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Proteolytic processing of synaptic adhesion components can accommodate the function of synapses to activity-dependent changes. The
adhesion system formed by neurexins (Nrxns) and neuroligins (Nlgns) bidirectionally orchestrate the function of presynaptic and
postsynaptic terminals. Previous studies have shown that presenilins (PS), components of the gamma-secretase complex frequently
mutated in familial Alzheimer’s disease, clear from glutamatergic terminals the accumulation of Nrxn C-terminal fragments (Nrxn-CTF)
generated by ectodomain shedding. Here, we characterized the synaptic consequences of the proteolytic processing of Nrxns in cultured
hippocampal neurons from mice and rats of both sexes. We show that activation of presynaptic Nrxns with postsynaptic Nlgn1 or
inhibition of ectodomain shedding in axonal Nrxn1-� increases presynaptic release at individual terminals, likely reflecting an increase
in the number of functional release sites. Importantly, inactivation of PS inhibits presynaptic release downstream of Nrxn activation,
leaving synaptic vesicle recruitment unaltered. Glutamate-receptor signaling initiates the activity-dependent generation of Nrxn-CTF,
which accumulate at presynaptic terminals lacking PS function. The sole expression of Nrxn-CTF decreases presynaptic release and
calcium flux, recapitulating the deficits due to loss of PS function. Our data indicate that inhibition of Nrxn processing by PS is deleterious
to glutamatergic function.
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Introduction
Interaction between synaptic adhesion proteins mediates the for-
mation and function of synaptic contacts as they organize supra-

molecular complexes at both sides of the synapse. Proteolytic
processing of synaptic proteins is a posttranslational mechanism
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Significance Statement

To gain insight into the role of presenilins (PS) in excitatory synaptic function, we address the relevance of the proteolytic
processing of presynaptic neurexins (Nrxns) in glutamatergic differentiation. Using synaptic fluorescence probes in cultured
hippocampal neurons, we report that trans-synaptic activation of Nrxns produces a robust increase in presynaptic calcium levels
and neurotransmitter release at individual glutamatergic terminals by a mechanism that depends on normal PS activity. Abnor-
mal accumulation of Nrxn C-terminal fragments resulting from impaired PS activity inhibits presynaptic calcium signal and
neurotransmitter release, assigning synaptic defects to Nrxns as a specific PS substrate. These data may provide links into how loss
of PS activity inhibits glutamatergic synaptic function in Alzheimer’s disease patients.
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that regulates the function of synapses upon activity-dependent
changes, whereas impairment of normal proteolytic process-
ing often results in synaptic dysfunction (Saura et al., 2004; Nagy
et al., 2006; Huntley, 2012; Prox et al., 2013). Neurexins (Nrxn1,
Nrxn2, and Nrxn3) are presynaptic membrane proteins that link
neurotransmitter release with adhesion to postsynaptic partners.
The use of different promoters and alternative splicing at the extra-
cellular domain result in �1000 Nrxn isoforms (Tabuchi and Süd-
hof, 2002; Schreiner et al., 2014; Fuccillo et al., 2015; Schreiner et
al., 2015). The highly polymorphic extracellular domain of Nrxns
engages in trans-synaptic interactions with postsynaptic pro-
teins, whereas the conserved cytoplasmic domain recruits synap-
tic ligands and regulates neurotransmitter release (Boucard et al.,
2005; Chih et al., 2006; Ko et al., 2009; Rabaneda et al., 2014; Aoto
et al., 2015). Neuroligins (Nlgn1, Nlgn2, Nlgn3, Nlgn4X, and
Nlgn4Y) are postsynaptic partners of Nrxns that regulate several
aspects of glutamatergic and GABAergic differentiation (Ichtchenko
et al., 1995; Baudouin and Scheiffele, 2010). At glutamatergic
synapses, Nlgn1 increases synapse density and stimulates neu-
rotransmitter release probability by a mechanism that depends
on trans-synaptic interaction with Nrxns (Dean et al., 2003; Chih
et al., 2006; Futai et al., 2007). Mutations in NLGN3, NLGN4X,
and NRXN1 genes have been identified in neurodevelopmental
disorders including autism and schizophrenia (Jamain et al.,
2003; Laumonnier et al., 2004; Kim et al., 2008; Rujescu et al.,
2009; Camacho-Garcia et al., 2012; Camacho-Garcia et al., 2013;
Lowther et al., 2017), suggesting a causative role for synaptic
dysfunction of Nrxns and Nlgns in brain diseases.

Apart from their role in neurodevelopmental disorders, re-
cent findings suggest a malfunctioning of the Nrxn–Nlgn1 gluta-
matergic pathway in age-associated diseases such as Alzheimer’s
disease (AD) (Martinez-Mir et al., 2013; Bie et al., 2014; Sindi et
al., 2014; Tristán-Clavijo et al., 2015). We and others have shown
that presenilins (PS1 and PS2), the catalytic subunit of the gamma-
secretase complex mutated in familial AD (FAD), cleave the
C-terminal fragment (CTF) of Nlgn1 and Nrxn isoforms (Bot et
al., 2011; Saura et al., 2011; Peixoto et al., 2012; Suzuki et al.,
2012). Nrxn-CTF accumulate at glutamatergic terminals of cul-
tured hippocampal neurons defective in PS/gamma-secretase ac-
tivity and at presynaptic fractions of PS1 and PS2 conditional
double knock-out (PS cDKO) mice that lack PS expression in
forebrain glutamatergic neurons (Saura et al., 2004; Saura et al.,
2011). FAD mutations in PS1 are thought to act by a partial
loss-of-function mechanism (Shen and Kelleher, 2007; Xia et al.,
2015; Sun et al., 2017). Interestingly, several FAD-linked PS1
mutants fail to clear Nrxn-CTF (Bot et al., 2011; Saura et al.,
2011). Therefore, based on the accumulation of Nrxn-CTF by
loss of PS function, an unexplored hypothesis is that failure of the
proteolytic processing of Nrxns mediates synaptic defects at glu-
tamatergic terminals lacking PS activity.

In this study, we show that proteolytic processing of Nrxns by
PS is required to maintain synaptic vesicle release at glutamater-
gic terminals. Using fluorescent synaptic probes, we found that
Nlgn1 increases presynaptic release and evoked calcium levels at
contacting terminals. Genetic inactivation of PS or inhibition of
PS/gamma-secretase activity decreases synaptic vesicle release
and presynaptic calcium levels at glutamatergic terminals in-
duced by the Nrxn–Nlgn1 complex. However, synapse formation
and recruitment of synaptic vesicles induced by Nlgn1 were not
affected by inhibition of PS function. We found that the production
of Nrxn-CTF is initiated by an activity-dependent mechanism that
requires NMDA/AMPA receptor function. By mutational screening,
we identified a conserved region in the juxtamembrane domain

of Nrxn1 responsible for the generation of Nrxn-CTF. Impor-
tantly, the sole expression of exogenous Nrxn-CTF at presynaptic
terminals decreased evoked presynaptic release and activity-
dependent calcium levels in neurons with unaltered PS function,
thereby mimicking the effect of the loss of PS function at gluta-
matergic synapses.

Materials and Methods
DNA and lentiviral vectors. For expression experiments, pCAG-GS and
lentiviral vectors encoding DsRed, HA-Nrxn1-�, HA-neuroligin1(AB),
SypHy, hPS1, and PS1 D385A were described previously (Taniguchi et
al., 2007; Saura et al., 2011; Rabaneda et al., 2014). Mutants harboring
deletions in the juxtamembrane domain of human Nrxn1 were gener-
ated by PCR with specific forward primers containing a SacI site and a
common reverse primer containing a BglII site at the 5� ends. PCR prod-
ucts were digested with SacI-BglII and cloned into human HA-Nrxn1-�
(Camacho-Garcia et al., 2012). For the generation of HA-Nrxn-CTF, a
PCR fragment coding for the 85 C-terminal residues of human Nrnx-1
was inserted in-frame downstream of a Nlgn1 signal peptide, followed by
an HA tag, and cloned into pCAG-GS. An HA-Nrxn-CTF�PDZ con-
struct lacking the three C-terminal residues of human Nrxn1 was gener-
ated by PCR with specific primers. The lentiviral vectors driving Cre and
�Cre expression under the ubiquitin C promoter were shown previously
to inactivate PS1 efficiently in fPS1/fPS1; PS2 �/� primary neurons (Ho
et al., 2006; Watanabe et al., 2009). For the generation of the SyGCaMP3
construct, the DNA fragment coding for GCaMP2 in SyGCaMP2 vector
(catalog #26124; Addgene) (Dreosti et al., 2009) was exchanged by a
fragment coding for GCaMP3 (catalog #22692; Addgene) (Tian et al.,
2009). For lentiviral expression, HA-Nrxn-CTF, HA-Nrxn-CTF�PDZ,
and SyGCaMP3 constructs were inserted in a lentiviral vector containing
the human synapsin promoter (Gascón et al., 2008). Generation of re-
combinant lentiviral particles and infection of hippocampal cultures
with concentrated lentivirus were performed as described previously
(Gascón et al., 2008).

Cell culture, transfection, and immunofluorescence. Hippocampal cul-
tures were obtained from embryonic day 18 (E18) to E19 rat brains or
from E18 –E19 fPS1/fPS1; PS2 �/� mouse embryos of either sex (RRID:
MGI:3777984, RRID:MGI:2664243). Dissociated cells were plated at
35.000 cells/cm 2 on poly-D-lysine (Sigma-Aldrich)-coated glass cover-
slips and maintained in neurobasal medium (Invitrogen) supplemented
with B27 (Thermo Fisher Scientific), Glutamax, and penicillin/strepto-
mycin (Invitrogen). HEK293T cultures (RRID:CVCL_0063) were grown
in DMEM containing 10% fetal bovine serum (HyClone), Glutamax, and
penicillin/streptomycin. Cultured hippocampal neurons and HEK293T cells
were transfected with Lipofectamine 2000 (Invitrogen) following the
manufacturer’s recommendations. For immunofluorescence experi-
ments, cultures were fixed with 4% PFA and permeabilized with 0.05%
Triton X-100 (Sigma-Aldrich). The following primary antibodies were
used: rat anti-HA (1:1000; clone 3F10; Roche; RRID:AB_390918), mouse
anti-CASK (1:200; BD Transduction Lab; RRID:AB_398103) and rabbit
anti-VGluT1 (1:1500; Synaptic Systems; RRID:AB_887877). A chicken anti
cyto-Nrxn antibody has been described previously (Dean et al., 2003).
Preabsorbed donkey antibodies conjugated with Cy2, Cy3, and Cy5 fluoro-
phores were used as secondary antibodies (1:800; Jackson ImmunoResearch;
RRID:AB_2340674 rat cy2; RRID:AB_2340667 rat cy3; RRID:
AB_2340672 rat cy5; RRID:AB_2315777 mouse cy3; RRID:AB_2340607
rabbit cy5; RRID:AB_2340365 chicken cy5). Images were acquired on a
Leica TCS SP2 laser scanning spectral confocal microscope. Maximal
projections of Z-stacked images were analyzed with ImageJ software
(RRID:SCR_003070). Synaptic markers were quantified as the average
intensity and the relative number of pixels per cell area above a threshold
value. Thresholds were set such that most of the specific signal was se-
lected. Masks covering the area of interest were created by drawing a
line around the transfected cells. The intensity and number of positive
pixels normalized to the cell area were averaged in each experimental
condition.

Biochemical analysis. Cell cultures were homogenized in lysis buffer
(50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 5 mM MgCl2, 1% Triton X-100,

902 • J. Neurosci., January 24, 2018 • 38(4):901–917 Servián-Morilla et al. • Processing of Neurexins and Presynaptic Release

https://scicrunch.org/resolver/MGI:3777984
https://scicrunch.org/resolver/MGI:2664243
https://scicrunch.org/resolver/CVCL_0063
https://scicrunch.org/resolver/AB_390918
https://scicrunch.org/resolver/AB_398103
https://scicrunch.org/resolver/AB_887877
https://scicrunch.org/resolver/AB_2340674
https://scicrunch.org/resolver/AB_2340667
https://scicrunch.org/resolver/AB_2340672
https://scicrunch.org/resolver/AB_2315777
https://scicrunch.org/resolver/AB_2340607
https://scicrunch.org/resolver/AB_2340365
https://scicrunch.org/resolver/SCR_003070


Figure 1. Inhibition of presynaptic release at Nlgn1 synapses of PS cDKO neurons. A, Experimental design. fPS1/fPS1; PS2 �/� hippocampal neurons were infected with lentivirus expressing
SypHy alone or double infected with �Cre or Cre, followed by cotransfection of HA-tagged Nlgn1 and DsRed. The same population of axons forms synaptic puncta in Nlgn1 expressing dendrites
(filled arrowheads) and in nonexpressing Nlgn1 synapses (open arrowheads), which represent an internal control. B, Expression of Nrxn-CTF in PS cDKO hippocampal neurons. Lysates from
fPS1/fPS1; PS2 �/� cultures (control) and from cultures infected with �Cre, Cre, or double infected with Cre and PS1 or PS1 D385A were incubated with the (Figure legend continues.)
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and 0.1% SDS) containing a protease inhibitor mixture (Roche). When
indicated, cells were treated with GM6001 (Calbiochem) and N-[N-(3,5-
difluorophenacetyl-L-alanyl]-S-phenylglycine t-butyl ester (DAPT; Sigma-
Aldrich). For immunoprecipitation experiments, cell lysates or conditioned
media were incubated with the hemagglutinin (HA) antibody. The im-
mune complexes were isolated with Protein-G Sepharose and resolved in
SDS-PAGE gels. Western blot experiments of immunoprecipitates or
lysates containing equal-protein loading were performed using the fol-
lowing primary antibodies: rat anti-HA (1:500), mouse anti-CASK (1:
200), chicken anti cyto-Nrxn (1:200), rabbit anti-Nrxn 1/2/3 against the
common cytoplasmic tail (1:500; Synaptic Systems; RRID:AB_10697815), rab-
bit anti-PS 1 N-terminal (1– 65) (1:5000; Merck Millipore; RRID:
AB_10682152) and rabbit anti-� actin (1:1000; Sigma-Aldrich; RRID:
AB_476693). Immunoreactivity was detected with secondary antibodies
conjugated with horseradish peroxidase (1:5000; Jackson ImmunoResearch;
RRID:AB_2313567 rabbit; RRID:AB_2339290 chicken; RRID:AB_2338128
rat; RRID:AB_10015289 mouse). Chemiluminescence was developed using
Immun-Star WesternC Kit (Bio-Rad) or SuperSignal West Femto Maxi-
mum Sensitivity Substrate (Thermo Fisher Scientific) on an ImageQuant
LAS4000 Mini (GE Healthcare Life Sciences).

Cell imaging. Imaging experiments in hippocampal neurons express-
ing synaptic probes were performed as described previously (Rabaneda et
al., 2014). Briefly, cultures were perfused with extracellular solution con-
taining the following (in mM): 2.5 KCl, 119 NaCl, 2 CaCl2, 2 MgCl2, 25
HEPES, and 30 glucose, pH 7.4, for SypHy or 2.5 KCl, 136 NaCl, 2 CaCl2,
1.3 MgCl2, 10 HEPES, and 10 glucose, pH 7.4, for SyGCamP3; mixtures
also contained 0.01 mM CNQX and 0.05 mM APV (Ascent Scientific).
Electrical field stimulation was delivered with a 2100 isolated pulse stimula-
tor (AM Systems). Fluorescence images were acquired on an Axio Obser-
ver.A1 inverted microscopy (Zeiss) with a 63� Zeiss Plan-Apochromat
oil-immersion objective. Images were captured with a Hamamatsu Orca R2

camera controlled by Micro-Manager software (Edelstein et al., 2010, RRID:
SCR_000415). Neurons were stimulated with 5 trains of 1, 3, and 5 APs
for SyGCaMP3 experiments or with 40 and 300 APs for SypHy experi-
ments, both delivered at 20 Hz using a biphasic pulse of 10 mA and 5 ms
of duration. Time-lapse images were acquired at 4 fps (SyGCaMP3) or 1
fps (SypHy), 672 � 512 pixels (binned 2 � 2), with an exposure time of
100 ms. Routinely, three to five fields of datasets were recorded from each
coverslip. Responding synapses were selected manually as regions of in-
terest (ROIs) with the Time Series Analyzer plugin of ImageJ software
(RRID:SCR_014269). The standard size of the selected ROIs was 1 �m 2.
Background noise within each experiment was quantified as the average
intensity of five nonresponding regions and subtracted from each re-
sponding ROI. The increase in fluorescence (�F ) was calculated in the
selected ROIs.

Experimental design and statistical analysis. Experimental design for
imaging approaches using fluorescent synaptic probes is summarized in
Figures 1, 2, 7, and 8. In Figure 1, E–G (12 experiments obtained from 2
independent cultures), n � 355 for internal control synapses, n � 407 for

Nlgn1 synapses, n � 200 for internal �Cre synapses, n � 322 for Nlgn1
�Cre synapses, n � 271 for internal PS cDKO synapses, and n � 443 for
Nlgn1 PS cDKO synapses. In Figure 2, B–D (21 experiments obtained
from 3 independent cultures), n � 841 for internal control synapses, n �
854 for Nlgn1 synapses, n � 700 for internal DAPT synapses, and n � 684
for DAPT Nlgn1 synapses. In Figure 2, F–H (10 experiments obtained
from 2 independent cultures), n � 383 for internal control synapses, n �
387 for Nlgn1 synapses, n � 332 for internal PS1 D385A synapses, and
n � 348 for PS1 D385A Nlgn1 synapses. In Figure 7C (23 experiments
from 3 independent cultures), n � 210 for control synapses, n � 196 for
HA-Nrxn-CTF�PDZ synapses, and n � 196 for HA-Nrxn-CTF syn-
apses. In Figure 8B (6 experiments from 2 independent cultures), n � 55
for internal control synapses, n � 133 for Nlgn1 synapses, n � 45 for
internal �Cre synapses, n � 61 for Nlgn1 �Cre synapses, n � 64 for
internal PS cDKO synapses, and n � 142 for Nlgn1 PS cDKO synapses. In
Figure 8D (13 experiments from 2 independent cultures), n � 133 for
control synapses, n � 135 for HA-Nrxn-CTF�PDZ synapses, and n � 97
for HA-Nrxn-CTF synapses. In Figure 9D (10 experiments from 2 inde-
pendent cultures), n � 91 for control synapses, n � 267 for HA-Nrxn1-�
synapses, and n � 213 for HA-Nrxn1-� �368 –393 synapses. Statistical
analyses were performed with GraphPad Prism software (RRID:
SCR_002798). For comparison of two groups, the two-tailed Student’s t
test or the Mann–Whitney U test were applied. Differences in means
across multiple groups were analyzed using one-way ANOVA. When the
ANOVA analysis revealed significant differences, the post hoc Bonferro-
ni’s test was used for pairwise comparisons. When parametric assump-
tions were not met, Kruskal–Wallis followed by the post hoc Dunn’s test
was used. All data are presented as mean � SEM.

Results
PS function is essential for presynaptic release at
glutamatergic terminals mediated by Nrxn–Nlgn1
After the shedding of the extracellular domain of Nrxn isoforms
by metalloproteases, Nrxn-CTF are processed by PS/gamma-
secretase at glutamatergic terminals (Saura et al., 2011). How-
ever, the functional consequences of the proteolytic processing of
Nrxns at glutamatergic synapses are not known. Specifically, be-
cause the cytoplasmic tail of Nrxns regulates neurotransmitter
release (Futai et al., 2007; Rabaneda et al., 2014; Aoto et al., 2015),
we speculated that accumulation of Nrxn-CTF due to impaired
PS function might interfere with synaptic vesicle release. For that,
we developed an approach that allows for the analysis of presyn-
aptic release at glutamatergic terminals mediated by the Nrxn–
Nlgn1 complex in control and PS cDKO hippocampal neurons
(Fig. 1A). PS cDKO neurons were generated by Cre-dependent
ablation of PS1 in fPS1/fPS1; PS2�/� hippocampal cultures. As
expected, Nrxn-CTF bands recognized by a cyto-Nrxn antibody
accumulated in PS cDKO neurons, but not in cultures infected
with an inactive �Cre, by a PS-dependent proteolytic processing
(Fig. 1B). Control and PS cDKO hippocampal cultures were in-
fected at 3 days in vitro (DIV) with lentivirus expressing SypHy, a
pH-sensitive probe that measures exocytosis/endocytosis of syn-
aptic vesicles (Granseth et al., 2006). After infection, the cultures
were cotransfected at 11–12 DIV with DsRed and a N-terminal
HA-tagged Nlgn1. Therefore, Nlgn1 coexpressed in DsRed-
dendrites binds to endogenous Nrxns in contacting axons and the
activity of the resulting glutamatergic terminals containing SypHy
can be analyzed upon stimulation (Fig. 1C).

Previous reports using electrophysiological recordings in
hippocampal slices have shown that Nlgn1 increases release
probability by a retrograde mechanism (Futai et al., 2007). Be-
cause release probability positively correlates with the size of the
readily releasable pool (RRP) of synaptic vesicles, which corre-
sponds to the number of docked vesicles at presynaptic active
zones (Murthy and Stevens, 1999; Murthy et al., 2001; Schikorski

4

(Figure legend continued.) indicated antibodies. The cyto-Nrxn antibody recognizes the cyto-
plasmic tail in intact Nrxns and in Nrxn-CTF proteins. C, Corecruitment of Synaptophysin-
pHluorin (SypHy) and VGluT1 by Nlgn1 in transfected neurons. D, Images showing SypHy
fluorescence from hippocampal cultures expressing SypHy alone (control) or together with
�Cre or Cre (PS cDKO neurons). SypHy response was elicited with 40 and 300 APs, as indicated.
Note that the increased SypHy response in Nlgn1-expressing dendrites was decreased in PS
cDKO neurons. E–G, Kinetics (E, F) and peak amplitudes (G) of normalized SypHy fluorescence in
Nlgn1-induced (E) and internal synapses (F). Data were normalized to the maximum SypHy
fluorescence value in control cultures (E, F) or to the peak SypHy fluorescence value elicited with
40 APs at internal synapses of control cultures (G) (normalized �F at 40 APs: internal control
synapses 1.0 � 0.025; internal �Cre synapses 1.032 � 0.038; internal PS cDKO synapses
1.009 � 0.047; Nlgn1 synapses 2.963 � 0.074; Nlgn1 �Cre synapses 3.036 � 0.088; Nlgn1 PS
cDKO synapses 1.658 � 0.055; normalized �F at 300 APs: internal control synapses 2.975 �
0.085; internal �Cre synapses 3.048 � 0.130; internal PS cDKO synapses: 2.509 � 0.110;
Nlgn1 synapses 10.535�0.272, Nlgn1�Cre synapses 9.856�0.320, Nlgn1 PS cDKO synapses
4.183 � 0.141, #p 	 0.05, ***p 	 0.001, Kruskal–Wallis followed by the post hoc Dunn’s
test). Scale bars, 5 �m. Error bars indicate SEM.
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Figure 2. Inhibition of PS proteolytic activity reduces presynaptic release. A, Images showing Synaptophysin-pHluorin (SypHy) response at 300 APs of hippocampal neurons incubated with DAPT
for 12 h after cotransfection of DsRed and Nlgn1. B, C, Time kinetics of Nlgn1 (B) and internal synapses (C) in the presence of DAPT. D, Peak amplitudes of SypHy fluorescence in internal and
Nlgn1-induced synapses in the presence of DAPT (normalized�F: internal control synapses 1.0�0.023; internal DAPT synapses 0.98�0.025; Nlgn1 synapses 3.472�0.054; DAPT Nlgn1 synapses
2.350 � 0.050, ***p 	 0.001, Kruskal–Wallis followed by the post hoc Dunn’s test). E, Changes in SypHy fluorescence evoked by 300 APs in hippocampal cultures (Figure legend continues.)
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and Stevens, 2001), we measured the RRP with a stimulus train of
40 APs at 20 Hz, followed by 300 APs at the same frequency to
mobilize the recycling pool (RP). Presynaptic response at Nlgn1
synapses was compared in each experimental condition with the
response of internal synapses, which were identified in the same
fields as SypHy-positive puncta not contacting Nlgn1/DsRed
transfected dendrites. Interestingly, postsynaptic expression of
Nlgn1 in control cultures induced an 
3-fold increase in presyn-
aptic response at 40 and 300 APs compared with neighboring
internal synapses (�F ratio for Nlgn1/internal synapses at 40 APs:
2.96; �F ratio for Nlgn1/internal synapses at 300 APs: 3.54) (Fig.
1D,E,G). These data indicated that Nlgn1 increases the size of the
RRP and the RP proportionally at contacting terminals. Remark-
ably, the positive effect of Nlgn1 increasing presynaptic release at
40 and 300 APs was strongly reduced in PS cDKO neurons (nor-
malized �Fat 40 APs in Nlgn1 synapses: 2.963 � 0.074; normal-
ized �F at 40 APs in Nlgn1 PS cDKO synapses: 1.658 � 0.055, p 	
0.0001, Kruskal–Wallis followed by the post hoc Dunn’s test; nor-
malized �F at 300 APs in Nlgn1 synapses: 10.535 � 0.272; nor-
malized �F at 300 APs in Nlgn1 PS cDKO synapses: 4.183 �
0.141, p 	 0.0001, Kruskal–Wallis followed by the post hoc
Dunn’s test; Fig. 1D,E,G). However, presynaptic release at inter-
nal synapses was not affected at 40 APs or slightly reduced at 300
APs in PS cDKO neurons (normalized �F at 40 APs in internal
control synapses: 1.0 � 0.025; normalized �F at 40 APs in inter-
nal PS cDKO synapses: 1.009 � 0.047, p � 0.999, Kruskal–Wallis
followed by the post hoc Dunn’s test; normalized �F at 300 APs in
internal control synapses: 2.975 � 0.085; normalized �F at 300
APs in internal PS cDKO synapses: 2.509 � 0.110, p � 0.048,
Kruskal–Wallis followed by the post hoc Dunn’s test; Fig.
1D,F,G). The higher impact of the loss of PS function in Nlgn1
synapses was observed even when presynaptic responses of sim-
ilar magnitude were compared (40 APs in Nlgn1 synapses vs 300
APs in internal synapses; Fig. 1). These findings suggest a higher
susceptibility of Nlgn1 synapses to the loss of PS function. More-
over, neither Nlgn1 synapses nor internal synapses were affected
in neurons infected with inactive �Cre, which was used as a neg-
ative control (Fig. 1D–G). These data indicate that Nrxn–Nlgn1
trans-synaptic signaling increases the size of the RRP locally by a
mechanism that is affected by the loss of PS function.

PS regulates presynaptic release by a proteolytic mechanism
PS genes have been proposed to regulate cellular signaling path-
ways by gamma-secretase-dependent and -independent mecha-
nisms (Tu et al., 2006; Hass et al., 2009). To determine whether
PS regulates presynaptic release at Nlgn1 synapses by a proteo-
lytic activity or by an alternative mechanism, we inhibited PS/
gamma-secretase proteolytic activity, but not PS expression,
using the gamma-secretase inhibitor DAPT (1 �M) or expressing
the dominant-negative mutant PS1 D385A, two approaches that
induce the accumulation of Nrxn-CTF in hippocampal neurons
(Saura et al., 2011). Interestingly, we found that impairment of

PS/gamma-secretase activity in hippocampal neurons strongly
reduced presynaptic release at 300 APs in Nlgn1 synapses in both
cultures treated with DAPT (normalized �F in Nlgn1 synapses:
3.472 � 0.054; normalized �F in DAPT Nlgn1 synapses: 2.350 �
0.050, p 	 0.0001, Kruskal–Wallis followed by the post hoc
Dunn’s test) and cultures expressing PS1 D385A (normalized �F
in Nlgn1 synapses: 3.159 � 0.082; normalized �F in PS1 D385A
Nlgn1 synapses: 1.585 � 0.057, p 	 0.0001, Kruskal–Wallis fol-
lowed by the post hoc Dunn’s test; Fig. 2). Presynaptic release at
internal synapses was not affected by DAPT treatment (normal-
ized �F in internal synapses of control neurons: 1.0 � 0.023;
normalized �F in internal synapses of DAPT neurons: 0.98 �
0.025, p � 0.999, Kruskal–Wallis followed by the post hoc Dunn’s
test) or slightly reduced by the expression of PS1 D385A (normal-
ized �F in internal synapses of control neurons: 1.0 � 0.030;
normalized �F in internal synapses of PS1 D385A neurons:
0.825 � 0.027, p � 0.0072, Kruskal–Wallis followed by the post
hoc Dunn’s test; Fig. 2). These data obtained with genetic or
chemical inhibitors of PS/gamma-secretase activity recapitulated
the effects observed in PS cDKO neurons, suggesting that loss of
PS proteolytic activity at Nrxn–Nlgn1 synapses accounts for the
inhibitory effect on presynaptic release.

PS function is dispensable for the recruitment of synaptic
vesicles induced by Nlgn1
Expression of Nlgn1 increases the recruitment of synaptic vesicles
and the density of presynaptic terminals in contacting axons
(Scheiffele et al., 2000; Dean et al., 2003). Therefore, we investigated
whether PS activity is also required for the synaptogenic function of
Nlgn1 or if loss of PS function specifically inhibits presynaptic re-
lease. Quantitative analysis of SypHy, used as a synaptic vesicle
marker, by confocal microscopy showed a �2-fold increase in Sy-
pHy intensity at Nlgn1 synapses compared with internal synapses
in control neurons (normalized SyPhy intensity in internal syn-
apses: 1.0 � 0.007; normalized SyPhy intensity in Nlgn1 syn-
apses: 2.194 � 0.027, p 	 0.0001, Mann–Whitney U test; Fig. 3).
However, inhibition of PS function did not affect the area or the
intensity of presynaptic SypHy recruited at Nlgn1 synapses in any
of the three experimental approaches studied, namely PS cDKO
hippocampal neurons (Fig. 3A–C) and hippocampal cultures
treated with DAPT or expressing PS1 D385A (Fig. 3D–I). In
agreement with these data, the levels of the endogenous synaptic
vesicle marker VGluT1 recruited by Nlgn1 were not affected in PS
cDKO neurons or in neurons treated with DAPT (data not
shown). Moreover, the levels of transfected Nlgn1 in PS defective
neurons were not different from control neurons in any of the
different approaches (Fig. 3C,F, I). These data further support
that the inhibition in presynaptic release caused by inactivation of
PS is not an indirect consequence of reduced synaptic vesicle
recruitment or Nlgn1 expression suggesting a presynaptic mech-
anism. Moreover, the immunofluorescence signal obtained with
a cyto-Nrxn antibody was increased at Nlgn1 synapses of PS
cDKO neurons compared with Nlgn1 synapses of control cul-
tures (Fig. 3 J,K). These data suggested local accumulation of
Nrxn-CTF at glutamatergic terminals of PS defective neurons, in
agreement with previous results (Saura et al., 2011). The levels of
CASK, a synaptic scaffolding protein that can interact with a
PDZ-binding domain in the cytoplasmic tail of Nrxns (Butz et al.,
1998), were increased significantly at Nlgn1 synapses of PS cDKO
neurons (Fig. 3 J,L). These results indicate that the proteolytic
activity of the PS/gamma-secretase complex plays a selective role
in the release of synaptic vesicles, which can be dissected apart

4

(Figure legend continued.) expressing PS1 D385A. Hippocampal neurons were double infected
with lentivirus expressing PS1 D385A and SypHy before transfection of DsRed and Nlgn1. F, G,
Time kinetics of Nlgn1 (F) and internal synapses (G) of cultures expressing PS1 D385A. H, Peak
amplitudes of SypHy response in internal and Nlgn1-induced synapses expressing PS1 D385A
(normalized �F: internal control synapses 1.0 � 0.030; internal PS1 D385A synapses 0.825 �
0.027; Nlgn1 synapses 3.159 � 0.082; PS1 D385A Nlgn1 synapses 1.585 � 0.057, #p 	 0.01,
***p 	 0.0001, Kruskal–Wallis followed by the post hoc Dunn’s test). Data were normalized to
the maximum SypHy fluorescence value of control cultures (B, C, F, G), or to the peak SypHy
fluorescence of internal control synapses (D, H). Scale bars, 5 �m. Error bars indicate SEM.
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Figure 3. Distribution of synaptic markers at synapses induced by Nlgn1 in hippocampal neurons with impaired PS function. A–C, Immunofluorescence staining and quantifications of
the synaptic vesicle-resident marker Synaptophysin-pHluorin (SypHy) and Nlgn1 in PS cDKO hippocampal neurons (normalized SypHy area: control 1.0 � 0.105; control �Cre 1.103 � 0.076; PS
cDKO 0.992 � 0.073, p � 0.05, one-way ANOVA followed by the post hoc Bonferroni’s test; normalized SypHy intensity: control 1.0 � 0.025; (Figure legend continues.)
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from the recruitment of synaptic vesicles and the synapse forma-
tion activity induced by Nlgn1.

Activity-dependent processing of Nrxns
The previous results suggested the generation of a PS/gamma-
secretase substrate that abnormally accumulates at Nrxn–Nlgn1
synapses with impaired PS activity and ultimately mediates the
inhibition in presynaptic release. The accumulation of Nrxn-
CTF at glutamatergic terminals makes it a strong candidate to
mediate the inhibitory effect of PS in neurotransmitter release. It
has been reported previously that depolarization with KCl or
incubation with glutamate induces the generation of Nrxn-CTF
in cultured neurons (Bot et al., 2011). To further analyze the
mechanism responsible for the activity-dependent proteolytic
processing of Nrxns, we depolarized hippocampal cultures with
50 mM KCl for 30 min and evaluated the levels of Nrxn-CTF by

Western blot. We confirmed that stimulation with KCl resulted
in a �2-fold increase in Nrxn-CTF levels compared with nonstimu-
lated cultures (Fig. 4). Inhibition of the PS/gamma-secretase com-
plex with DAPT (1 �M) further increased the levels of Nrxn-CTF
in cultures stimulated with KCl, indicating activity of the PS/
gamma-secretase complex during synaptic stimulation. Impor-
tantly, we found that incubation with the broad metalloprotease
inhibitor GM6001 (2.5 �M) abolished the KCl-induced accumu-
lation of Nrxn-CTF (Fig. 4). These data suggest that the cleavage
of Nrxn ectodomain by metalloproteases initiates the activity-
dependent production of Nrxn-CTF, which is subsequently pro-
cessed by PS. We next tested the effect of several antagonists in
the activity-dependent generation of Nrxn-CTF. Inhibition of
sarco-ER calcium ATPase (SERCA) activity with thapsigargin (4
�M), which results in depletion of calcium stores at the ER, or
blockage of voltage-dependent calcium-channels with �-agatoxin-
IVA (100 nM) did not affect the activity-dependent accumulation of
Nrxn-CTF (Fig. 4). However, blocking NMDA and AMPA recep-
tors with APV (50 �M) and CNQX (10 �M) abolished the accumu-
lation of Nrxn-CTF induced by activity (Fig. 4). These experiments
indicate that NMDA/AMPA receptor signaling is required to ex-
scind the ectodomain of Nrxns, leading to the generation of
Nrxn-CTF, which is cleared form glutamatergic terminals by a PS/
gamma-secretase activity.

Identification of the cleavage site that generates Nrxn-CTF
To identify the residues responsible for the generation of Nrxn-
CTF, we produced deletions in the juxtamembrane region of
human HA-Nrxn1-�, a known Nlgn1 presynaptic receptor, and
analyzed the generation of the ectodomain and Nrxn-CTF frag-
ments (Fig. 5A). Immunoprecipitates of conditioned media from
transfected HEK293T cells showed that increasing the size of
deletions within residues 368 –385 produced the release of HA-
Nrxn1-� ectodomains of decreasing size, suggesting that the lo-
calization of the cleavage site was further downstream (Fig. 5B).
Furthermore, a larger deletion comprising residues 368 –393 in-
hibited the release of HA-Nrxn1-� ectodomain and increased the
levels of the mature protein in cell lysates (Fig. 5B). In agreement
with a sequential proteolytic processing, the generation of Nrxn-
CTF, both basal and accumulated in presence of DAPT, was

4

(Figure legend continued.) control �Cre 0.986 � 0.043; PS cDKO 0.921 � 0.050, p � 0.05,
Kruskal–Wallis followed by the post hoc Dunn’s test; normalized Nlgn1 intensity: control 1.0 �
0.095; control �Cre 0.902 � 0.060; PS cDKO 1.004 � 0.041, p � 0.05, Kruskal–Wallis fol-
lowed by the post hoc Dunn’s test). Nlgn1 was detected with an HA antibody. Only Nlgn1
intensity was analyzed due to the high dendritic area covered by overexpressed Nlgn1. D–F,
Immunofluorescence staining of SypHy and Nlgn1 and quantifications in hippocampal neurons
incubated with DAPT (normalized SypHy area: control 1.0 � 0.035; DAPT 0.896 � 0.044, p �
0.076, Student’s t test; normalized SypHy intensity: control 1.0 � 0.017; DAPT 1.004 � 0.022,
p � 0.878, Student’s t test; normalized Nlgn1 intensity: control 1.0 � 0.040; DAPT 1.046 �
0.034, p �0.402. Mann–Whitney U test). G–I, Immunofluorescence signal of SypHy and Nlgn1
and quantifications in hippocampal neurons expressing PS1 D385A (normalized SypHy area:
control 1.0 � 0.076; PS1 D385A 0.825 � 0.058, p � 0.075, Student’s t test; normalized SypHy
intensity: control 1.0 � 0.011; PS1 D385A 0.966 � 0.019, p � 0.133, Student’s t test; normal-
ized Nlgn1 intensity: control 1.0 � 0.034; PS1 D385A 1.029 � 0.031, p � 0.538, Student’s t
test). J, Immunofluorescence experiments with CASK and cyto-Nrxn antibodies showing in-
creased signals at Nlgn1 synapses of PS cDKO neurons. K, L, Graphs showing quantifications of
the relative area and mean intensity of cyto-Nrxn (K) and CASK (L) fluorescent signals at Nlgn1
synapses of control (�Cre) and PS cDKO neurons (normalized Nrxn area: control �Cre 1.0 �
0.132; PS cDKO 1.716 � 0.153, p � 0.001, Student’s t test; normalized Nrxn intensity: control
�Cre 1.0 � 0.015; PS cDKO, 1.061 � 0.022, p � 0.029, Mann–Whitney U test; normalized
CASK area: control �Cre 1.0 � 0.109; PS cDKO 1.869 � 0.178, p � 0.0002, Mann–Whitney U
test; normalized CASK intensity: control �Cre 1.0 � 0.021; PS cDKO 1.094 � 0.031, p � 0.033,
Mann–Whitney U test). Data from 15–25 experiments were obtained from two to three inde-
pendent cultures. Scale bars, 5 �m. *p 	 0.05, ***p 	 0.001. Error bars indicate SEM.

Figure 4. Activity-dependent proteolytic processing of Nrxns. A, Western blot experiments of hippocampal lysates incubated with 50 mM KCl for 30 min and treated in the presence of the
indicated inhibitors. Nrxns were detected with a cyto-Nrxn antibody, as indicated. B, Graph shows quantification of normalized data (control 1.0 � 0.127; DAPT 1.739 � 0.051; KCl 2.077 � 0.123;
KCl�DAPT 2.576 � 0.130; KCl�DAPT�APV�CNQX 1.234 � 0.030; KCl�DAPT��-agatoxin-IVA 2.103 � 0.273; KCl�DAPT�thapsigargin 2.280 � 0.187; KCl�DAPT�GM6001 1.419 �
0.179, n � 8, *p 	 0.05, ***p 	 0.001, one-way ANOVA followed by the post hoc Bonferroni’s test). Error bars indicate SEM.
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Figure 5. Proteolytic processing of Nrxn1-� deletion mutants. A, Protein sequences of deletion mutants generated within the juxtamembrane region of human Nrxn1-�. SP, Signal peptide; LNS,
laminin/Nrxn/sex-hormone binding protein domain; TM, transmembrane region. Wild-type protein and each deletion mutant were labeled with an N-terminal HA-tag. B, Western blot experiments
with an anti-HA antibody of cell lysates or HA immunoprecipitates from conditioned media of HEK293T cells transfected with the indicated construct (cell lysates: WT 1�0.132;�368 –372 1.184�
0.130;�368 –3781.173�0.152;�368 –3851.234�0.123;�368 –3931.789�0.171,**p	0.01,Kruskal–Wallis followedbythepost hocDunn’stest;HA-immunoprecipitates:(Figure legend continues.)
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strongly inhibited when residues 368 –393 were deleted (Fig. 5C).
These data revealed a major shedding site within residues 386 –
393 of Nrxn1-� responsible for the release of the ectodomain and
the subsequent generation of Nrxn-CTF. Intriguingly, deletion of
residues 368–385 increased the levels of HA-Nrxn1-� ectodomain
in the media, suggesting that residues adjacent to the shedding site
negatively regulate Nrxn1-� shedding (Fig. 5B). Sequence alignment
showed high homology of the predicted Nrxn-CTF originating from
the different Nrxn genes (Fig. 5D).

Next, we generated an HA-Nrxn-CTF expression vector en-
coding the last 85 C-terminal residues of Nrxn1 starting at V388
and tagged at the mature N terminus with an HA epitope (Fig.
6A). In parallel, we also generated HA-Nrxn-CTF�PDZ, a mu-
tant lacking the last three C-terminal residues essential in intact
Nrxns for the binding to PDZ-synaptic proteins (Butz et al., 1998;
Grootjans et al., 2000; Fig. 6A). In Western blot experiments of
transfected HEK293T cells, the levels of HA-Nrxn-CTF and HA-

4

(Figure legend continued.) WT 1 � 0.036; �368 –372 1.240 � 0.050; �368 –378 1.122 �
0.081; �368 –385 1.662 � 0.108, �368 –393 0.232 � 0.006, n � 5, **p 	 0.01, ***p 	
0.001, Kruskal–Wallis followed by the post hoc Dunn’s test). A cell lysate expressing HA-
Nrxn1-� was included to show the lower molecular weight of the immunoprecipitated ectodo-
mains. C, Detection of Nrxn-CTF in Western blot experiments of transfected HEK293T cells using
cyto-Nrxn antibodies (normalized Nrxn FL/ actin levels: WT 1 � 0.086; �368 –378 0.998 �
0.073; �368 –385 0.830 � 0.064; �368 –393 1.449 � 0.132, WT�DAPT 0.978 � 0.089;
�368 –378�DAPT 0.926 � 0.076; �368 –385�DAPT 0.812 � 0.066; �368 –393�DAPT
1.492 � 0.160, n � 5, **p 	 0.01, Kruskal–Wallis followed by the post hoc Dunn’s test;
normalized Nrxn-CTF/Nrxn levels: WT 1 � 0.133; �368 –378 1.494 � 0.186; �368 –385
1.423 � 0.187; �368 –393 0.118 � 0.013; WT�DAPT 4.428 � 0.787; �368 –378�DAPT
4.753 � 0.962; �368 –385�DAPT 4.354 � 0.860; �368 –393�DAPT 0.194 � 0.026, n �
5, ***p 	 0.001, Kruskal–Wallis followed by the post hoc Dunn’s test). D, Sequence alignment
of human Nrxn1–3 proteins showing the high conservation of the shedding site and the pre-
dicted Nrxn-CTF. Dots indicate identical amino acids. Arrow indicates V388.

Figure 6. Processing of HA-Nrxn-CTF proteins by PS. A, Schematic drawings showing HA-Nrxn-CTF and HA-Nrxn-CTF�PDZ constructs compared with Nrxn1-�. PDZ labels the last three residues
that form a PDZ-binding domain. B, Western blot of transfected HEK293T cells in the presence of DAPT. C, Lysates of hippocampal neurons infected with HA-Nrxn1-�, HA-Nrxn-CTF or HA-Nrxn-
CTF�PDZ and incubated with DAPT were immunoblotted with HA and cyto-Nrxn antibodies, as indicated. The decreased mobility observed for HA-Nrxn-CTF compared with Nrxn-CTF is likely due to
the insertion of the HA tag. D, Lysates and HA immunoprecipitates of HEK293T cells coexpressing CASK and empty vector, HA-Nrxn-CTF, or HA-Nrxn-CTF�PDZ. HA-Nrxn1-� was coexpressed as a
positive control. The isolated HA complexes were immunoblotted with CASK and HA antibodies, as indicated. E, Hippocampal neurons expressing HA-Nrxn-CTF, HA-Nrxn-CTF�PDZ, or HA-Nrxn1-�
by lentiviral infections were immunoprecipitated with HA antibodies and the presence of CASK and HA proteins analyzed by Western blot.
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Nrxn-CTF�PDZ proteins increased in the presence of DAPT, as
expected for a PS substrate (Fig. 6B). To confirm the proteolytic
processing in neurons, we expressed HA-Nrxn-CTF proteins in
hippocampal neurons and analyzed the expression in the pres-
ence of DAPT by Western blot using anti-HA and cyto-Nrxn
antibodies. HA-Nrxn-CTF showed a similar mobility to Nrxn-
CTF originating from endogenous Nrxns and from the expres-
sion of Nrxn1-� in the same cultures (Fig. 6C). Moreover, the
finding that HA-Nrxn-CTF were readily detectable in untreated
neurons and that their levels further increased upon inhibition of
PS activity indicated accumulation of HA-Nrxn-CTF in un-
treated neurons with otherwise normal PS activity. HA-Nrxn-
CTF, but not HA-Nrxn-CTF�PDZ, coimmunoprecipitated with
CASK in heterologous and neuronal cells (Fig. 6D,E), indicating
that the PDZ-binding domain of Nrxn-CTF can mediate pro-

tein–protein interactions. These data demonstrated that HA-
Nrxn-CTF is a PS substrate comparable to endogenous Nrxn-
CTF and provided a molecular tool with which to evaluate the
functional consequences of the proteolytic activity of PS on a
single substrate, Nrxns.

Nrxn-CTF inhibit presynaptic release
The effect of the accumulation of HA-Nrxn-CTF on presynaptic
release was analyzed in hippocampal neurons. We chose trans-
fection experiments to achieve expression in sparse neurons, so
that the effect of HA-Nrxn-CTF on presynaptic release could be
readily attributable to the presynaptic neuron. Moreover, within
the transfected axons, HA-Nrxn-CTF showed localization in syn-
aptic puncta (Fig. 7A), thereby resembling the presynaptic distri-
bution of endogenous Nrxn-CTF. Remarkably, presynaptic

Figure 7. Expression of Nrxn-CTF inhibits presynaptic release. A, HA-Nrxn-CTF or HA-Nrxn-CTF�PDZ were cotransfected with Synaptophysin-pHluorin (SypHy) in hippocampal neurons and
stained with HA antibody. Presynaptic terminals expressing SypHy were detected with GFP fluorescence. B, Images showing SypHy response at 40 and 300 APs in axons expressing HA-Nrxn-CTF and
HA-Nrxn-CTF�PDZ. C, Peak amplitudes of SypHy fluorescence in axons transfected with HA-Nrxn-CTF and HA-Nrxn-CTF�PDZ compared with control neurons (control synapses at 40 APs 1.0 �
0.060; HA-Nrxn-CTF synapses at 40 APs 0.411�0.023; HA-Nrxn-CTF�PDZ synapses at 40 APs 0.697�0.041; control synapses at 300 APs 3.580�0.178; HA-Nrxn-CTF synapses at 300 APs 0.980�
0.059; HA-Nrxn-CTF�PDZ synapses at 300 APs 1.949 � 0.085, ***p 	 0.001, Kruskal–Wallis followed by the post hoc Dunn’s test). D, Immunofluorescence experiments with HA and CASK
antibodies showing CASK accumulation at HA-Nrxn-CTF expressing axons. E, Quantification of CASK staining (normalized CASK area in transfected axons: GFP 1.0 � 0.079; HA-Nrxn-CTF 2.636 �
0.107; HA-Nrxn-CTF�PDZ 1.717 � 0.113; ***p 	 0.001, one-way ANOVA followed by the post hoc Bonferroni’s test. Normalized CASK intensity in transfected axons: GFP 1.0 � 0.010; HA-Nrxn-CTF
1.365�0.028, HA-Nrxn-CTF�PDZ 1.081�0.015, *p	0.05, ***p	0.001, one-way ANOVA followed by the post hoc Bonferroni’s test. Data are shown from 26 –31 images from two independent
experiments from different cultures. Scale bars, 5 �m. Error bars indicate SEM.
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Figure 8. Impaired calcium flux at presynaptic terminals accumulating Nrxn-CTF. A, Cultures from PS1/fPS1; PS2 �/� hippocampal neurons were coinfected with lentivirus expressing
SyGCaMP3 alone or together with lentivirus expressing �Cre or Cre (PS cDKO) before cotransfection of DsRed and Nlgn1. Images show peak SyGCaMP3 fluorescence of hippocampal cultures
stimulated with 1, 3, and 5 APs. B, Peak amplitude (�F) of normalized SyGCaMP3 signal plotted as a bar graph (left) or as a function of the number of APs elicited (right). In each condition,
quantitative analyses were performed in Nlgn1 and internal synapses not contacting Nlgn1 (internal synapses at 1 APs: control 1.0 � 0.080; control (Figure legend continues.)
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expression of HA-Nrxn-CTF strongly inhibited evoked release at
40 and 300 APs, whereas the inhibitory effect was attenuated in
neurons expressing HA-Nrxn-CTF�PDZ despite similar local-
ization and expression levels (normalized �F at 40 APs: control
1.0 � 0.060; HA-Nrxn-CTF 0.411 � 0.023, p 	 0.0001, Kruskal–
Wallis followed by the post hoc Dunn’s test; HA-Nrxn-CTF�PDZ
0.697 � 0.041, p � 0.0008, Kruskal–Wallis followed by the post
hoc Dunn’s test; normalized �F at 300 APs: control 3.580 �
0.178; HA-Nrxn-CTF 0.980 � 0.059, p 	 0.0001, Kruskal–Wallis
followed by the post hoc Dunn’s test; HA-Nrxn-CTF�PDZ
1.949 � 0.085, p 	 0.0001, Kruskal–Wallis followed by the post
hoc Dunn’s test; Fig. 7B,C). CASK levels increased in axons trans-
fected with HA-Nrxn-CTF compared with control neurons and
reached intermediate levels in axons expressing HA-Nrxn-
CTF�PDZ (Fig. 7D,E). These results indicated that presynaptic
accumulation of Nrxn-CTF alone recapitulates the deficits in
presynaptic release caused by the loss of PS activity.

Nrxn-CTF mimic the inhibitory effect of PS on presynaptic
calcium levels
Synaptic vesicle release depends on the levels of calcium in the
presynaptic active zone. To gain insight into the mechanism by
which Nrxn-CTF impair neurotransmitter release, we mea-
sured presynaptic calcium using SyGCaMP3, a fusion of the
genetically encoded calcium indicator CaMP3 to the synaptic
vesicle resident protein synaptophysin (Dreosti et al., 2009; Tian
et al., 2009). Calcium imaging was performed in two experimen-
tal conditions that accumulate Nrxn-CTF at presynaptic termi-
nals, glutamatergic terminals induced by Nlgn1 in PS cDKO
neurons and hippocampal neurons transfected with exogenous
HA-Nrxn-CTF (Fig. 8). In each condition, presynaptic response
was evoked with 1, 3, and 5 APs, a stimulus range within the linear
response reported for SyGCaMP probes (Tian et al., 2009; Li et
al., 2011; Akerboom et al., 2012). Stimulation of Nrxn signaling
with postsynaptic Nlgn1 in control cultures locally increased
evoked presynaptic calcium signal compared with untransfected
synapses (Fig. 8A,B). Importantly, genetic inactivation of PS
genes in PS cDKO neurons decreased evoked calcium levels at
Nlgn1 synapses, leaving internal synapses contacting untrans-
fected neurons unaffected (Fig. 8A,B). The peak SyGCaMP3 am-

plitude per APs, a measure of the average calcium signal evoked
by a single APs, was increased at Nlgn1 synapses of control cul-
tures compared with internal synapses (1.145 � 0.047 and
1.765 � 0.101 for internal and Nlgn1 synapses of control cul-
tures, respectively; 1.060 � 0.038 and 1.695 � 0.106 for internal
and Nlgn1 synapses of �Cre cultures, respectively), whereas ab-
lation of PS genes decreased SyGCaMP3 amplitude per APs at
Nlgn1 synapses (1.058 � 0.017 and 1.288 � 0.038 for internal
and Nlgn1 synapses of PS cDKO synapses, respectively). There-
fore, the augmented presynaptic release induced by Nlgn1 was
found to be associated with an increase in calcium levels at presyn-
aptic terminals. Conversely, inhibition of PS function strongly de-
creased presynaptic calcium levels and mobilization of synaptic
vesicles at Nlgn1 synapses.

Then, we investigated whether Nrxn-CTF mediate the inhib-
itory response in presynaptic calcium flux induced by PS
inactivation. Indeed, transfection of HA-Nrxn-CTF in hip-
pocampal neurons inhibited evoked calcium levels at presynaptic
terminals, whereas expression of HA-Nrxn-CTF�PDZ showed
an attenuated reduction in presynaptic calcium (Fig. 8C,D). The
peak SyGCaMP3 signal per AP was 1.052 � 0.023 for control
synapses, 0.380 � 0.017 for HA-Nrxn-CTF synapses, and
0.707 � 0.024 for HA-Nrxn-CTF�PDZ synapses. Together, these
findings indicate that accumulation of Nrxn-CTF at presynaptic
terminals accounts for the inhibitory effect of loss of PS function
by a mechanism that reduces presynaptic calcium levels and, con-
sequently, synaptic vesicle release.

Inhibition of ectodomain shedding in Nrxn1-� increases
presynaptic release
The presynaptic effect of overexpressed postsynaptic Nlgn1 relies
on the trans-synaptic recruitment of Nrxn-� isoforms. In this
scenario, increasing Nrxn-� levels at the axonal surface should
mimic the effect of overexpressed Nlgn1 at the postsynapse. How-
ever, it has been shown that the surface/total ratio of Nrxn-� pro-
teins at synapses is tightly controlled (Fu and Huang, 2010),
precluding an effect of their overexpression. Our data showing
that blocking ectodomain shedding increases Nrxn1-� levels in
lysates of HEK293T cells (Fig. 5) suggest the intriguing possibility
that the synaptic levels of Nrxn-� proteins are regulated by pro-
teolysis of the extracellular domain. Interestingly, we found that
expression of mutant HA-Nrxn1-� �368 –393 resistant to ect-
odomain shedding increased Nrxn1-� surface levels in axons of
hippocampal neurons (Fig. 9). As opposed to the lack of effect of
HA-Nrxn1-�, expression of HA-Nrxn1-� �368 –393 propor-
tionally increased the release of synaptic vesicles at 40 and 300
APs (Fig. 9). Therefore, increasing postsynaptic Nlgn1 levels or
blocking ectodomain shedding of axonal Nrxn-� isoforms in-
creases synaptic levels of Nrxn-� and stimulates presynaptic
release.

Discussion
Although PS mediates the proteolytic processing of Nrxns, it has
been unclear whether the synaptic clearance of Nrxn-CTF by PS
is important for synaptic physiology. In this study, we performed
experimental approaches based on fluorescent synaptic probes to
analyze the effect of the inhibition of Nrxns processing by PS. Our
results indicate that normal PS function is required to maintain
neurotransmitter release and presynaptic calcium levels at gluta-
matergic synapses induced by Nrxn–Nlgn1 complex. However,
PS function is dispensable for the recruitment of synaptic vesicles
and the induction of glutamatergic synapses mediated by Nlgn1.
Moreover, presynaptic expression of exogenous Nrxn-CTF in

4

(Figure legend continued.) �Cre 1.137 � 0.061; PS cDKO 1.049 � 0.063; internal synapses at 3
APs: control 3.768 � 0.449; control �Cre 3.438 � 0.215; PS cDKO 3.299 � 0.220; internal
synapses at 5 APs: control 5.557�0.513; control�Cre 5.129�0.264; PS cDKO 5.220�0.263;
Nlgn1 synapses at 1 APs: control 1.456�0.069; control�Cre 1.656�0.010; PS cDKO 1.238�
0.048; Nlgn1 synapses at 3 APs: control 5.994 � 0.430; control �Cre 5.849 � 0.425; PS cDKO
4.142 � 0.201; Nlgn1 synapses at 5 APs: control, 8.465 � 0.519; control �Cre 8.024 � 0.547;
PS cDKO 6.283 � 0.300, **p 	 0.01, ***p 	 0.001, Kruskal–Wallis followed by the post hoc
Dunn’s test). Slopes: internal control synapses 1.145 � 0.047; internal �Cre synapses 1.060 �
0.038; internal PS cDKO synapses 1.058 � 0.017; Nlgn1 synapses 1.765 � 0.101, Nlgn1 �Cre
synapses 1.695 � 0.106; Nlgn1 PS cDKO synapses 1.288 � 0.038, **p 	 0.01, ***p 	 0.001,
one-way ANOVA followed by the post hoc Bonferroni’s test. C, Images showing peak SyGCaMP3
fluorescence of hippocampal neurons cotransfected with SyGCaMP3 alone (control) or with
HA-Nrxn-CTF or HA-Nrxn-CTF�PDZ. D, Peak signal (�F) of normalized SyGCaMP3 fluorescence
plotted as in B (control synapses at 1 APs 1.0 � 0.082; HA-Nrxn-CTF synapses at 1 APs 0.274 �
0.017; HA-Nrxn-CTF�PDZ synapses at 1 APs 0.556 � 0.032; control synapses at 3 APs 2.997 �
0.246; HA-Nrxn-CTF synapses at 3 APs 1.235 � 0.115; HA-Nrxn-CTF�PDZ synapses at 3 APs
2.252 � 0.093; control synapses at 5 APs 5.368 � 0.387; HA-Nrxn-CTF synapses at 5 APs
1.869 � 0.148; HA-Nrxn-CTF�PDZ synapses at 5 APs 3.490 � 0.139, *p 	 0.05, **p 	 0.01,
***p 	 0.001, Kruskal–Wallis followed by the post hoc Dunn’s test). Slopes: control 1.052 �
0.023; HA-Nrxn-CTF synapses 0.380 � 0.017; HA-Nrxn-CTF�PDZ synapses 0.707 � 0.024,
***p 	 0.001 one-way ANOVA followed by the post hoc Bonferroni’s test. Scale bars, 5 �m.
Error bars indicate SEM.
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hippocampal neurons decreases synaptic vesicle release and pre-
synaptic calcium levels, thereby recapitulating the effect caused
by inactivation of PS activity. The inhibitory effect of Nrxn-CTF
is attenuated by the deletion of the last three C-terminal residues,
which form a functional PDZ-binding domain in Nrxn-CTF.
Together, our data indicate that accumulation of Nrxn-CTF due

to impaired PS activity is deleterious to the function of glutama-
tergic synapses.

Due to the role of Nrxns in presynaptic function, the accumula-
tion of Nrxn-CTF at glutamatergic terminals favored a potential
impact of Nrxn processing in the synaptic phenotype associated with
the loss of PS function. However, the challenges in assigning synaptic

Figure 9. Effect of the inhibition of ectodomain shedding of Nrxn1-� in axonal surface levels and presynaptic release. A, Immunofluorescence using HA and GFP antibodies in unpermeabilized
neurons cotransfected with GFP and HA-Nrxn1-� mutants. B, Normalized HA-Nrxn1-� area in transfected axons (wild-type 1.0 � 0.028; �368 –372 0.939 � 0.040; �368 –378 1.027 � 0.050;
�368 –385 0.817 � 0.036; �368 –393 1.474 � 0.058, *p 	 0.05, ***p 	 0.001, one-way ANOVA followed by the post hoc Bonferroni’s test). C, Normalized HA-Nrxn1-� intensity in transfected
axons (wild-type 1.0 � 0.022; �368 –372 0.977 � 0.021; �368 –378 1.015 � 0.027; �368 –385 0.959 � 0.023; �368 –393 1.190 � 0.022, ***p 	 0.001, Kruskal–Wallis with Dunn’s
multiple-comparisons test). Data are shown from 15–18 images from two independent experiments from different cultures. D, Images showing Synaptophysin-pHluorin (SypHy) fluorescence and
quantifications of hippocampal cultures expressing SypHy alone (control) or together with wild-type HA-Nrxn1-� or mutant HA-Nrxn1-� �368 –393 (control synapses at 40 APs 1.0 � 0.064;
HA-Nrxn1-� synapses at 40 APs 0.932 � 0.039; HA-Nrxn1-��368 –393 synapses at 40 APs 1.677 � 1.100; control synapses at 300 APs 2.207 � 0.137; HA-Nrxn1-� synapses at 300 APs 2.383 �
0.102; HA-Nrxn1-� �368 –393 synapses at 300 APs 3.850 � 0.182, ***p 	 0.001, Kruskal–Wallis followed by the post hoc Dunn’s test). Scale bar, 5 �m. Error bars indicate SEM.
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phenotypes to specific PS substrates and the complexity in analyz-
ing presynaptic function have precluded answering these ques-
tions. In this study, we analyzed the functional implications of the
proteolytic processing of Nrxns at glutamatergic terminals. Elec-
trophysiological recording of Nlgn1-expressing neurons sup-
ported the notion of a trans-synaptic mechanism that increases
release probability at glutamatergic synapses (Futai et al., 2007).
Surprisingly, expression of Nrxn1-� failed to increase neuro-
transmitter release, whereas expression of a Nrxn1-� deletion
mutant lacking the cytoplasmic tail decreases neurotransmitter
release while preserving the trans-synaptic interaction with
Nlgn1 (Futai et al., 2007; Wittenmayer et al., 2009; Rabaneda et
al., 2014). These data suggested that the function of Nrxn-�
isoforms at glutamatergic terminals is tightly regulated by
postsynaptic binding partners. Using synaptic probes to visual-
ize presynaptic release directly, we found that Nlgn1 enhances the
size of the different pools of synaptic vesicles at single terminals.
Moreover, calcium-imaging experiments showed that expression of
Nlgn1 increases APs-evoked calcium levels at contacting terminals.
Because the probability of neurotransmitter release correlates
with the size of the RRP (Murthy and Stevens, 1999), our data are
consistent with a role of Nlgn1 as a rate-limiting factor that reg-
ulates the number of functional release sites at contacting termi-
nals by stimulating trans-synaptic signaling through Nrxn-�
isoforms. In this regard, blocking ectodomain shedding in
HA-Nrxn1-� increases presynaptic release and the levels of the
protein at the axonal membrane. Therefore, the increase in pre-
synaptic release sites mediated by Nrxn-� can at least partly ex-
plain the positive effect of Nlgn1 in neurotransmitter release
probability.

Importantly, we found that ablation of PS genes in PS cDKO
neurons or inactivation of PS activity with genetic and chemical
approaches reduced the activity-dependent mobilization of syn-
aptic vesicles and decreased calcium levels at Nlgn1 synapses.
Although Nrxn–Nlgn1 signaling increases the number of gluta-
matergic synapses (Dean et al., 2003; Boucard et al., 2005; Chih et
al., 2006), the increase in density and intensity of synaptic vesicle
markers induced by Nlgn1 was not altered in neurons lacking PS
activity, suggesting a selective role of PS in the release of synaptic
vesicles downstream of Nrxn activation. The most plausible ex-
planation for these results is the generation of a PS substrate at
Nlgn1-induced presynaptic terminals, the local accumulation of
which renders Nlgn1 synapses susceptible to the loss of PS func-
tion. It is noteworthy to mention that, whereas Nrxn-CTF are
generated in neurons with impaired PS activity (Saura et al., 2011;
this study), presynaptic release in synapses not contacting Nlgn1
was only slightly reduced at 300 APs by the loss of PS activity.
Importantly, the immunoreactivity for a cyto-Nrxn antibody was
found increased at Nlgn1 synapses of PS cDKO cultures, expand-
ing our previous data using PS1 dominant-negative mutants
(Saura et al., 2011). Our data favor two potential nonexcluding
mechanisms for the local generation of Nrxn-CTF at glutamater-
gic terminals: (1) increase Nrxn availability through adhesion to
postsynaptic Nlgn1 or (2) initiation of the proteolytic processing
by an activity-dependent mechanism mediated by NMDA/
AMPA receptor signaling. It has been reported that Nlng1 increases
the recruitment of NMDA receptors (Budreck et al., 2013), which in
turn can become activated by glutamate released from the apposing
terminal. Therefore, the higher susceptibility of Nrxn–Nlgn1 syn-
apses to the loss of PS function correlates with increased concentra-
tion of Nrxn-CTF at presynaptic terminals.

The accumulation of Nrxn-CTF is governed by the balance of
the cleavage at the extracellular domain and the clearance of the

resulting Nrxn-CTF by PS. Using deletion mutants in the extra-
cellular domain of human Nrxn1-�, we identified a short region
in the juxtamembrane domain comprising residues 386 –393 re-
sponsible for the release of the ectodomain and the generation of
Nrxn-CTF. The predicted Nrxn-CTF contain the transmem-
brane and cytoplasmic domains of Nrxns and this is conserved
among Nrxn isoforms. Moreover, we demonstrated that inhibi-
tion of PS activity in heterologous and neuronal cells increases
the levels of an HA-tagged Nrxn-CTF construct containing the
last 85 residues of human Nrxn1, further indicating that Nrxn1
C-terminal fragments starting at V388 function as a PS substrate,
as shown recently for Nrxn3 (Borcel et al., 2016). One important
consequence of the identification of the cleavage site that gener-
ates Nrxn-CTF is that it enabled the functional study of the pro-
teolytic processing of Nrxns by PS without broadly affecting PS
activity toward other neuronal substrates. A key finding of our
study is that presynaptic accumulation of exogenous Nrxn-CTF
strongly decreases evoked calcium influx at axon terminals and
consequently synaptic vesicle release, thereby mimicking the
inhibitory effect of the loss of PS function. The inhibition in
presynaptic function induced by Nrxn-CTF is mediated by a syn-
aptic mechanism that depends on the integrity of the cytoplasmic
tail, as shown by the attenuated effect of a deletion mutant that
lacks the PDZ-binding domain of Nrxn-CTF. The increased
CASK levels indicate that accumulation of ligands that interact
with Nrxn-CTF might interfere with presynaptic signaling occur-
ring at contact sites downstream of the cytoplasmic tail of Nrxns,
thereby uncoupling presynaptic release from trans-synaptic ad-
hesion. Regions other than the PDZ-binding domain could con-
tribute to the intermediate CASK levels accumulated by the
Nrxn-CTF�PDZ mutant. The cytoplasmic tail of Nrxn1 contains
a conserved juxtamembrane domain that binds indirectly to
CASK through neuronal Protein 4.1N (Biederer and Südhof,
2001). Whether CASK levels are increased by this or by an alter-
native mechanism remains to be investigated, however, it is in-
teresting that the inhibition in presynaptic release caused by
Nrxn-CTF and Nrxn-CTF�PDZ constructs correlates with the
levels of accumulated CASK.

Collectively, our data indicate that stimulation of Nrxn–Nlgn1
trans-synaptic signaling increases the number of functional re-
lease sites at contacting presynaptic terminals. Synaptic activity
initiates the proteolytic shedding of the extracellular domain of
Nrxns by a NMDA/AMPA receptor-dependent signaling, which
results in the generation of Nrxn-CTF. Interestingly, Nrxn1-�
ectodomain accelerates the activity-dependent shedding of Nlgn1,
which in turn can modulate the retrograde pathway that controls
presynaptic release probability (Peixoto et al., 2012; Suzuki et al.,
2012). Therefore, the Nrxn–Nlgn1 signaling pathway is limited
by the coordinated activity-dependent processing of their mem-
bers. Nrxn-CTF produced at glutamatergic terminals are further
processed by PS/gamma-secretase complex, leading to its synap-
tic clearance. Loss of PS activity with chemical inhibitors or by
genetic inactivation accumulates Nrxn-CTF at presynaptic ter-
minals,which reduces evoked presynaptic calcium flux selectively
and, as a consequence, exocytosis of synaptic vesicles. Therefore,
accumulation of Nrxn-CTF explains the inhibitory effects caused
by loss of PS function at glutamatergic synapses. It has been pro-
posed that FAD-linked PS mutations produce a partial loss-of-
function mechanism, reducing the proteolytic activity of PS/
gamma-secretase complex toward its substrates (Shen and
Kelleher, 2007; Sun et al., 2017), including Nrxns (Bot et al., 2011;
Saura et al., 2011). Importantly, genetic inactivation of PS genes
in excitatory neurons results in deficits in glutamatergic release
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by a presynaptic mechanism, followed by age-dependent neu-
rodegeneration (Saura et al., 2004; Zhang et al., 2009, 2010).
Remarkably, the accumulation of Nrxn-CTF at glutamatergic termi-
nals of PS cDKO mice occurs at an early developmental time that
coincides with deficits in glutamatergic transmission, but precedes
neurodegeneration (Saura et al., 2011). Whereas the consequences
of impaired PS activity toward specific substrates remain to be clar-
ified fully, our data suggest that presynaptic accumulation of Nrxn-
CTF can contribute to the synaptic and neuronal deficits associated
with the loss of PS function in FAD.
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