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Synaptic cell adhesion molecules are well established to exhibit synaptogenic activity
when overexpressed in target cells, indicating that they are involved in formation and
functional maturation of synapses. The postsynaptic adhesion proteins Neuroligin1
and LRRTM2 both induce synaptic vesicle clusters in presynaptic axons in vitro by
transsynaptically interacting with neurexins. In neurons, this is accompanied by the
induction of glutamatergic, but not GABAergic synapses. Although the synaptogenic
activity of Neuroligin1 has been well characterized, the properties of the synaptogenic
activities of other synaptic adhesion molecules are largely unknown. In this paper, we
now compared characteristics of the synaptogenic activities of Neuroligin1 and LRRTM2
upon overexpression in cultured mouse cortical neurons. Individual cortical neurons
were transfected with Neuroligin1 and LRRTM2 expression plasmids, respectively,
and synaptic vesicle clustering in contacting axons was examined by immunostaining
for the vesicle membrane protein VAMP2. In immature neurons at 6–7 days in vitro
(DIV) both Neuroligin1 and LRRTM2 exhibited strong synaptogenic activity. However,
upon further neuronal differentiation only LRRTM2 retained significant synaptogenic
activity at 12–13 DIV. A similar differential developmental maturation of the synaptogenic
activities of Neuroligin1 and LRRTM2 was observed for the induction of glutamatergic
synapses, which were detected by co-immunostaining for VGLUT1 and Homer1.
Most interestingly, the synaptogenic activity of Neuroligin1 was strongly dependent
on the expression and function of the synaptic adhesion molecule N-cadherin in
immature neurons. In contrast, the synaptogenic activity of LRRTM2 was independent
of N-cadherin expression and function in both immature (6–7 DIV) and more mature
neurons (14–15 DIV). Taken together, our results with overexpression in cultured
cortical neurons revealed striking differences in the properties of the synaptogenic
activities of Neuroligin1 and LRRTM2, although both transsynaptically interact with
presynaptic neurexins.
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INTRODUCTION

Synaptic cell adhesion molecules are thought to play crucial
roles in synapse formation, in synapse function, and in synaptic
plasticity (Siddiqui and Craig, 2011; Missler et al., 2012;
Rudenko, 2017; Südhof, 2018). A characteristic feature of
these transmembrane proteins is that they exhibit synaptogenic
activity if overexpressed in non-neuronal cells as well as in
neurons (Scheiffele et al., 2000; Biederer et al., 2002; Linnhoff
et al., 2009). Expression of the synaptic adhesion molecule
Neuroligin1 in non-neuronal cells or in neurons is well known
to result in the formation of presynaptic vesicle clusters in
contacting axons in vitro (Scheiffele et al., 2000; Sara et al., 2005;
Stan et al., 2010).

Neuroligins are postsynaptic adhesion molecules with
Neuroligin1 expressed selectively at excitatory synapses (Song
et al., 1999; Krueger et al., 2012). They bind transsynaptically
to presynaptic neurexins thus forming the heterophilic
neurexin–neuroligin signaling system (Krueger et al.,
2012; Südhof, 2017). This molecular interaction has been
described to mediate the in vitro synaptogenic activity of
postsynaptically overexpressed Neuroligin1 (Dean et al.,
2003; Graf et al., 2004). Members of the LRRTM family of
postsynaptic adhesion proteins (e.g., LRRTM2) also bind
to presynaptic neurexins (de Wit et al., 2009; Ko et al.,
2009; Siddiqui et al., 2010) thus forming a molecularly
complex transsynaptic signaling system with neurexins as
presynaptic hub proteins (Südhof, 2017). Similar to Neuroligin1,
LRRTM2 has been described to exhibit synaptogenic activity
in in vitro axon contact assays by interaction with presynaptic
neurexins (de Wit et al., 2009; Ko et al., 2009; Siddiqui
et al., 2010). In cultured hippocampal neurons, LRRTM2
overexpression led specifically to the formation of additional
glutamatergic synapses without inducing GABAergic synapses
(de Wit et al., 2009).

The synaptogenic activity of Neuroligin1 has been
characterized in detail upon overexpression in cultured
neurons. A strong influence of the developmental maturation
of neurons in vitro has been described, with immature
neurons associated with strong synaptogenic activity of
Neuroligin1 (Wittenmayer et al., 2009; van Stegen et al., 2017).
Furthermore, a strict dependence on the expression and function
of the synaptic adhesion molecule N-cadherin was found.
Mechanistically, N-cadherin promoted the synaptic localization
of overexpressed Neuroligin1 (Stan et al., 2010; Aiga et al., 2011;
van Stegen et al., 2017).

In contrast to Neuroligin1, the properties of the synaptogenic
activities of other synaptic adhesion molecules such as
LRRTM2 have not been well studied. Recently, a report
comparing the synaptogenic activities of Neuroligin1 and
LRRTM2 in non-neuronal HEK293 cells suggested that the
synaptogenic activity of LRRTM2 also depends on N-cadherin
(Yamagata et al., 2018). However, the characteristics of the
synaptogenic activity of LRRTM2 might be rather different
upon overexpression in the specialized molecular context of
neurons. In this study, we now overexpressed Neuroligin1
and LRRTM2 in cultured mouse cortical neurons and

characterized their synaptogenic activities. We found that
the properties of the synaptogenic activities of Neuroligin1
and LRRTM2 are rather different in cortical neurons. The
synaptogenic activity of Neuroligin1 was strongly dependent on
developmental maturation in vitro, whereas the synaptogenic
activity of LRRTM2 was not. Most interestingly, while the
synaptogenic activity of Neuroligin1 was dependent on
N-cadherin, the synaptogenic activity of LRRTM2 was
completely independent of N-cadherin expression and
function in neurons.

METHODS

Methods were carried out in accordance with all
relevant guidelines.

Cell Culture
Primary neuronal mass cultures were prepared from cortices
of C57/BL6 wild type mice and from Ncadflox/flox mice
(Kostetskii et al., 2005) as described previously (Andreyeva
et al., 2012; van Stegen et al., 2017). Briefly, cortices from
E18 fetuses were isolated, cut into pieces, and these pieces
were trypsinized for 5 min. Brain tissue was mechanically
triturated in Basal Medium Eagle (BME) media (Gibco)
after removal of trypsin, and then centrifuged to get a
cell pellet. The pellet was resuspended in fresh BME and
20,000–30,000 neurons were seeded on poly-L-ornithine
coated glass cover slips. Fresh neurobasal (NB) medium
(Gibco) with B27 supplement (2%, 50x; Gibco) containing
penicillin-streptomycin (Gibco) and Glutamax-1 (Gibco) was
added to the cells after 2 h. These mass cultures were maintained
in a humidified incubator with 5% CO2 at 37◦C for 7–14 days
in vitro (DIV).

Transfection and Plasmids
Cultured neurons were transfected by using magnetic
nanoparticles (NeuroMag; OZ Biosciences) as described
previously (van Stegen et al., 2017). In brief, plasmid DNA
and NeuroMag were mixed in NB medium without any
supplement, and incubated for 20 min at room temperature
to form complexes. These complexes were directly added to
the cultures, and an oscillating magnetic field was applied
by placing the cultures (6-well plate) on a magnetic plate
(MagnetofectionTM, magnefect LT; nanoTherics) to enhance
the transfection efficiency. After transfection, 500 µl fresh
culture medium was added. The following plasmids were used:
pEGFP-N1 (Clontech), Neuroligin1-EGFP (gift from Dr. T.
Dresbach, Göttingen, Germany), myc-LRRTM2 (gift from
Dr. J. de Wit, Leuven, Belgium), pBS598EF1alpha-EGFPcre
(Addgene), and pcDNA3.1-FLAG-NCadCTF1 (1E N-cadherin
expression plasmid; Andreyeva et al., 2012). For conditional
N-cadherin knockout experiments, mass cultures from
Ncadflox/flox mice (Kostetskii et al., 2005) were co-transfected
with EGFP, Cre-EGFP plasmid, and the respective cell adhesion
molecule. For the other experiments, synaptic adhesion
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FIGURE 1 | Synaptogenic activities of Neuroligin1 and LRRTM2 at different stages of neuronal differentiation in vitro. (A–D) Synaptogenic activities in cultured
cortical neurons at 6–7 days in vitro (DIV). (A) Example overlay images of VAMP2-immunostained puncta (red) on dendrites visualized by EGFP expression (green;
NLG1-EGFP fusion protein; LRRTM2 + EGFP co-expression). Scale bar: 10 µm. (B) VAMP2-positive puncta density on dendrites in individual neurons. (C) Mean
VAMP2-positive puncta density on dendrites (n = 11/10/12). (D) Mean VAMP2 puncta area. (E–H) Synaptogenic activities in cultured cortical neurons at 12–13 DIV.
(E) Example overlay images of VAMP2-immunostained puncta (red) on dendrites visualized by EGFP expression (green). Scale bar: 10 µm. (F) VAMP2-positive
puncta density on dendrites in individual neurons. (G) Mean VAMP2-positive puncta density on dendrites (n = 12/10/10). (H) Mean VAMP2 puncta area. Note the
loss of the synaptogenic activity of Neuroligin1 with neuronal differentiation. ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001, (C,G,H): one-way ANOVA with Holm–Sidak
post hoc test, (D): one-way ANOVA on Ranks with Dunn’s method.

molecules were co-transfected with EGFP in mass cultures
from wild type mice.

Immunocytochemistry and Antibodies
Standard immunocytochemical stainings were performed
2–5 days after transfection as described previously (Nieweg
et al., 2015). Cultures on coverslips were fixed for 20 min
with 4% paraformaldehyde (PFA) and rinsed with phosphate-
buffered saline (PBS) to remove excess PFA. After fixation,
cells were permeabilized with 0.3% Triton X-100 in blocking
buffer [10% fetal bovine serum (FBS), 5% sucrose, 2% bovine
serum albumin (BSA), in PBS, pH 7.4] for 30 min at room
temperature. Cultures were then incubated for 1 h with
primary antibodies, followed by washing 3 × 10 min with
PBS. Alexa Fluor (AF) conjugated secondary antibodies
were added for 1–2 h at room temperature. Samples were
again rinsed 3 × 10 min with PBS, and coverslips were
mounted to reduce photobleaching. The following primary
antibodies were used: anti-VAMP2 (rabbit polyclonal, 1:2000,
Abcam Cat.No.3347), anti-VGLUT1 (guinea pig polyclonal,
1:1000, Synaptic Systems Cat.No.135304), anti-Homer1
(rabbit polyclonal, 1:1000, Synaptic Systems Cat.No.16003),
anti-VGAT (mouse monoclonal, 1:1000, Synaptic Systems

Cat.No.131011), anti-Gephyrin (rabbit monoclonal, 1:1000,
Synaptic Systems Cat.No.147008), anti-Myc tag (mouse
monoclonal, 1:1000, Thermo Fischer Cat.No.R950-25).
The secondary antibodies used were: AF 555 (goat anti-rabbit,
A-21428; Life Technologies), AF 555 (goat anti-mouse, A-21424;
Life Technologies), AF 647 (goat anti-mouse, 115-605-003;
Jackson ImmunoResearch), AF 647 (goat anti-guinea pig,
106-605-003; Jackson ImmunoResearch).

Fluorescence Imaging and Data Analysis
Wide-field fluorescence imaging was performed using an
inverted motorized Axiovert 200 M microscope (Zeiss)
with 40x/1.3 oil objective as described previously (Nieweg
et al., 2015; van Stegen et al., 2017). In brief, fluorescence
images were captured with a 12 bit CoolSnap ES2 CCD
camera (Photometrics) using MetaVue or VisiView software
(Molecular Devices/Visitron Systems). The following filter
sets (Zeiss) were used: (1) for EGFP (dendrites): excitation
485/20 nm, beam splitter 510 nm, emission 515/565 nm; (2)
for AF 555 (VAMP2, Homer1, Gephyrin, Myc): excitation
545/25 nm, beam splitter 570 nm, emission 605/70 nm;
(3) for AF 647 (VGAT, VGLUT1): excitation 640/30 nm,
beam splitter 660, emission 690/50. For data analysis,
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FIGURE 2 | Induction of excitatory synapses by Neuroligin1 and LRRTM2 at different stages of neuronal differentiation in vitro. (A–C) Induction of excitatory
synapses in cultured cortical neurons at 6–7 days in vitro (DIV). (A) Example overlay images of VGLUT1- (green) and Homer1- (red) immunostained puncta on
dendrites visualized by EGFP expression (white outlines; NLG1-EGFP fusion protein; LRRTM2 + EGFP co-expression). Scale bar: 5 µm. (B) Density of excitatory
synapses (co-localizations of VGLUT1- and Homer1-positive puncta) on dendrites in individual neurons. (C) Mean excitatory synapse density on dendrites
(n = 14/13/15). (D–F) Induction of excitatory synapses in cultured cortical neurons at 12–13 DIV. (D) Example overlay images of VGLUT1- (green) and Homer1- (red)
immunostained puncta on dendrites visualized by EGFP expression (white outlines). Scale bar: 5 µm. (E) Density of excitatory synapses on dendrites in individual
neurons. (F) Mean excitatory synapse density on dendrites (n = 10/11/12). Note the loss of induction of excitatory synapses by Neuroligin1 with neuronal
differentiation. ∗ P < 0.05, (C,F): one-way ANOVA on Ranks with Dunn’s method.

images were thresholded and further processed offline
using MetaMorph software (Molecular Devices/Visitron
Systems). After thresholding, a low pass filter was applied
to exclude single pixel noise. The processed images of
immunostainings were given preudo colors before making
overlay images. The overlay image was then used to identify
immunopositive puncta located on the dendrites of transfected
neurons. For VAMP2 analysis puncta number on dendrites
was counted by creating user defined regions of interest
around VAMP2 puncta and puncta density was calculated
as puncta/10 µm dendrite length. Glutamatergic and
GABAergic synapses were identified by colocalization of
either VGLUT1 + Homer1 or VGAT + Gephyrin. To calculate
puncta density, synapses on the dendrites of transfected neurons
were counted. In case of GABAergic synapses, somatic synapses
were also included.

Statistics
All data are given as individual values, and as means ± SEM.
Statistical significance was determined by Student’s t-test, if

applicable, and by one-way ANOVA in combination with the
Holm–Sidak post hoc test or by one-way ANOVA on Ranks with
Dunn’s method by using SigmaPlot 11 software.

RESULTS

Differential Developmental Maturation
of the Synaptogenic Activities of
Neuroligin1 and LRRTM2
As a first step in comparing the synaptogenic activities of
Neuroligin1 and LRRTM2, we studied the developmental
maturation of the synaptogenic activity of Neuroligin1
and LRRTM2 in cultured mouse cortical neurons. We
analyzed the induction of presynaptic vesicle clusters by
postsynaptic overexpression of Neuroligin1 and LRRTM2,
respectively in individual neurons at different stages of in vitro
differentiation. Presynaptic vesicle clusters on dendrites were
immunocytochemically stained for the synaptic vesicle protein
VAMP2 and dendrites were visualized by EGFP fluorescence
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FIGURE 3 | Inhibitory synapses are not induced by Neuroligin1 and LRRTM2 at different stages of neuronal differentiation in vitro. (A–C) Inhibitory synapses in
cultured cortical neurons at 6–7 days in vitro (DIV). (A) Example overlay images of VGAT- (green) and Gephyrin- (red) immunostained puncta on dendrites visualized
by EGFP expression (white outlines; NLG1-EGFP fusion protein; LRRTM2 + EGFP co-expression). Scale bar: 5 µm. (B) Density of inhibitory synapses
(co-localizations of VGAT- and Gephyrin-positive puncta) on soma and dendrites in individual neurons. (C) Mean inhibitory synapse density on soma and dendrites
(n = 13/11/15). (D–F) Inhibitory synapses in cultured cortical neurons at 12–13 DIV. (D) Example overlay images of VGAT- (green) and Gephyrin- (red) immunostained
puncta on dendrites visualized by EGFP expression (white outlines). Scale bar: 5 µm. (E) Density of inhibitory synapses on soma and dendrites in individual neurons.
(F) Mean inhibitory synapse density on soma and dendrites (n = 13/12/18). ns: non-significant, (C,F): one-way ANOVA with Holm–Sidak post hoc test.

(EGFP fusion protein/co-transfection) (Figures 1A,E). At
6–7 days in vitro (DIV), we observed a significant increase in the
dendritic density of VAMP2-positive puncta (presynaptic vesicle
clusters) upon overexpression of Neuroligin1-EGFP (transfection
at 4 DIV; Figures 1B,C). This indicates a strong synaptogenic
effect of Neuroligin1 in immature neurons. Overexpression of
LRRTM2 led to a similar significant increase in the dendritic
density of VAMP2-positive puncta indicating a comparable
synaptogenic activity. In addition, significant increases in
VAMP2 puncta areas were also observed (Figure 1D). The
overexpression of LRRTM2 in EGFP-labeled transfected
neurons was confirmed by antibody-staining of the myc-tag
attached to the LRRTM2 construct (Supplementary Figure S1).
Intriguingly, at 12–13 DIV we did not find a significant change
in the dendritic density and in the area of VAMP2-positive
puncta upon overexpression of Neuroligin1-EGFP (transfection
at 9 DIV; Figures 1F–H). This suggests a developmental
loss of the synaptogenic activity of Neuroligin1. In contrast,
overexpression of LRRTM2 revealed a strong synaptogenic
activity at 12–13 DIV. In summary, our results demonstrate
that there is a differential developmental regulation of the

synaptogenic activities of Neuroligin1 and LRRTM2. Neuroligin1
exhibited a strong downregulation of its synaptogenic activity
during neuronal maturation, whereas LRRTM2 appeared to be
effective independent of neuronal development.

We next studied the induction of specific types of synapses
(glutamatergic and GABAergic synapses) by the synaptogenic
activity of overexpressed Neuroligin1 and LRRTM2, respectively.
Glutamatergic synapses were visualized as co-localizations
of VGLUT1 immunostained puncta (presynaptic vesicles)
with Homer1 immunostained puncta (postsynaptic density)
on EGFP labeled dendrites of transfected cultured mouse
cortical neurons. At 6–7 DIV (transfection at 4 DIV), we
observed a significant increase in the dendritic density of
VGLUT1/Homer1 co-localizations upon overexpression of
Neuroligin1-EGFP (Figures 2A–C). This indicates an induction
of glutamatergic synapses in immature neurons. Overexpression
of LRRTM2 led to a similar significant increase in the dendritic
density of VGLUT1/Homer1 co-localizations indicating a
comparable glutamatergic synapse induction. Intriguingly, at
12–13 DIV (transfection at 9 DIV) we did not find a significant
change in the dendritic density of glutamatergic synapses
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upon overexpression of Neuroligin1-EGFP (Figures 2D–F),
confirming a developmental loss of the synaptogenic activity
of Neuroligin1. In contrast, overexpression of LRRTM2
revealed a strong induction of glutamatergic synapses also
in more mature neurons. These results again demonstrate
that there is a differential developmental regulation of the
induction of glutamatergic synapses by Neuroligin1 and
LRRTM2, respectively. In addition, GABAergic synapses
were visualized by co-localizations of VGAT immunostained
puncta (presynaptic vesicles) with gephyrin immunostained
puncta (postsynaptic scaffold) on the soma and the dendrites
(labeled by EGFP) of transfected neurons. At 6–7 DIV
(transfection at 4 DIV), we did not observe any significant
increase in the somatodendritic density of GABAergic synapses
upon overexpression of Neuroligin1-EGFP or LRRTM2
(Figures 3A–C). Similarly, at 12–13 DIV (transfection at 9 DIV)
we did not detect a significant increase in the somatodendritic
density of GABAergic synapses (Figures 3D–F), indicating that
overexpression of Neuroligin1-EGFP or LRRTM2 does not
induce GABAergic synapses.

Differential N-Cadherin Dependence of
the Synaptogenic Activities of
Neuroligin1 and LRRTM2
To further compare the synaptogenic activities of Neuroligin1
and LRRTM2, we investigated the dependence of the
synaptogenic activity of Neuroligin1 and LRRTM2 on
N-cadherin expression in cultured mouse cortical neurons.
To induce a conditional knockout of N-cadherin, individual
cultured cortical neurons from floxed N-cadherin mice
(Kostetskii et al., 2005) were transfected with a cre expression
vector (cre-EGFP plasmid) at 4 DIV. This scarce expression
resulted in a mainly postsynaptic knockout of N-cadherin.
To study the dependence of the synaptogenic activities on
N-cadherin expression, we co-transfected Neuroligin1-EGFP
and LRRTM2 (+EGFP), respectively, in these immature neurons.
The analysis of synaptogenic activities was done 5 days later to
enable a sufficient knockdown of N-cadherin at the protein level
(Pielarski et al., 2013). In immature neurons at 9 DIV, presynaptic
vesicle clusters on dendrites were immunocytochemically
stained for the synaptic vesicle protein VAMP2. Dendrites of
transfected neurons were visualized by EGFP fluorescence. In
line with our previous reports (Stan et al., 2010; van Stegen
et al., 2017), knockdown of N-cadherin expression without
any overexpression resulted in a slightly reduced dendritic
density of VAMP2-positive puncta (Figures 4A–D). As expected,
overexpression of Neuroligin1 resulted in an increase in dendritic
density of VAMP2-positive puncta, which was strongly inhibited
upon conditional knockout of N-cadherin (Figures 4E–H).
Overexpression of LRRTM2 also resulted in an increase in
dendritic density and area of VAMP2-positive puncta, which,
however, was not inhibited upon conditional knockout of
N-cadherin (Figures 4I–L). In summary, our results confirm
that the synaptogenic activity of Neuroligin1 in immature
neurons is strongly dependent on N-cadherin expression.
Most intriguingly, the synaptogenic activity of LRRTM2 was

independent of N-cadherin expression in immature neurons
indicating a differential regulation of the synaptogenic activities
of Neuroligin1 and LRRTM2.

As an alternative experimental approach, we next inhibited
N-cadherin function by overexpressing a dominant-negative
C-terminal fragment (CTF1) of N-cadherin with the extracellular
domains deleted (1E N-cadherin; Togashi et al., 2002;
Andreyeva et al., 2012) in a few individual neurons (mainly
postsynaptic overexpression) at 4 DIV. The analysis of
synaptogenic activities was done at 7 DIV after 3 days of
co-expression of Neuroligin1-EGFP and LRRTM2 (+EGFP),
respectively. Inhibition of N-cadherin function without
any further overexpression led to a slight reduction in the
dendritic density of VAMP2-positive puncta (Figures 5A–D).
As expected, overexpression of Neuroligin1 again resulted
in an increased dendritic density of VAMP2-positive puncta
that was significantly reduced upon inhibition of N-cadherin
function by co-expression of 1E N-cadherin (Figures 5E–H).
Overexpression of LRRTM2 also led to an increase in dendritic
density and area of VAMP2-positive puncta, which was not
affected by inhibition of N-cadherin function (Figures 5I–L).
Taken together, our results based on inhibition of N-cadherin
function again demonstrate a differential dependence of
the synaptogenic activities of Neuroligin1 and LRRTM2 on
N-cadherin in immature neurons.

To further corroborate that the synaptogenic activity of
LRRTM2 in cortical neurons is independent of N-cadherin
expression, we studied overexpression of LRRTM2 in more
mature neurons at 14 DIV, in which Neuroligin1 does not
anymore exhibit a synaptogenic activity (see Figure 1). We again
induced a conditional knockout of N-cadherin by transfecting
a cre-EGFP expression vector at 9 DIV (co-transfection with
LRRTM2 + EGFP). Analysis of the synaptogenic activity of
LRRTM2 overexpression was done 5 days later to allow for
sufficient knockdown of N-cadherin protein. As expected,
overexpression of LRRTM2 again resulted in an increased
dendritic density and area of VAMP2-positive puncta in
more mature neurons. However, this synaptogenic activity of
LRRTM2 was not affected by conditional knockout of N-cadherin
(Figure 6). This result again demonstrates that the synaptogenic
activity of LRRTM2 is independent of N-cadherin expression in
cortical neurons.

DISCUSSION

In this paper, we compared the synaptogenic activities of the
postsynaptic adhesion molecules Neuroligin1 and LRRTM2
upon overexpression in cultured mouse cortical neurons. As
expected from previous reports, the synaptogenic activities of
both neurexin ligands resulted in the formation of additional
presynaptic vesicle clusters. This was accompanied by an
induction of glutamatergic, but not GABAergic synapses. We
found that the synaptogenic activity of Neuroligin1 was strongly
dependent on the maturational state of neurons and was lost
with ongoing neuronal differentiation in vitro. In contrast,
the synaptogenic activity of LRRTM2 was not altered during
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FIGURE 4 | Differential dependence of the synaptogenic activities of Neuroligin1 and LRRTM2 on N-cadherin expression in immature neurons (9 DIV). (A–D)
VAMP2-immunostained puncta density on dendrites is slightly reduced upon conditional knockout of N-cadherin by Cre expression (+cre) in individual neurons at 9
DIV. (A) Example overlay images (VAMP2 puncta red; EGFP expressing dendrites green). (B) VAMP2 puncta density on dendrites in individual neurons. (C) Mean
VAMP2 puncta density on dendrites. n = 11/11. (D) Mean VAMP2 puncta area. (E–H) The enhanced density of VAMP2-immunostained puncta on dendrites upon
Neuroligin1 expression (synaptogenic activity) is strongly reduced in N-cadherin knockout neurons (+cre). (E) Example overlay images (VAMP2 puncta red; EGFP
expressing dendrites green). (F) VAMP2 puncta density on dendrites in individual neurons. (G) Mean VAMP2 puncta density on dendrites. n = 12/15. (H) Mean
VAMP2 puncta area. (I–L) The enhanced density of VAMP2-immunostained puncta on dendrites upon LRRTM2 expression (synaptogenic activity) is not affected in
N-cadherin knockout neurons (+cre). (I) Example overlay images (VAMP2 puncta red; EGFP expressing dendrites green). (J) VAMP2 puncta density on dendrites in
individual neurons. (K) Mean VAMP2 puncta density on dendrites. n = 13/16. (L) Mean VAMP2 puncta area. Scale bar: 10 µm. ∗ P < 0.05, ∗∗∗ P < 0.001, Student’s
t-test.

neuronal maturation in culture, strongly indicating that the
properties of the synaptogenic activities of both adhesion
molecules are rather different in the molecular context of
neurons. Furthermore, we observed that the synaptogenic activity
of Neuroligin1 is crucially dependent on the expression and
function of the adhesion molecule N-cadherin, whereas the
synaptogenic activity of LRRTM2 did not require N-cadherin
expression or function. These results demonstrate that the

requirements to exhibit synaptogenic activity in neurons are
rather different for Neuroligin1 and LRRTM2.

The dependence of the synaptogenic activity of Neuroligin1
on N-cadherin has been described previously (Stan et al., 2010;
Aiga et al., 2011). Also the molecular mechanism consisting
of a direct interaction of both Neuroligin1 and the
N-cadherin/β-cateinin complex with specific domains of
the postsynaptic scaffolding molecule S-SCAM has been
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FIGURE 5 | Differential dependence of the synaptogenic activities of Neuroligin1 and LRRTM2 on N-cadherin function in immature neurons (7 DIV). N-cadherin
function was inhibited by expressing a dominant-negative N-cadherin mutant protein with deleted extracellular domains (+1E). (A–D) VAMP2-immunostained puncta
density on dendrites is slightly reduced upon blocking N-cadherin function (+1E) in individual neurons at 7 DIV. (A) Example overlay images (VAMP2 puncta red;
EGFP expressing dendrites green). (B) VAMP2 puncta density on dendrites in individual neurons. (C) Mean VAMP2 puncta density on dendrites. n = 20/21.
(D) Mean VAMP2 puncta area. (E–H) The enhanced density of VAMP2-immunostained puncta on dendrites upon Neuroligin1 expression (synaptogenic activity) is
significantly reduced upon blocking N-cadherin function (+1E). (E) Example overlay images (VAMP2 puncta red; EGFP expressing dendrites green). (F) VAMP2
puncta density on dendrites in individual neurons. (G) Mean VAMP2 puncta density on dendrites. n = 21/23. (H) Mean VAMP2 puncta area. (I–L) The enhanced
density of VAMP2-immunostained puncta on dendrites upon LRRTM2 expression (synaptogenic activity) is not affected upon blocking N-cadherin function (+1E).
(I) Example overlay images (VAMP2 puncta red; EGFP expressing dendrites green). (J) VAMP2 puncta density on dendrites in individual neurons. (K) Mean VAMP2
puncta density on dendrites. n = 19/22. (L) Mean VAMP2 puncta area. Scale bar: 5 µm. ∗∗∗ P < 0.001, Student’s t-test.

elucidated (Stan et al., 2010; Aiga et al., 2011). In this paper,
the synaptogenic activity of Neuroligin1 served as a positive
control for analyzing the properties of the synaptogenic
activity of LRRTM2.

Seemingly contrary to our findings, Yamagata et al. (2018)
recently described in a presynaptic neuron and non-neuronal
HEK293 cell co-culture system that the synaptogenic activities
of both Neuroligin1 and LRRTM2 depend on N-cadherin

expression. However, in this non-physiological co-culture system
also branching and contact formation of presynaptic axons
with HEK293 cells was strongly dependent on the adhesion
molecule N-cadherin. Because intercellular contact formation
appears to be a crucial requirement for synaptogenic activity in
presynaptic axons, a defect in contact formation will lead to an
apparent loss of synaptogenic activity (Yamagata et al., 2018). At
our neuron–neuron contacts, other adhesion molecules might
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FIGURE 6 | The synaptogenic activity of LRRTM2 at 14–15 DIV does not depend on N-cadherin expression. (A–D) VAMP2-immunostained puncta density on
dendrites is not significantly altered upon conditional knockout of N-cadherin by Cre expression (+cre) in individual neurons at 14–15 DIV in control cells. (A) Example
overlay images (VAMP2 puncta red; EGFP expressing dendrites green). (B) VAMP2 puncta density on dendrites in individual neurons. (C) Mean VAMP2 puncta
density on dendrites. n = 19/15. (D) Mean VAMP2 puncta area. (E–H) The enhanced density of VAMP2-immunostained puncta on dendrites upon LRRTM2
expression (synaptogenic activity) is not affected in N-cadherin knockout neurons (+cre). (E) Example overlay images (VAMP2 puncta red; EGFP expressing
dendrites green). (F) VAMP2 puncta density on dendrites in individual neurons. (G) Mean VAMP2 puncta density on dendrites. n = 15/15. (H) Mean VAMP2 puncta
area. Scale bar: 5 µm.

compensate for the loss of the intercellular adhesive function of
N-cadherin (Jüngling et al., 2006).

Synaptic cell adhesion proteins perform their functional roles
in the context of a large number of other pre- and postsynaptic
proteins. Therefore, the cellular context, e.g., HEK293 cells versus
cortical neurons, in which they are expressed may have a crucial
influence on the observed functional properties. The lateral
mobility of adhesion molecules at synaptic and extrasynaptic
sites is among the most basic regulatory influences exerted
by cellular context proteins, e.g., by postsynaptic scaffolding
molecules (Chamma et al., 2019). Neuroligin1 has been described
by single-molecule nanoscale imaging to be rather dispersed
and highly dynamic at dendritic spines. By contrast, LRRTM2
is organized in compact and stable synaptic nanodomains
(Chamma et al., 2016a,b). The N-cadherin adhesion system
might strongly modulate the high lateral mobility of Neuroligin1
thereby potentially enhancing its synaptic localization, whereas
LRRTM2 might be subsynaptically anchored by other molecular
mechanisms and thus might not require N-cadherin for synaptic
localization. This might explain the differential requirement
for N-cadherin expression of the synaptogenic activities of
Neuroligin1 and LRRTM2, respectively. In this paper, we
aimed at comparing the synaptogenic activities of LRRTM2
and Neuroligin1 in in vitro cell culture systems. In vivo gene

knockout and knockdown studies indicated that the physiological
functions of LRRTM2 and Neuroligin1 seem to be different from
their in vitro synaptogenic activities. In vivo, specific functions
in modulating synaptic transmission and enabling long-term
potentiation have been described (Varoqueaux et al., 2006; Soler-
Llavina et al., 2011, 2013; Jiang et al., 2017; Bhouri et al., 2018).

In conclusion, our analysis of the properties of the
synaptogenic activities of the postsynaptic adhesion molecules
Neuroligin1 and LRRTM2 revealed strong differences between
these two neurexin ligands. A basic molecular difference between
Neuroligin1 and LRRTM2 in lateral mobility at neuronal synaptic
sites (Chamma and Thoumine, 2018) might well explain their
differential requirements for exhibiting synaptogenic activity.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by
Tierschutzbeauftragte, Heinrich Heine University Düsseldorf.

Frontiers in Molecular Neuroscience | www.frontiersin.org 9 November 2019 | Volume 12 | Article 269

https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-12-00269 November 7, 2019 Time: 16:41 # 10

Dagar and Gottmann Synaptogenic Actvities of Neuroligin1 and LRRTM2

AUTHOR CONTRIBUTIONS

SD performed experiments, analyzed data, and wrote the
manuscript. KG designed research and wrote the manuscript.

FUNDING

This work was supported by grants from the Deutsche
Forschungsgemeinschaft to KG. SD was supported by the
Graduate School iBrain, Heinrich Heine University Düsseldorf.

ACKNOWLEDGMENTS

We want to thank Dr. de Wit for providing the LRRTM2
expression vector, Dr. Dresbach and Dr. Brose for providing

Neuroligin1 expression vectors, Dr. Andreyeva for making the
1E N-cadherin vector in the Gottmann lab, and Dr. Sauer for
providing the cre expression vector via Addgene. We also want
to thank Dr. Radice for providing the floxed N-cadherin mice
via Jackson labs.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnmol.
2019.00269/full#supplementary-material

FIGURE S1 | Confirmation of the overexpression of LRRTM2 in transfected
neurons. (A) LRRTM2 transfected neuron labeled by co-transfected EGFP (green).
(B) Immunocytochemical staining for the myc tag (red) which had been attached
to the LRRTM2 construct. (C) Overlay of images in (A) and (B). Scale bar: 20 µm.

REFERENCES
Aiga, M., Levinson, J. N., and Bamji, S. X. (2011). N-cadherin and neuroligins

cooperate to regulate synapse formation in hippocampal cultures. J. Biol. Chem.
286, 851–858. doi: 10.1074/jbc.M110.176305

Andreyeva, A., Nieweg, K., Horstmann, K., Klapper, S., Müller-Schiffmann, A.,
Korth, C., et al. (2012). C-terminal fragment of N-cadherin accelerates synapse
destabilization by amyloid-β. Brain 135, 2140–2154. doi: 10.1093/brain/aws120

Bhouri, M., Morishita, W., Temkin, P., Goswami, D., Kawabe, H., Brose, N., et al.
(2018). Deletion of LRRTM1 and LRRTM2 in adult mice impairs basal AMPA
receptor transmission and LTP in hippocampal CA1 pyramidal neurons. Proc.
Natl. Acad. Sci. U.S.A. 115, E5382–E5389. doi: 10.1073/pnas.1803280115

Biederer, T., Sara, Y., Mozhayeva, M., Atasoy, D., Liu, X., Kavalali, E. T., et al.
(2002). SynCAM, a synaptic adhesion molecule that drives synapse assembly.
Science 297, 1525–1531. doi: 10.1126/science.1072356

Chamma, I., Letellier, M., Butler, C., Tessier, B., Lim, K. H., Gauthereau, I.,
et al. (2016a). Mapping the dynamics and nanoscale organization of synaptic
adhesion proteins using monomeric streptavidin. Nat. Commun. 7:10773. doi:
10.1038/ncomms10773

Chamma, I., Levet, F., Sibarita, M., and Thoumine, O. (2016b). Nanoscale
organization of synaptic adhesion proteins revealed by single-molecule
localization microscopy. Neurophotonics 3:041810. doi: 10.1117/1.NPh.3.4.
041810

Chamma, I., Sainlos, M., and Thoumine, O. (2019). Biophysical mechanisms
underlying the membrane trafficking of synaptic adhesion molecules.
Neuropharmacology [Epub ahead of print].

Chamma, I., and Thoumine, O. (2018). Dynamics, nanoscale organization, and
function of synaptic adhesion molecules. Mol. Cell. Neurosci. 91, 95–107. doi:
10.1016/j.mcn.2018.04.007

de Wit, J., Sylwestrak, E., O’Sullivan, M. L., Otto, S., Tiglio, K., Savas, J. N., et al.
(2009). LRRTM2 interacts with neurexin1 and regulates excitatory synapse
formation. Neuron 64, 799–806. doi: 10.1016/j.neuron.2009.12.019

Dean, C., Scholl, F. G., Choih, J., DeMaria, S., Berger, J., Isacoff, E., et al. (2003).
Neurexin mediates the assembly of presynaptic terminals. Nat. Neurosci. 6,
708–716. doi: 10.1038/nn1074

Graf, E. R., Zhang, X., Jin, S. X., Linhoff, M. W., and Craig, A. M. (2004).
Neurexins induce differentiation of GABA and glutamate postsynaptic
specializations via neuroligins. Cell 119, 1013–1026. doi: 10.1016/j.cell.2004.
11.035

Jiang, M., Polepalli, J., Chen, L. Y., Zhang, B., Südhof, T. C., and Malenka, R. C.
(2017). Conditional ablation of neuroligin-1 in CA1 pyramidal neurons blocks
LTP by a cell-autonomous NMDA receptor-independent mechanism. Mol.
Psychiatry 22, 375–383. doi: 10.1038/mp.2016.80

Jüngling, K., Eulenburg, V., Moore, R., Kemler, R., Lessmann, V., and
Gottmann, K. (2006). N-cadherin transsynaptically regulates short-
term plasticity at glutamatergic synapses in embryonic stem cell-derived

neurons. J. Neurosci. 26, 6968–6978. doi: 10.1523/JNEUROSCI.1013-06.
2006

Ko, J., Fuccillo, M. V., Malenka, R. C., and Südhof, T. C. (2009). LRRTM2 functions
as a neurexin ligand in promoting excitatory synapse formation. Neuron 64,
791–798. doi: 10.1016/j.neuron.2009.12.012

Kostetskii, I., Li, J., Xiong, Y., Zhou, R., Ferrari, V. A., Patel, V. V., et al. (2005).
Induced deletion of the N-cadherin gene in the heart leads to dissolution of
the intercalated disc structure. Circ. Res. 96, 346–354. doi: 10.1161/01.RES.
0000156274.72390.2c

Krueger, D. D., Tuffy, L. P., Papadopoulos, T., and Brose, N. (2012). The role
of neurexins and neuroligins in the formation, maturation, and function of
vertebrate synapses. Curr. Opin. Neurobiol. 22, 412–422. doi: 10.1016/j.conb.
2012.02.012

Linnhoff, M. W., Lauren, J., Cassidy, R. M., Dobie, F. A., Takahashi, H., Nygaard,
H. B., et al. (2009). An unbiased expression screen for synaptogenic proteins
identifies the LRRTM protein family as synaptic organizers. Neuron 61, 734–
749. doi: 10.1016/j.neuron.2009.01.017

Missler, M., Südhof, T. C., and Biederer, T. (2012). Synaptic cell adhesion. Cold
Spring Harb. Perspect. Biol. 4:a005694. doi: 10.1101/cshperspect.a005694

Nieweg, K., Andreyeva, A., van Stegen, B., Tanriöver, G., and Gottmann, K. (2015).
Alzheimer’s disease-related amyloid-β induces synaptotoxicity in human iPS
cell-derived neurons. Cell Death Dis. 6:e1709. doi: 10.1038/cddis.2015.72

Pielarski, K. N., van Stegen, B., Andreyeva, A., Nieweg, K., Jüngling, K., Redies, C.,
et al. (2013). Asymmetric N-cadherin expression results in synapse dysfunction,
synapse elimination, and axon retraction in cultured mouse neurons. PLoS One
8:e54105. doi: 10.1371/journal.pone.0054105

Rudenko, G. (2017). Dynamic control of synaptic adhesion and organizing
molecules in synaptic plasticity. Neural Plast. 2017:6526151. doi: 10.1155/2017/
6526151

Sara, Y., Biederer, T., Atasoy, D., Chubykin, A., Mozhayeva, M. G., Südhof, T. C.,
et al. (2005). Selective capability of SynCAM and neuroligin for functional
synapse asembly. J. Neurosci. 25, 260–270. doi: 10.1523/JNEUROSCI.3165-04.
2005

Scheiffele, P., Fan, J., Choih, J., Fetter, R., and Serafini, T. (2000). Neuroligin
expressed in nonneuronal cells triggers presynaptic development in contacting
axons. Cell 101, 657–669. doi: 10.1016/s0092-8674(00)80877-6

Siddiqui, T. J., and Craig, A. M. (2011). Synaptic organizing complexes. Curr. Opin.
Neurobiol. 21, 132–143. doi: 10.1016/j.conb.2010.08.016

Siddiqui, T. J., Pancaroglu, R., Kang, Y., Rooyakkers, A., and Craig, A. M. (2010).
LRRTMs and neuroligins bind neurexins with a differential code to cooperate
in glutamate synapse development. J. Neurosci. 30, 7495–7506. doi: 10.1523/
JNEUROSCI.0470-10.2010

Soler-Llavina, G. J., Arstikaitis, P., Morishita, W., Ahmad, M., Südhof, T. C.,
and Malenka, R. C. (2013). Leucine-rich repeat transmembrane proteins are
essential for maintenance of long-term potentiation. Neuron 79, 439–446. doi:
10.1016/j.neuron.2013.06.007

Frontiers in Molecular Neuroscience | www.frontiersin.org 10 November 2019 | Volume 12 | Article 269

https://www.frontiersin.org/articles/10.3389/fnmol.2019.00269/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnmol.2019.00269/full#supplementary-material
https://doi.org/10.1074/jbc.M110.176305
https://doi.org/10.1093/brain/aws120
https://doi.org/10.1073/pnas.1803280115
https://doi.org/10.1126/science.1072356
https://doi.org/10.1038/ncomms10773
https://doi.org/10.1038/ncomms10773
https://doi.org/10.1117/1.NPh.3.4.041810
https://doi.org/10.1117/1.NPh.3.4.041810
https://doi.org/10.1016/j.mcn.2018.04.007
https://doi.org/10.1016/j.mcn.2018.04.007
https://doi.org/10.1016/j.neuron.2009.12.019
https://doi.org/10.1038/nn1074
https://doi.org/10.1016/j.cell.2004.11.035
https://doi.org/10.1016/j.cell.2004.11.035
https://doi.org/10.1038/mp.2016.80
https://doi.org/10.1523/JNEUROSCI.1013-06.2006
https://doi.org/10.1523/JNEUROSCI.1013-06.2006
https://doi.org/10.1016/j.neuron.2009.12.012
https://doi.org/10.1161/01.RES.0000156274.72390.2c
https://doi.org/10.1161/01.RES.0000156274.72390.2c
https://doi.org/10.1016/j.conb.2012.02.012
https://doi.org/10.1016/j.conb.2012.02.012
https://doi.org/10.1016/j.neuron.2009.01.017
https://doi.org/10.1101/cshperspect.a005694
https://doi.org/10.1038/cddis.2015.72
https://doi.org/10.1371/journal.pone.0054105
https://doi.org/10.1155/2017/6526151
https://doi.org/10.1155/2017/6526151
https://doi.org/10.1523/JNEUROSCI.3165-04.2005
https://doi.org/10.1523/JNEUROSCI.3165-04.2005
https://doi.org/10.1016/s0092-8674(00)80877-6
https://doi.org/10.1016/j.conb.2010.08.016
https://doi.org/10.1523/JNEUROSCI.0470-10.2010
https://doi.org/10.1523/JNEUROSCI.0470-10.2010
https://doi.org/10.1016/j.neuron.2013.06.007
https://doi.org/10.1016/j.neuron.2013.06.007
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-12-00269 November 7, 2019 Time: 16:41 # 11

Dagar and Gottmann Synaptogenic Actvities of Neuroligin1 and LRRTM2

Soler-Llavina, G. J., Fuccillo, M. V., Ko, J., Südhof, T. C., and Malenka, R. C. (2011).
The neurexin ligands, neuroligins and leucine-rich repeat transmembrane
proteins, perform convergent and divergent synaptic functions in vivo. Proc.
Natl. Acad. Sci. U.S.A. 108, 16502–16509. doi: 10.1073/pnas.1114028108

Song, J. Y., Ichtchenko, K., Südhof, T. C., and Brose, N. (1999). Neuroligin1 is a
postsynaptic cell-adhesion molecule of excitatory synapses. Proc. Natl. Acad.
Sci. U.S.A. 96, 1100–1105. doi: 10.1073/pnas.96.3.1100

Stan, A., Pielarski, K. N., Brigadski, T., Wittenmayer, N., Fedorchenko, O., Gohla,
A., et al. (2010). Essential cooperation of N-cadherin and neuroligin-1 in the
transsynaptic control of vesicle accumulation. Proc. Natl. Acad. Sci. U.S.A. 107,
11116–11121. doi: 10.1073/pnas.0914233107

Südhof, T. C. (2017). Synaptic neurexin complexes: a molecular code for the logic
of neural circuits. Cell 171, 745–769. doi: 10.1016/j.cell.2017.10.024

Südhof, T. C. (2018). Towards an understanding of synapse formation.Neuron 100,
276–293. doi: 10.1016/j.neuron.2018.09.040

Togashi, H., Abe, K., Mizoguchi, A., Takaoka, K., Chisaka, O., and Takeichi, M.
(2002). Cadherin regulates dendritic spine morphogenesis. Neuron 35, 77–89.
doi: 10.1016/s0896-6273(02)00748-1

van Stegen, B., Dagar, S., and Gottmann, K. (2017). Release activity-dependent
control of vesicle endocytosis by the synaptic adhesion molecule N-cadherin.
Sci. Rep. 7:40865. doi: 10.1038/srep40865

Varoqueaux, F., Aramuni, G., Rawson, P. L., Mohrmann, R., Missler, M.,
Gottmann, K., et al. (2006). Neuroligins determine synapse maturation and
function. Neuron 51, 741–754. doi: 10.1016/j.neuron.2006.09.003

Wittenmayer, N., Körber, C., Liu, H., Kremer, T., Varoqueaux, F., Chapman,
E. R., et al. (2009). Postsynaptic neuroligin1 regulates presynaptic maturation.
Proc. Natl. Acad. Sci. U.S.A. 106, 13564–13569. doi: 10.1073/pnas.090581
9106

Yamagata, M., Duan, X., and Sanes, J. R. (2018). Cadherins inter.act with synaptic
organizers to promote synaptic differentiation. Front. Mol. Neurosci. 11:142.
doi: 10.3389/fnmol.2018.00142

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Dagar and Gottmann. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 11 November 2019 | Volume 12 | Article 269

https://doi.org/10.1073/pnas.1114028108
https://doi.org/10.1073/pnas.96.3.1100
https://doi.org/10.1073/pnas.0914233107
https://doi.org/10.1016/j.cell.2017.10.024
https://doi.org/10.1016/j.neuron.2018.09.040
https://doi.org/10.1016/s0896-6273(02)00748-1
https://doi.org/10.1038/srep40865
https://doi.org/10.1016/j.neuron.2006.09.003
https://doi.org/10.1073/pnas.0905819106
https://doi.org/10.1073/pnas.0905819106
https://doi.org/10.3389/fnmol.2018.00142
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	Differential Properties of the Synaptogenic Activities of the Neurexin Ligands Neuroligin1 and LRRTM2
	Introduction
	Methods
	Cell Culture
	Transfection and Plasmids
	Immunocytochemistry and Antibodies
	Fluorescence Imaging and Data Analysis
	Statistics

	Results
	Differential Developmental Maturation of the Synaptogenic Activities of Neuroligin1 and LRRTM2
	Differential N-Cadherin Dependence of the Synaptogenic Activities of Neuroligin1 and LRRTM2

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


