogenesis involving the in-
terplay of developmentally regulated ProN and N-cad at the neu-
ronal surface, a mechanism interesting to be explored in
conditions that affect synaptogenesis. We propose that, during
CNS development, at the time during synaptogenesis when axon
and dendrite outgrowth and branching are imperative for target
recognition, predominance of ProN allows these processes. As
the ProN versus N-cad balance progresses to favor adhesion, syn-
apses begin to form, locking presynaptic and postsynaptic mem-
branes to end in a synaptic configuration in which N-cad confers
the adhesive core flanked by a ProN reservoir. Hence, mature
synapses involve ProN and N-cad pools that differ in their size
and synaptic distribution.
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