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Shaping Excitatory and Inhibitory Synapse Properties
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Neuroligins are evolutionarily conserved postsynaptic cell adhesion molecules that interact with presynaptic neurexins. Neurons express
multiple neuroligin isoforms that are targeted to specific synapses, but their synaptic functions and mechanistic redundancy are not
completely understood. Overexpression or RNAi-mediated knockdown of neuroligins, respectively, causes a dramatic increase or de-
crease in synapse density, whereas genetic deletions of neuroligins impair synapse function with only minor effects on synapse numbers,
raising fundamental questions about the overall physiological role of neuroligins. Here, we have systematically analyzed the effects of
conditional genetic deletions of all major neuroligin isoforms (i.e., NL1, NL2, and NL3), either individually or in combinations, in cultured
mouse hippocampal and cortical neurons. We found that conditional genetic deletions of neuroligins caused no change or only a small
change in synapses numbers, but strongly impaired synapse function. This impairment was isoform specific, suggesting that neuroligins
are not functionally redundant. Sparse neuroligin deletions produced phenotypes comparable to those of global deletions, indicating that
neuroligins function in a cell-autonomous manner. Mechanistically, neuroligin deletions decreased the synaptic levels of neurotrans-
mitter receptors and had no effect on presynaptic release probabilities. Overexpression of neuroligin-1 in control or neuroligin-deficient
neurons increased synaptic transmission and synapse density but not spine numbers, suggesting that these effects reflect a gain-of-
function mechanism; whereas overexpression of neuroligin-3, which, like neuroligin-1 is also targeted to excitatory synapses, had no
comparable effect. Our data demonstrate that neuroligins are required for the physiological organization of neurotransmitter receptors
in postsynaptic specializations and suggest that they do not play a major role in synapse formation.
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Introduction
Neuroligins (NLs) are postsynaptic cell adhesion molecules that
bind to presynaptic neurexins (Ichtchenko et al., 1995 and 1996;

Nguyen and Südhof, 1997). Mammals express four neuroligins
(NL1 to NL4); of these, NL1, NL2, and NL3 are abundant and
highly conserved in mice, whereas NL4 exhibits low abun-
dance and poor conservation (Ichtchenko et al., 1996; Bolliger
et al., 2008). Neuroligins form obligatory homodimers (Como-
letti et al., 2003, 2006; Araç et al., 2007; Fabrichny et al., 2007;
Chen et al., 2008) and may also assemble into NL1/NL3 or NL2/
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Significance Statement

Human neuroligin genes have been associated with autism, but the cellular functions of different neuroligins and their molecular
mechanisms remain incompletely understood. Here, we performed comparative analyses in cultured mouse neurons of all major
neuroligin isoforms, either individually or in combinations, using conditional knockouts. We found that neuroligin deletions did
not affect synapse numbers but differentially impaired excitatory or inhibitory synaptic functions in an isoform-specific manner.
These impairments were due, at least in part, to a decrease in synaptic distribution of neurotransmitter receptors upon deletion of
neuroligins. Conversely, the overexpression of neuroligin-1 increased synapse numbers but not spine numbers. Our results
suggest that various neuroligin isoforms perform unique postsynaptic functions in organizing synapses but are not essential for
synapse formation or maintenance.
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NL3 heterodimers (Budreck and Scheiffele, 2007; Poulopoulos et al.,
2012). Despite their homology and coexpression in the same neu-
rons, neuroligins are differentially localized. NL1 is targeted to glu-
tamatergic synapses, NL2 to GABAergic and cholinergic synapses,
and NL3 to both glutamatergic and GABAergic synapses (Song et al.,
1999; Varoqueaux et al., 2004; Budreck and Scheiffele, 2007; Földy et
al., 2013; Takács et al., 2013).

Constitutive NL123 triple-knock-out (KO) mice displayed ma-
jor impairments in synapse function but exhibited normal synapse
morphology and density (Varoqueaux et al., 2006). Moreover,
conditional KOs (cKOs) of neuroligins in vivo in the striatum,
cerebellum, or hippocampus did not greatly alter synapse num-
bers (Rothwell et al., 2014; Zhang et al., 2015; Jiang et al., 2017);
only cKO of NL2 in adult prefrontal cortex caused a modest
inhibitory synapse loss that developed after 6 weeks (Liang et al.,
2015). KOs of NL1 produce a major decrease in NMDA receptor
(NMDAR)-mediated and, to a lesser extent, in AMPA receptor
(AMPAR)-mediated synaptic responses, causing a shift in the
NMDAR/AMPAR-ratio (Chubykin et al., 2007; Kim et al., 2008;
Blundell et al., 2010; Soler-Llavina et al., 2011; Jedlicka et al.,
2015; Jiang et al., 2017). KOs of NL2, conversely, impair synaptic
transmission in subsets of GABAergic synapses (Chubykin et al.,
2007; Gibson et al., 2009; Poulopoulos et al., 2009; Rothwell et al.,
2014; Liang et al., 2015; Zhang et al., 2015). Overall, these data
suggest that neuroligins are required for synapse maturation and
function, but not for the initial formation of synaptic contacts.
In some experiments using microRNA (miRNA)/short hairpin
RNA (shRNA)-mediated knockdown (KD) of neuroligins, how-
ever, reduction in neuroligin expression dramatically decreased
synapse and spine numbers (Chih et al., 2005; Kwon et al., 2012;
Shipman et al., 2011; but for different results, see Ko et al., 2011;
Soler-Llavina et al., 2011). Moreover, the overexpression of
neuroligins in cultured neurons uniformly increased synapse
numbers (Dean et al., 2003; Graf et al., 2004; Prange et al., 2004;
Boucard et al., 2005; Chih et al., 2005; Chubykin et al., 2007; Ko et
al., 2009a). Thus, in contrast to the genetic data, the RNAi and
overexpression experiments appear to suggest a synaptogenic
function of neuroligins.

This apparent contradiction may be explained by several dif-
ferences in genetic and nongenetic approaches. Different from
genetic deletions, many KD experiments were performed as
sparse manipulations in which only a few neurons in a popula-
tion were targeted; it is thus possible that these manipulations
uncovered a phenotype that was occluded by global genetic dele-
tions (Kwon et al., 2012). However, miRNA/shRNA-based KD
experiments can produce off-target effects and broadly interfere
with endogenous miRNA-based biological processes. Further-
more, rescue experiments of loss-of-function states are always
overexpression experiments in which overexpressed neuroligins
may exert gain-of-function effects and additionally form het-
erodimers with endogenous neuroligins in a nonphysiological
ratio. Indeed, it remains unclear whether the increase in mor-
phological synapses after neuroligin overexpression reflects an
increased number of physiological synapses or a nonfunctional
induction of synaptic specializations. Finally, multiple parallel func-
tions of a neuroligin isoform may be occluded when one function
predominates—for example, the large effect of NL1 manipulations
on NMDAR-mediated responses may hinder the observation of
their possible effects on AMPAR-mediated responses.

In order to address these important issues and to define the
potential for functional redundancy among neuroligins, we here
performed a systematic comparative analysis using acute cKOs
of all major neuroligin isoforms. This approach allowed us to

deconstruct the contributions of endogenous neuroligins in syn-
aptogenesis and synapse function and to demonstrate that neu-
roligins perform an essential role in organizing synapses but not
in the initial formation of synapses.

Materials and Methods
General experimental design. All animal experiments were performed
with male and female newborn mice according to institutional guidelines
and approved by the Administrative Panel on Laboratory Animal Care of
Stanford University School of Medicine. All experiments except for those
in Figures 1, 3F–J, 4D, and 11A and B, were performed in a “blinded”
fashion (i.e., the experimenter was unaware of whether a sample repre-
sented a test or control sample).

Mouse husbandry. A detailed description of generating NL cKOs (NL1
single cKO, NL2 single cKO, NL3 single cKO, NL13 double cKO, NL23
double cKO, and NL123 triple cKO) mice is described in the studies by
Liang et al. (2015), Rothwell et al. (2014), and Zhang et al. (2015).

Neuronal culture. Hippocampal and cortical neurons were cultured
from newborn mice as described previously (Maximov et al., 2007). Dis-
sected hippocampi (Figs. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10) or cortices (Figs. 11, 12,
13, 14) were digested for 30 min with 10 U/ml papain in HBSS buffer
supplemented with 2 mM Ca 2� and 0.5 mM EGTA in an incubator,
washed with HBSS buffer, dissociated in plating media (MEM supple-
mented with 0.5% glucose, 0.02% NaHCO3, 0.1 mg/ml transferrin, 10%
FBS, 2 mM L-glutamine, and 0.025 mg/ml insulin), and seeded on Matri-
gel (BD Biosciences) precoated coverslips placed inside 24-well dishes.
The day of plating was considered as 0 d in vitro (DIV0). After 24 h
(DIV1), 75% of the plating media was replaced with neuronal growth
media (MEM supplemented with 0.5% glucose, 0.02% NaHCO3, 0.1 mg/ml
transferrin, 5% FBS, 2% B27 supplement, and 0.5 mM L-glutamine). At
DIV2 (for hippocampal cultures) or DIV3 (for cortical cultures), 50% of
the medium was exchanged with fresh growth medium additionally sup-
plemented with 4 �M Ara-C (Sigma-Aldrich). The time course experi-
ments for hippocampal and cortical synaptogenesis were performed
every other day starting from DIV4 until DIV16 (Figs. 1, 11 A, B). Most of
the experiments were executed at DIV14 –16 (Figs. 2, 3, 4, 6, 7, 8, 9, 10, 11,
12, 13), unless otherwise mentioned. For long-term culture of hip-
pocampal and cortical neurons, 25% fresh media (with 4 �M Ara-C) was
added every 4 –5 d starting from DIV14, and experiments were per-
formed at DIV28 (Figs. 5, 14).

Conditional deletion of neuroligins. For global deletion of neuroligins in
all neurons, we infected hippocampal or cortical neurons cultured from
various single, double, or triple neuroligin cKO mice at DIV3 with lenti-
viruses expressing active (Cre) or inactive Cre-recombinase (�Cre; as
control) that were expressed as nuclear EGFP fusion proteins under the
control of human synapsin promoter (Kaeser et al., 2012). Since both Cre
and �Cre proteins were fused to EGFP, this allowed us to directly mon-
itor infection efficiencies. For sparse deletion of neuroligin in a small
subset of neurons, we transfected the cultured neurons at DIV3 by re-
placing the neuronal growth media with MEM for 20 min and using
calcium phosphate transfection with 10 �g (per six coverslips) of expres-
sion vectors encoding Cre-EGFP versus �Cre-EGFP. The DNA/Ca 2�/
HBSS mixture was added to cultured neurons for 20 min at 37°C, and the
neurons were washed afterward with MEM and kept in the incubator.

Neuroligin overexpression. For neuroligin overexpression experiments
(Fig. 10), cultured hippocampal neurons were infected at DIV3 with lentivi-
ruses expressing Cre-EGFP or �Cre-EGFP and subsequently were trans-
fected at DIV8 with constructs encoding mVenus alone (1 �g) or
cotransfected with constructs encoding mVenus (1 �g) and mouse NL1
(containing splice-site A and splice-site B; 1 �g) or mouse NL3 (containing
splice-site A; 1 �g). All plasmids were in a pFSW67 backbone and used the
human synapsin promoter; for NL1 and NL3, the endogenous signal pep-
tides were replaced with those of Ig�, followed by an N-terminal HA peptide
fused to the mature coding sequence.

Lentivirus production. Lentiviruses were prepared using protocols
described previously (Chanda et al., 2016). In brief, human embryonic
kidney 293 cells cultured in 10 cm dishes were cotransfected with Cre/
�Cre-EGFP vectors (18 �g) and three helper plasmids (pRSV-REV,
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pMDLg/pRRE, and VSV-G, 9 �g each) using calcium phosphate trans-
fection. After a complete media exchange at 12 h, supernatants were
subsequently collected at 36 and 60 h. Each 20 ml of the pooled superna-
tants was centrifuged at 23,000 rpm for 2 h, and the viral pellet was
resuspended in 100 �l of HBSS. The viruses were stored at �80°C for no
more than 2 weeks before use (1–2 �l/coverslip).

Quantitative RT-PCR. Hippocampal cultures of NL1 single cKO, NL2
single cKO, NL3 single cKO, NL13 double cKO, NL23 double cKO and

NL123 triple cKO animals were globally infected with lentivirus express-
ing Cre vs �Cre -EGFP at DIV3, and total mRNA was collected at
DIV14 –16, using RNeasy mini kit (Qiagen). A total of 200 ng of total
mRNA from each experimental condition was reverse transcribed into
cDNA using the First Strand cDNA Synthesis Kit for RT-PCR (Life Tech-
nologies). Quantitative RT-PCR was performed using the AB7900HT
Real-Time PCR system (Life Technologies) and TaqMan Gene Expres-
sion Assays (Life Technologies) for NL1 (Mm01291458_m1), NL2

Figure 1. Time course of excitatory and inhibitory synaptogenesis in cultured hippocampal neurons. A, Schematic illustration of experimental design (top) and representative images of neuronal
morphology as a function of in vitro culture time (bottom, visualized by MAP2 immunostaining). Hippocampal neurons were cultured from newborn mice (black arrowhead), and electrophysiological
and morphological parameters of synaptic maturation were monitored at DIV4 to DIV16 (gray arrowheads) as described in B–F. B, Cm and Rm of hippocampal neurons mature gradually in culture.
The capacitance and input resistance values (mean � SEM) are plotted as a function of culture time (n � 51–75 neurons/time point from three independent cultures). Data were fitted to a Hill
function (P � Pmax/[1 � (bar graph/DIV) n], where P � Cm or Rm; for Cm, Pmax � 135.46 � 14.2 pF, n � 2.54 � 0.73, and K1/2 � 7.78 � 0.45 d; for Rm, Pmax � 86.13 � 12.5 M�, n � 3.05 �
0.82, and K1/2 � 4.46 � 1.29 d. C, D, Overall synaptogenesis proceeds continuously from DIV4 to DIV16 in cultured hippocampal neurons. Neurons were double labeled by immunofluorescence for
MAP2 (red) and synapsin (green). The density of synaptic puncta per MAP2-positive area and the size of synaptic puncta were measured [C, representative images; D, plots of synaptic puncta density
and size as a function of culture time (mean � SEM; n � 20 fields/DIV, 3 independent batches)]. In D, data were fitted to a Hill function (see legend to B); for synapse density, Pmax � 1.36 � 0.12
puncta/�m 2, n � 4.99 � 1.41, and K1/2 � 10.37 � 0.71 d; for synapse size, Pmax � 0.87 � 0.13 �m 2, n � 3.32 � 0.9, and K1/2 � 12 � 1.82 d. E, Measurements of spontaneous mEPSCs
uncover early formation of functional glutamatergic synapses in cultured hippocampal neurons [top, representative traces; bottom, summary plots of the mEPSC amplitude (left) and frequency
(right); data are means � SEM; n � 49 – 87 cells/DIV]. Data were fitted to a Hill function (see legend for B); for the mEPSC amplitude, Pmax � 30.15 � 0.51 pA, n � 15.89 � 104, and K1/2 �
5.88 � 0.87 d; for the mEPSC frequency, Pmax � 1.05 � 0.09 Hz, n � 11.31 � 10.6, and K1/2 � 8.04 � 0.57 d. F, Same as E, except for GABAAR-mediated mIPSCs, n � 64 –114 cells/DIV). For
mIPSC amplitude, Pmax � 85.99 � 11.4 pA, n � 3.67 � 2.04, and K1/2 � 9.62 � 1.38 d; and for mIPSC frequency, Pmax � 3.02 � 0.6 Hz, n � 5.62 � 0.95, and K1/2 � 12.46 � 1.11 d.
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(Mm01245478_m1), and NL3 (Mm01225951_m1). Average cycle
threshold (Ct) values for the mRNA levels of each neuroligin isoforms
were calculated for all genotypes and were normalized to that of GAPDH
(Mm99999915_g1).

Immunoblotting experiments. DIV14 –16 primary hippocampal cul-
tures derived from NL123 triple cKO animals were lysed with RIPA
buffer (50 mM Tris, 250 �M NaCl, 1% Triton X-100, 1% sodium deoxy-
cholate, and 0.2% SDS, pH 7.5) with fresh protease inhibitors (Sigma-

Aldrich). Crude lysates were collected and boiled in sample buffer. Total
extracted protein (20 –30 �g) was loaded onto a 4 –20% Tris– glycine
gradient gel (Bio-Rad) before being transferred to a nitrocellulose mem-
brane. Membranes were immunostained overnight with the following
primary antibodies: mouse NL1 (1:1000; Synaptic Systems; RRID:
AB_887747); mouse NL2 (1:500; Synaptic Systems; RRID: AB_2619813);
or rabbit NL3 (1:500; 639B, Südhof laboratory). Blots were stained with
fluorescent secondary antibodies (LI-COR) and were imaged on a

Figure 2. Validation of acute cKO of neuroligins in cultured hippocampal neurons using lentiviral expression of Cre-recombinase in all neurons or transfection of Cre-recombinase in a subset of
neurons, with �Cre as a negative control in all cases. A, Strategy for neuroligin cKO analysis. Hippocampal neurons cultured from newborn neuroligin cKO mice were uniformly infected at DIV3 with
lentiviruses expressing EGFP-tagged wild-type Cre-recombinase (Cre) or a mutant version of the same (�Cre), or alternatively sparsely transfected at DIV3 with plasmids encoding the same proteins.
All subsequent analyses of neuroligin KOs were performed at DIV14-16, if not mentioned otherwise. Particularly for Figure 5 and Fig. 14, DIV3-infected Cre- or�Cre-expressing neurons were cultured
for an extended period and were analyzed at DIV28. B, Lentiviral infection expresses Cre or �Cre in all neurons (left, representative images; right, summary graphs of the infection efficiency
quantified via the nuclear EGFP signal of lentivirally encoded Cre-EGFP or �Cre-EGFP). C, Quantitative RT-PCR measurements confirm that lentiviral Cre expression at DIV3 reduces neuroligin
expression below the detection limit at DIV14-16. Bar graphs show GAPDH-normalized neuroligin mRNA expressions for NL1, NL2, and NL3, in cultured hippocampal neurons expressing�Cre (black)
or Cre (gray); neurons were cultured from the indicated cKO mice. D, E, Representative images (D) and summary graphs (E) of Western blot analysis for NL1, NL2, and NL3 protein expressions in
DIV14-16 primary hippocampal neurons derived from NL123 triple cKO animals, which were infected with lentivirus encoding either �Cre or Cre at DIV3. The neuroligin signals (NL) were normalized
to corresponding �-actin signals for quantifications in E. Arrowheads in D indicate NL3 signal (blue) and a nonspecific band (red). F, Same as B, except for Ca 2� phosphate-mediated sparse
transfection of cultured hippocampal neurons. For all summary graphs, average values are presented as the mean � SEM. along with numbers of independent cultures. Asterisks show significant
differences between �Cre and Cre conditions, as assessed by paired, one-tailed t test (*p � 0.05; **p � 0.01; ***p � 0.005).
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LI-COR Odyssey CLx Imaging System. A mouse �-actin antibody
(1:1000; Sigma-Aldrich; RRID: AB_476692) was used as a loading
control for protein quantifications.

Electrophysiology. Patch-clamp experiments were performed essen-
tially as described previously (Maximov et al., 2007; Chanda et al., 2013).
In brief, primary neurons from hippocampal or cortical cells were
patched with internal solution containing as follows (in mM): 135–145
CsCl2, 0 –5 NaCl, 10 HEPES, 1–5 EGTA, 1 Na-GTP, 1–5 QX-314, 4
MgATP, and 0.3 Na2GTP, with pH adjusted to 7.2–7.4 with CsOH, and
osmolarity of 305–310 mOsm. The external bath solution contained the
following (in mM): 140 –150 NaCl, 4 –5 KCl, 2–3 CaCl2, 1 MgCl2, 10
glucose, and 10 HEPES, with pH adjusted to 7.4 with NaOH, and
osmolarity of 305–315 mOsm. Individual receptor-mediated synaptic
responses were isolated using pharmacological agents (picrotoxin;
50 –100 �M; GABAAR/GlycineR Blocker, Tocris Bioscience), CNQX
(AMPAR blocker; 10 –25 �M; Tocris Bioscience), and DL-AP5 (NMDAR
blocker; 50 �M; Tocris Bioscience) in the following specific combina-
tions: picrotoxin plus AP5 for AMPAR-mediated evoked/mini EPSCs;
picrotoxin plus CNQX for NMDAR-mediated evoked EPSCs; and AP5
plus CNQX for evoked/mini-IPSC measurements. Tetrodotoxin (TTX;
2 �M; Ascent Scientific) was additionally added to the external solution
during all miniature EPSC (mEPSC) and mIPSC recordings to block

presynaptic release induced by spontaneous action potentials. The AMPAR-
mediated EPSCs and GABAAR-mediated IPSCs were recorded at a hold-
ing potential (Vhold) of �70 mV, whereas NMDAR-mediated EPSCs
were measured at �50 mV. The coefficient of variation (CV) for
AMPAR-mediated evoked EPSCs was calculated (SD/mean) from 8 –20
consecutive trials. Paired-pulse ratios (PPRs) for NMDAR EPSCs and
GABAAR IPSCs were measured at a 100 ms time interval between two
successive stimulation pulses. For use-dependent block of NMDAR
EPSCs, stimulations of synaptic inputs were halted after achieving a sta-
ble baseline current at Vhold � �50 mV, cells were then bath perfused
with MK-801 (10 �M; Tocris Bioscience) while maintaining a Vhold �
�70 mV, and synaptic stimulations were resumed after 8 –10 min for 100
successive pulses (0.1 Hz) at Vhold � �50 mV; EPSC amplitudes from all
trials were normalized to the first pulse after MK-801 application. Puff
applications of AMPA (R-S AMPA hydrobromide, Tocris Bioscience; in
the presence of 1 mM �DGG, a low-affinity AMPAR competitive inhibi-
tor; it additionally contained TTX plus picrotoxin plus AP5) and GABA
(Tocris Bioscience; in the presence of 2 �M CGP55845, a GABABR an-
tagonist; it additionally contained TTX plus AP5 plus CNQX) were per-
formed for 100 ms with 20 psi using a Picospritzer III (Parker
Instrumentation), and the peak amplitude/total charge transfer was cal-
culated within 30 s from puff application.

Figure 3. Acute triple KO of NL1, NL2, and NL3 (NL123) in cultured hippocampal neurons impairs excitatory and inhibitory synaptic strength by a cell-autonomous, postsynaptic mechanism.
A, B, Acute lentiviral deletion of NL123 decreases the amplitudes and frequency of spontaneous mEPSCs (A) and mIPSCs (B). Left, representative traces; right, summary graphs of the mEPSC/mIPSC
amplitudes and frequency at DIV14-16. C–E, Acute lentiviral deletion of NL123 decreases the amplitudes of evoked synaptic responses in excitatory synapses (measured as AMPAR-mediated, C; and
NMDAR-mediated EPSCs; D) and in inhibitory synapses (IPSCs; E). Left, Representative traces. Right, Summary graphs of the EPSC/IPSC amplitudes at DIV14-16. F–J, Same as A–E, except that
hippocampal neurons cultured from NL123 triple cKO mice were sparsely transfected with plasmids encoding �Cre or Cre, as indicated. Data are reported as the mean � SEM; numbers of
neurons/independent cultures analyzed are shown in bars. Significant differences between �Cre and Cre conditions are indicated with asterisks (*p � 0.05; **p � 0.01; ***p � 0.005; unpaired,
one-tailed t test).
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Figure 4. Acute cKO of neuroligins does not alter synapse or spine numbers in cultured hippocampal neurons. A, Uniform deletion of neuroligins in all neurons does not decrease excitatory
synapse density in hippocampal neurons cultured from NL123 triple cKO mice. Neurons were infected at DIV3 with lentiviruses expressing �Cre (top row) or Cre (bottom row), and immunostained
at DIV14-16 for EGFP to identify nuclear �Cre/Cre expression, for MAP2 to label dendrites, and for vGLUT1 to mark excitatory synapses. Left, representative images as indicated (right view shows an
expanded view of the selected dendrites boxed in the merged image); right, summary graphs of the density (top) or size (bottom) of vGLUT1-positive synaptic puncta. B, Same as A, except that
neurons were immunostained for vGAT to mark inhibitory synapses. C, Neurons cultured from NL123 triple cKO mice were sparsely transfected at DIV3 with plasmids expressing �Cre-EGFP or
Cre-EGFP, and patched at DIV14-16 with a recording pipette (Rec.) containing the fluorescent dye Alexa Fluor-594 to enable visualization of the entire dendritic (Figure legend continues.)
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Synaptic immunolabeling. For synapse number quantification, cells
were washed with PBS and immediately fixed with 4% PFA (Affymetrix)
for 10 min at room temperature. Cells were next permeabilized and
blocked in 0.1– 0.2% Triton X-100 (Sigma-Aldrich) plus 10% cosmic calf
serum (GE Healthcare Life Sciences) in PBS, followed by primary and
secondary antibody incubation, for 1 h for each treatment, followed by
four PBS washes. Coverslips were then mounted using Fluoromount-G
(Southern Biotech), and images were acquired with an A1Rsi (Nikon)
confocal microscope using 60	 oil-objectives. Sequential acquisition
was used to avoid bleed through between channels. The laser power,
photomultiplier gain, and offset parameters were adjusted to avoid
background signals and pixel saturation but were kept constant for
all conditions within same experiment. Quantitative puncta-analysis
for synapsin/vesicular GLUT1 (vGLUT1)/vesicular GABA transporter
(vGAT) immunoreactivity was performed using ImageJ (National Insti-
tutes of Health; RRID: SCR_003070) software using maximum intensity
projections of optical sections (7–13 sections of 0.4 – 0.5 �m thickness).
All images within the same experiments were equally thresholded by
intensity to exclude background signals, and only puncta number/size
was estimated. For puncta density calculation, microtubule-associated
protein 2 (MAP2) signals were used for area normalization. Antibodies
used for these experiments were as follows:mouseanti-MAP2(1:500;Sigma-
Aldrich; RRID: AB_477171); E028 rabbit anti-synapsin (1:500; Südhof lab-
oratory; RRID: AB_2315400); rabbit anti-vGLUT1 (1:1000; Synaptic

Systems; RRID: AB_2315552); rabbit anti-vGAT (1:1000; Synaptic Sys-
tems; RRID: AB_887869); chicken anti-GFP (1:1000; Aves Labs; RRID:
AB_10000240); mouse anti-HA (1:1000; Covance; RRID: AB_291263);
and Alexa Fluor-488-, Alexa Fluor-555-, and Alexa Fluor-647-
conjugated secondary antibodies (Life Technologies). For spine-
counting experiments, cells were perfused for 5–10 min with Alexa
Fluor-594 (0.5 mM; Life Technologies) using a patch pipette and then fixed
with PFA and mounted with Fluoromount-G. Spine density analysis was
performed using Neuron Studio software (Rodriguez et al., 2008) with
manual curation. For depolarization-induced presynaptic uptake of
anti-Synaptotagmin-1 luminal antibody (Syt1lum; rabbit; Synaptic Sys-
tems; RRID: AB_887835), cells were briefly incubated for 10 min with
fresh Neuobasal plus B27 media (containing 1.8 mM Ca 2�; Thermo
Fisher Scientific) plus diluted Syt1lum antibody (1:100) and 50 mM KCl in
the presence of TTX (2 �M) plus CNQX (25 �M) plus AP5 (50 �M) plus
picrotoxin (50 �M). Cells were then immediately washed with PBS and
fixed with PFA, permeabilized with Triton X-100, and coimmunostained
with mouse anti-synapsin-1 (Syn1) antibody (1:1000; Synaptic Systems;
RRID: AB_887805). Experiments for surface GluA2 immunostaining
and GluA2-vGLUT1 colocalization assay were performed essentially as
described by Chanda et al. (2016). In brief, fixed but nonpermeabilized
cells were first immunolabeled with mouse GluA2 antibody (1:50; Milli-
pore; RRID: AB_2113875) then washed with PBS, permeabilized with
Triton X-100, and stained with vGLUT1 antibody (1:1000). Colocaliza-
tion analysis was performed using the JACoP plugin in ImageJ software.

FM1-43 assay for presynaptic exocytosis. Low-density primary hip-
pocampal cultures from NL123 triple cKO animals were globally infected
at DIV3 with lentivirus expressing �Cre versus Cre-EGFP. At DIV14-16,
cells were labeled with FM1-43 dye (5 �M; Life Technologies) for 90 s
with an external recording solution containing 50 mM KCl. Activity-
dependent recycling terminals loaded with FM1-43 were visualized after
10 –15 min of perfusion with a KCl-free and dye-free regular external
solution. Neurons were then exposed to a dye-free external solution
containing 50 mM KCl for depolarization-induced vesicle depletion. All
solutions contained 3 mM CaCl2 and the inhibitor cocktail TTX (2 �M)
plus CNQX (25 �M) plus AP5 (50 �M) plus picrotoxin (50 �M) to avoid
Na � channel and/or recurrent synaptic activity-mediated presynaptic
depolarization. Images were acquired every second using a Rolera-XR
digital CCD camera (Qimaging), and an Olympus BX51WI microscope

4

(Figure legend continued.) arbor and of spines of a transfected neuron (left, bright-field image,
with white and black arrowheads indicating transfected and nontransfected neighboring neu-
rons, respectively; center, EGFP fluorescence of transfected neurons expressing nuclear Cre- or
�Cre-EGFP fusion proteins; right, Alexa Fluor-594 fluorescence of a patched transfected neu-
ron). D, Sparse deletion of neuroligins in a small subset of neurons does not decrease the spine
density, as quantified with Alexa Fluor-594 fluorescence. Left and center, Representative im-
ages of Alexa Fluor-594-filled neurons (for better visualization, boxed dendritic sections are
expanded on the right of each neuron), sparsely transfected with �Cre vs Cre-expressing vec-
tors; right, summary graphs of the spine density. All summary data are the reported as the
mean � SEM; numbers of fields/independent cultures analyzed are shown in bars. No signifi-
cant differences ( p 
 0.05, unpaired, one-tailed t test) were detected between �Cre vs Cre
conditions in any of the experiments.

Figure 5. Extended deletion of NL123 for 4 weeks causes only minor change in synapse numbers. A, Representative images (areas identified with a white frame are enlarged on the right for each
image) and summary graphs of the density (left) and size (right) of synaptic puncta of hippocampal neurons that were cultured from NL123 triple cKO mice, infected at DIV3 with lentiviruses
expressing �Cre (control) or Cre, and immunostained at DIV28 for vGLUT1 (to label excitatory synapses), MAP2 (to visualize dendrites), and EGFP (to assess infection efficiency since the lentiviruses
express Cre or �Cre as EGFP fusion proteins). B, Same as A, except that neurons were stained for the inhibitory synapse marker vGAT instead of the excitatory synapse marker vGLUT1. Data are
reported as the mean � SEM; total number of fields/batches analyzed is indicated in the bars. Statistical significance was assessed using an unpaired, one-tailed t test (**p 
 0.01; all other
comparisons were p 
 0.05).
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Figure 6. Conditional loss of neuroligins does not affect the properties of presynaptic neurotransmitter release. A, Representative images (Pseudo colored) of dendritic sections from hippocampal
neurons of NL123 triple cKO mice, when globally expressed�Cre (top) or Cre (bottom) at DIV3 and live stained at DIV16 with antibody against the luminal domain of Syt1lum for 10 min in the presence
of 50 mM KCl and 1.8 mM Ca 2� (left), and coimmunostained for Syn1 (middle) after fixation and permeabilization (signals merged, right). Insets are magnified views of the boxed areas (white) from
merged images. B, Average graphs indicate the size (top left) and density (top right) of Syt1-positive actively recycling presynaptic boutons, and the colocalization of Syt1-labeled active synapses
with Syn1-positive presynaptic terminals (bottom left) or the colocalization of Syn1-positive presynaptic puncta with Syt1-positive terminals (bottom right). Colocalizations are measures of
normalized Mander’s coefficients for respective correlations of immunofluorescence signals from �Cre (black) vs Cre (brown) conditions. C, Experimental strategy (left) to directly monitor
presynaptic vesicle release in primary hippocampal neurons derived from NL123 triple cKO mice, which were globally infected at DIV3 with lentivirus-expressing EGFP-tagged �Cre or Cre (asterisk),
loaded with 5 �M FM1-43 dye for 90 s in the presence of 50 mM KCl and 3 mM Ca 2� at DIV14-16, and fluorescently labeled presynaptic boutons (arrowheads) (Figure legend continues.)
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equipped with filter sets (41017 bandpass filter, Chroma; Excitation
wavelength, 470 � 20 nm; Emission wavelength, 525 � 25 nm) that
allowed fluorochrome detection of both nuclear EGFP and synaptic
FM1– 43 signals from the same cell. Images were analyzed using ImageJ
software, background subtracted, and corrected for photo-bleaching us-
ing nonsynaptic areas, and average intensities were normalized to the
initial image 10 s before KCl stimulation.

Data presentation. All average data in bar graphs represent the mean �
SEM. For most experiments, statistical comparisons between Cre and
�Cre conditions were made using an unpaired, one-tailed, Student’s t
test, except for the quantitative PCR and Western blot analysis (Fig.
2C,E), where a paired t test was conducted. For multiple comparisons
(Fig. 10), one-way ANOVA with post hoc Tukey’s test was performed.

Results
Time course of synapse formation in cultured neurons
In order to assess the synaptic role of neuroligins, it is important
to first understand the developmental time course of synaptogen-
esis in the cultured neurons used, because this time course may
vary considerably between culture preparations. Therefore, we
cultured hippocampal neurons from newborn mice and moni-
tored their morphological and functional synaptic properties ev-
ery other day from DIV4 to DIV16 (Fig. 1A). Over this time
period, we observed a gradual increase in the complexity of neu-
rite outgrowth, a continuous increase in membrane capacitance
(Cm), and a steady decrease in input resistance (Rm; Fig. 1A,B).
Similarly, synapse density and synapse size also increased sub-
stantially from DIV4 to DIV16 (Fig. 1C,D). We then evaluated
the functional maturation of excitatory versus inhibitory synapses
and measured AMPAR-mediated mEPSCs and GABAAR-mediated
mIPSCs (Fig. 1E,F). Both mEPSCs and mIPSCs increased in
amplitude and frequency over time, as expected. However, mEP-
SCs matured much faster than mIPSCs and reached a maximal
steady-state level by DIV10 to DIV12 (Fig. 1E). The mIPSCs, in
contrast, increased at a much slower rate and did not saturate
even at DIV16 (Fig. 1F). Together, these data suggest that synap-
togenesis proceeds continuously within 4 –16 d in cultured hip-
pocampal neurons, with excitatory synapses developing more

rapidly than inhibitory synapses, as observed in vivo for the visual
cortex (Sutor and Luhmann, 1995).

Cre-recombinase expression efficiently deletes neuroligins in
cKO neurons
To evaluate the cellular effects of deletions of endogenous neu-
roligins, we next cultured hippocampal neurons from various
neuroligin cKO mice (NL1 single cKO, NL2 single cKO, NL3
single cKO, NL13 double cKO, NL23 double cKO, and NL123
triple cKO). We infected the neurons at DIV3 with lentiviruses
expressing EGFP-fused nuclear Cre-recombinase (which gener-
ates a global loss of selective neuroligin isoforms in all neurons
due to high infection efficiency; Fig. 2A,B) before synaptogenesis
and synaptic activities were observed (see Fig. 1). A nonfunc-
tional mutant version of the Cre-recombinase (�Cre) was used
in all experiments as a control. Global expression of Cre-
recombinase caused a nearly complete loss of the respective
neuroligin mRNAs and protein expression in corresponding
NL cKO neurons, as analyzed at DIV14 –16 (Fig. 2C–E). Cre-
recombinase was also effective in NL123 triple cKO neurons,
demonstrating that even having six floxed alleles does not
impede recombination. Therefore, all of our following exper-
iments for neuroligin cKO analyses were performed at
DIV14 –16 after Cre-recombinase expression at DIV3, except
when otherwise stated (Figs. 5, 14). For some experiments (Figs.
3F–J, 4C,D, 11D, 12F–J, 13C,D), we also delivered the lentiviral
vectors using a calcium phosphate transfection protocol,
which resulted in a sparse expression pattern of �Cre or Cre
only in a few, well isolated neurons that could be visually
separated from nontransfected neighboring cells (Fig. 2F ).

Endogenous neuroligins support general synapse function
To evaluate the overall contribution to synaptic transmission of the
three major neuroligin isoforms (NL1, NL2, and NL3; note that NL4
is not significantly expressed in cultured hippocampal neurons), we
first analyzed triple NL123 cKO neurons. Lentivirus-mediated
global loss of neuroligins caused a large reduction in both excit-
atory and inhibitory synaptic transmission, including the mEPSC
amplitude and frequency (Fig. 3A, �25% and �50% decrease,
respectively), mIPSC amplitude and frequency (Fig. 3B, �10%
and �80% decrease, respectively), AMPAR-evoked EPSCs (Fig.
3C, �30% decrease), NMDAR-evoked EPSCs (Fig. 3D, �60%
decrease), and GABAAR-evoked IPSCs (Fig. 3E, �70% decrease).
These data suggest that endogenous neuroligins play a key role in
determining both excitatory and inhibitory synaptic strengths.

We next asked whether the neuroligin deficiency phenotype,
although already severe, might be even more pronounced upon
sparse deletions of neuroligins, after which a few neuroligin-
deficient neurons would have to compete with surrounding wild-
type neurons for synaptic contacts. We sparsely transfected NL123
triple cKO hippocampal neurons with expression vectors for
�Cre-EGFP as a control or for Cre-EGFP (Fig. 2F). Synaptic
recordings from transfected cells demonstrated that the loss of
neuroligins again significantly impaired mEPSC amplitude and
frequency (Fig. 3F, �10% and �60% decrease, respectively),
mIPSC amplitude and frequency (Fig. 3G, �20% and �50%
decrease, respectively), AMPAR-evoked EPSCs (Fig. 3H, �50%
decrease), NMDAR-evoked EPSCs (Fig. 3I, �60% decrease), and
GABAAR-evoked IPSCs (Fig. 3J, �30% decrease). Because Cre-
recombinase expression by sparse transfection of NL123 triple
cKO neurons produced a phenotype similar to that produced by
the global infection of all neurons by lentiviral infection (Fig.

4

(Figure legend continued.) on dendritic branches were visualized after a 10 min wash with
dye-free media. The time-lapse images (right) represent FM1– 43 signals from presynaptic
terminals of NL123 triple cKO hippocampal neurons expressing �Cre or Cre as indicated, before
(pre stim., top two) and after exposure to 50 mM KCl in the presence of 3 mM Ca 2� (bottom
three). D, Normalized average intensity of FM1-43 signals (left) from �Cre (connected filled
circles, black) vs Cre (connected filled circles, brown) expressing NL123 cKO neurons, before and
after 50 mM KCl treatment (black bar). Data from individual cells were further fitted to a double-
exponential function, and the summary graph (right) indicates the fast-decay component of
FM1-43 signal intensity following 50 mM KCl exposure for �Cre (black) and Cre (brown) condi-
tions. E, Analysis of variability in AMPAR-mediated evoked EPSCs for NL123 cKO hippocampal
neurons globally expressing �Cre vs Cre. Example traces (left) show 10 consecutive trials (light
shades) overlaid with average values (dark shades). Summary graph (right) depict coefficients
of variation as an indirect measure of release probability. F, G, Representative traces (left) and
summary graphs (right) of average PPRs (�t � 100 ms) of NMDAR-mediated EPSCs (F) or IPSCs
(G). H, Sample traces (left) and average amplitudes (right) of NMDAR-mediated evoked EPSCs
during repetitive synaptic stimulation at 0.1 Hz from NL123 cKO neurons globally expressing
�Cre (black) or Cre (brown), before (Ctrl) and after bath application of 10 �M MK-801 (black
bar), as normalized to trial 1 in MK-801. I, Summary graphs indicate fast (left) and slow (right)
kinetic components for MK-801-dependent inhibition of NMDAR-mediated evoked EPSC am-
plitudes, when fitted with a double-exponential function. J–L, Same as E–G, except for NL123
triple cKO hippocampal neurons sparsely transfected with plasmids encoding �Cre or Cre, as
indicated. All average data are reported as the mean � SEM; corresponding numbers of fields
imaged (for A and B), synaptic terminals analyzed (for C and D), or cells patched (E–L) per
independent experimental batches are indicated. No significant difference ( p 
 0.05, un-
paired, one-tailed t test) between �Cre and Cre conditions was detected for any of the
experiments.
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3A–E), our data suggest that the functions of neuroligins operate
by a cell-autonomous mechanism.

Conditional loss of endogenous neuroligins does not affect
synapse formation
The effect of the NL123 triple conditional deletion on synaptic func-
tion could be due either to an overall loss of synapse numbers or to
presynaptic and/or postsynaptic functional impairments. To differ-
entiate among these three possibilities, we first tested the effect of the
NL123 triple deletion on synapse and spine numbers (Fig. 4).

We infected cultured hippocampal NL123 triple cKO neu-
rons with �Cre-EGFP- or Cre-EGFP-expressing lentiviruses and

stained the neurons with antibodies to MAP2 as a dendritic
marker and to vGLUT1 or vGAT as markers of excitatory and
inhibitory synapses, respectively. We then quantified the density
and size of synaptic puncta but failed to uncover any significant
difference between control (�Cre) and NL123-deficient neurons
(Cre; Fig. 4A,B). Furthermore, to study the effect of the NL123
triple deletion on spines, we sparsely transfected cultured hippocam-
pal NL123 cKO neurons with �Cre-EGFP- or Cre-EGFP-expressing
plasmids, filled transfected neurons with the fluorescent dye Alexa
Fluor-594 via a patch pipette at DIV14 –16, and analyzed the
spine density of the imaged neurons (Fig. 4C). Again, we ob-
served no significant effect of the NL123 triple deletion on spine

Figure 7. Global triple NL123 cKO decreases the synaptic and surface localizations of postsynaptic receptors. A, Representative images (Pseudo colored) from dendritic branches of hippocampal
neurons that were cultured from NL123 triple cKO mice and infected with lentiviruses expressing �Cre (top) or Cre (bottom) at DIV3 and immunostained for surface AMPARs (GluA2 staining, left)
and excitatory synapses (vGLUT1 staining, center) at DIV16 (merged views, right). B, Summary graphs represent the size (top left) and density (top right) of GluA2-positive synaptic puncta, as well
as the colocalization of GluA2 receptors with vGlut1-positive presynaptic terminals (bottom left) or the colocalization of vGlut1-positive presynaptic terminals with GluA2 receptor-positive puncta
(bottom right). In these analyses, colocalizations are measured as normalized Mander’s coefficients for respective correlations of immunofluorescence signals. C, Sample image of a hippocampal
neuron from low-density culture, as cells were patched using a recording pipette (Rec.), and a second pipette (Puff) was used to pressure deliver the selective receptor agonist near two different
dendritic processes (Position 1 and Position 2). D, Example traces (top) of postsynaptic currents from NL123 triple cKO neurons expressing �Cre (black) vs Cre (brown), as induced by exogenous
application of AMPA of varying concentrations (color shades) to selectively stimulate surface AMPARs in the presence of �DGG (1 mM, low-affinity competitive AMPAR antagonist), and summary
graphs of the average peak amplitude (bottom left) and total charge transfer (bottom right) for dose-dependent AMPA-induced responses (AMPA conc.). For every cell, agonist-induced EPSCs were
averaged for two to three different puff-pipette positions (see C). Summary data are fit with straight lines; for peak amplitude, slope�1.22�0.11 (for�Cre, black) and 1.08�0.1 (for Cre, brown);
for total charge transfer, slope � 16.48 � 1.86 (for �Cre, black) and 11.21 � 1.41 (for Cre, brown). E, Same as D, but for responses induced by puffs of GABA. Lines in summary graphs are fits with
Hill equation (see legend to Fig. 1B); for peak amplitude, Pmax � 15.54 � 5.04 nA (for �Cre, black) and 13.1 � 2.13 nA (for Cre, brown), n � 1.41 � 0.83 (for �Cre, black) and 1.85 � 0.92 (for
Cre, brown), and K1/2 � 435.65 � 144 �M (for �Cre, black) and 329.8 � 51.6 �M (for Cre, brown); for total charge transfer, Pmax � 180 � 108 nC (for �Cre, black) and 130.43 � 67.4 nC (for Cre,
brown), n � 1.19 � 0.6 (for �Cre, black) and 1.35 � 0.73 (for Cre, brown), and K1/2 � 804.47 � 721 �M (for �Cre, black) and 690.22 � 479 �M (for Cre, brown). Data in bar graphs are reported
as the mean � SEM; numbers on the bars indicate total number of fields analyzed (for imaging) or cells recorded (for electrophysiology)/number of independent cultures, from each condition.
Asterisks indicate significant differences between �Cre and Cre conditions (*p � 0.05; ***p � 0.005; unpaired, one-tailed t test).
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numbers (Fig. 4D). Thus, the decrease in synaptic transmission
induced by deletion of neuroligins is not due to a decrease in
synapse or spine numbers.

It is possible that the decrease in synapse numbers observed
upon the deletion of neuroligins in some experiments (Chih et
al., 2005; Shipman et al., 2011; Kwon et al., 2012) may have been
a secondary consequence of the chronic impairment in synaptic
transmission. To test this hypothesis, we examined the effect of
the NL123 triple deletion on synapse density after a longer time in
culture (i.e., at DIV28 instead of DIV14 –16; Fig. 5). Again, we
detected no significant difference in excitatory synapse density
between control and triple NL123 KO neurons (Fig. 5A). We did,
however, observe a small but significant reduction in inhibitory
synapse density in NL123-deficient neurons after 4 weeks of cul-
ture (Fig. 5B). These data suggest that prolonged loss of neuroli-
gins may cause minor reductions in inhibitory synapse numbers,
at least in a subset of synapses depending on the cultured cell
types.

Conditional loss of NL123 does not alter the functional
parameters of presynaptic release
The decreases in mEPSC and mIPSC amplitudes in NL123 triple
cKO neurons indicate a reduction in postsynaptic AMPARs and
GABARs, whereas the decreases in mEPSC and mIPSC frequen-
cies could result from either presynaptic decreases in release
probability or silencing of functional synapses, or postsynaptic
decreases in neurotransmitter reception (see Fig. 3). To investi-
gate whether the synaptic phenotypes in neuroligin-deficient
neurons could be explained by a presynaptic mechanism, we
tested activity-dependent vesicle reuptake in NL123 triple
cKO neurons globally expressing �Cre versus Cre, using
depolarization-induced endocytosis of an Syt1 luminal domain
antibody (Matteoli et al., 1992). We measured the puncta size and
density of Syt1-positive actively recycling terminals and also an-
alyzed their colocalizations with Syn1-expressing presynaptic
boutons but found no significant change in neuroligin-deficient
cells for any of the parameters tested (Fig. 6A,B). Moreover, the

Figure 8. Acute conditional double cKO of neuroligins NL13 and of NL23 partially replicate the phenotype produced by conditional NL123 triple cKO in cultured hippocampal neurons. A, Sample
traces of AMPAR-mediated mEPSCs (left) recorded from DIV 14 to DIV16 primary hippocampal neurons of NL13 double cKO animals, globally infected with lentivirus expressing �Cre (top) or Cre
(bottom) at DIV3. Bar graphs (mean � SEM) represent the average amplitude (left) and frequency (right) of mEPSC events for �Cre (black) vs Cre (blue) conditions. B, Same as A, except for
GABAergic mIPSCs. C–E, Representative traces of evoked synaptic currents for AMPAR EPSCs (C) NMDAR EPSCs (D), and GABAAR IPSCs (E) recorded from �Cre-expressing (black) vs Cre-expressing
(blue) NL13 double cKO neurons. Corresponding bar graphs (mean � SEM) indicate average amplitudes of evoked EPSCs/IPSCs for �Cre vs Cre condition. F–J, Same as A–E, except cultures were
derived from NL23 double cKO, and infected with �Cre-expressing (black) or Cre-expressing (purple) lentivirus. Numbers on the bar graphs represent the total number of cells recorded/number of
batches, for all experimental conditions. Significant differences between�Cre and Cre conditions are indicated with asterisks (*p�0.05; **p�0.01; unpaired, one-tailed t test). ns, Not significant.
( p 
 0.05).
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Figure 9. Individual neuroligins perform distinct roles in excitatory and inhibitory synaptic transmission in cultured hippocampal neurons. A, Representative traces of AMPAR-mediated mEPSC
recordings (left) made from DIV14 to DIV16 primary hippocampal neurons of NL1 single cKO animals, globally infected with lentivirus expressing �Cre (top) vs Cre-recombinase (bottom) at DIV3.
Bar graphs indicate average mEPSC amplitude (left) and frequency (right) for �Cre (black) vs Cre (green) conditions and presented as the mean � SEM. B, Same as A, except for GABAAR-mediated
mIPSC recordings. C–E, Representative traces of AMPAR-mediated (C) and NMDAR-mediated (D) evoked EPSCs or GABAAR-mediated evoked IPSCs (E), as recorded from DIV14 to DIV16 primary
hippocampal neurons of NL1 cKO animals, globally infected with lentivirus expressing �Cre (black) vs Cre (green) at DIV3. Corresponding bar graphs indicate average amplitudes of evoked EPSCs or
IPSCs for�Cre vs Cre condition, and values are represented as the mean�SEM. F–J, Same as A–E, except NL2 single cKO cultures were infected with lentiviruses expressing�Cre (black) vs Cre (red).
K–O, Same as A–E, except NL3 single cKO cultures were infected with lentiviruses expressing �Cre (black) vs Cre (cyan). For individual experimental condition, total number of cells recorded/total
number of batches are indicated inside corresponding average bar graphs. Significant differences between �Cre and Cre conditions are indicated with asterisks (*p � 0.05; **p � 0.01; ***p �
0.005; unpaired, one-tailed t test).
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Figure 10. NL1 and NL3 differentially rescue different components of the triple KO phenotype. A, Schematic of domain structures for HA-tagged NL1 and NL3 proteins used, to analyze the effects
of neuroligin overexpression in NL123 triple cKO neurons. B, Experimental protocol. Hippocampal neurons were cultured from newborn NL123 triple cKO mice, globally infected at DIV3 with
lentivirus expressing either �Cre or Cre, sparsely cotransfected at DIV8 with plasmids encoding mVenus alone (control) or mVenus together with HA-tagged versions of NL1 or NL3, and analyzed at
DIV14-16. C, D, Representative traces (C) and average amplitudes (D) of AMPAR-mediated evoked EPSCs, recorded from neurons treated with the manipulations described in B. E, F, Same as
C and D, but for NMDAR-mediated evoked EPSCs. G, Sample images of dendrites from neurons that were treated with the manipulations described in B, (Figure legend continues.)
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presynaptic terminals of �Cre versus Cre-expressing NL123 tri-
ple cKO neurons, when loaded with FM1– 43 dye to directly
monitor activity-dependent exocytosis (Klingauf et al., 1998),
showed very similar destaining kinetics upon depolarization,
suggesting that the loss of neuroligins does not impair overall
presynaptic release mechanisms (Fig. 6C,D).

To further probe for changes in presynaptic functions in
NL123 triple cKO neurons at excitatory versus inhibitory syn-
apses using independent approaches, we next analyzed the CV

for AMPAR-mediated evoked EPSCs, calculated the PPRs for
NMDAR-mediated EPSCs or GABAAR-mediated IPSCs (note
that PPRs for AMPAR could not be determined directly, owing
to the network activity that is induced by the first stimulus
under AMPAR recording conditions) and assessed the MK-
801-mediated use-dependent block of NMDAR EPSCs, all of
which provide measures of presynaptic release probabilities
(Bekkers and Stevens, 1990; Malinow and Tsien, 1990; Rosen-
mund et al., 1993; Manabe and Nicoll, 1994; Debanne et al., 1996;
Raffaelli et al., 2004). We did not detect any significant effect of
the neuroligin-1/2/3 triple KO on these three independent mea-
sures of presynaptic release probability, effectively ruling out an
effect of postsynaptic neuroligin deletions on presynaptic neu-
rotransmitter release (Fig. 6E–I). Finally, similar to lentivirus-
mediated global deletion of neuroligins, transfection-based
sparse conditional triple KOs of neuroligins also did not alter
the CV of AMPAR EPSCs or the PPR of NMDAR EPSCs or
GABAAR IPSCs (Fig. 6J–L). These data confirm that postsynaptic
loss of neuroligins does not affect the probabilities of release at

4

(Figure legend continued.) and analyzed by imaging for the transfected mVenus and for immu-
nostained HA neuroligins and synapsin (top panels, �Cre control samples; bottom panels, Cre
samples); merged views of all signals are shown at the bottom of each panel. H, Summary
graphs of spine numbers (top) and synaptic puncta (bottom) as a function of neuroligin overexpres-
sion in transfected NL123 triple cKO neurons expressing�Cre (black) vs Cre (brown), as quantified by
mVenus-fluorescence or Synapsin staining, respectively. All summary graphs show the mean �
SEMs; numbers in bars indicate the number of cells patched (for electrophysiology) or dendritic sec-
tions analyzed (for imaging)/independent cultures. Statistical comparisons were made by one-way
ANOVA with post hoc Tukey’s test (*p � 0.05; **p � 0.01; ***p � 0.005).

Figure 11. Global vs sparse conditional deletion of NL123 during synaptic development of cultured cortical neurons. A, B, Sample images (A) demonstrating gradual development of neurite
arborization from DIV4 to DIV16 (left to right) in primary cortical culture and representative dendritic sections (B) of cortical neurons from DIV4 to DIV16, when coimmunostained for Map2 (red
signal) and Synapsin (green signal), indicate gradual increase in synaptic specifications, as quantified (bottom right) by the average values (n � 20/DIV, mean � SEM) of Synapsin area/Map2 area.
Data are fit using Hill equation (line) with Hill parameters Pmax � 0.81 � 0.13, n � 2.7 � 0.77, and K1/2 � 10.53 � 1.12 d. C, Representative images (left) of primary cortical neurons derived from
NL123 triple cKO animals, when infected at DIV3 with lentiviruses expressing �Cre-EGFP or Cre-EGFP, and analyzed at DIV14-16 for infection efficiency (right, mean � SEM, n � 3 independent
cultures), using nuclear EGFP signal. D, Same as C, except for Ca 2� phosphate-mediated sparse transfection (arrowheads) of cultured cortical neurons.
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either excitatory or inhibitory synapses in primary hippocampal
neurons.

NL123 deletion causes decrease in postsynaptic
receptor levels
Viewed together, the data up to this point suggest that condi-
tional NL123 triple deletions strongly impair synaptic transmis-
sion via a postsynaptic mechanism that, based on the decline in
mEPSC and mIPSC amplitudes, is mediated at least in part by a
decrease in postsynaptic receptor levels. To directly test this
hypothesis, we measured the postsynaptic levels of the AMPAR
subunit GluA2 by immunocytochemistry of cultured control and
NL123-deficient neurons (Fig. 7A,B). We immunostained sur-
face AMPARs in nonpermeabilized neurons using antibodies to
GluA2 followed by permeabilization and immunostaining with
antibodies to the presynaptic excitatory synapse marker vGLUT1
(Fig. 7A). Interestingly, we found that the NL123 deletion signif-
icantly decreased surface GluA2 puncta size but not density, sug-
gesting a decrease in postsynaptic AMPAR levels consistent with
the decrease in mEPSC amplitude (Fig. 7B). Moreover, we de-

tected in NL123-deficient neurons a substantial reduction in
GluA2 colocalization with vGLUT1, suggesting a loss of AMPARs
from some excitatory synapses (Fig. 7B), which might account for
the decrease in mEPSC frequency observed in electrophysiology
experiments (see Fig. 3). Thus, endogenous neuroligins support
normal postsynaptic localization of AMPARs in hippocampal
neurons.

We wondered whether the loss of postsynaptic neuroligins
induces a general loss in the surface expression of neurotransmitter
receptors. We addressed this question by puffing exogenous AMPA
(Clements et al., 1992; Wadiche and Jahr, 2001; Foster et al., 2002;
Wong et al., 2003; Crowley et al., 2007; Chanda and Xu-Friedman,
2010; in the presence of �DGG, to prevent AMPARs from both
desensitization and saturation) or GABA onto the dendritic branches at
different positions of a patched neuron and quantifying the re-
sulting currents (Fig. 7C, illustration). Interestingly, we detected
significant reductions in the total charge transfers but not in the
peak amplitudes of both AMPAR- and GABAAR-mediated post-
synaptic currents for NL123-deficient neurons, particularly at
high agonist concentrations (Fig. 7D,E). Together, these data

Figure 12. Acute cKO of neuroligins impairs synaptic transmission in cultured cortical neurons similar to hippocampal neurons. A, B, Spontaneous mEPSCs (A) and mIPSCs (B) recorded at DIV14-16 from
NL123 triple cKO primary cortical cultures, which were globally infected with lentivirus expressing�Cre (black) or Cre (brown) at DIV3. Left, Representative traces; right, summary graphs (mean�SEM) of the
mEPSC/mIPSC amplitudes and frequency. C, Representative traces (left) and average peak amplitudes (right, mean � SEM) of AMPAR-mediated evoked EPSCs recorded from DIV14-16 cortical neurons
expressing�Cre (black) or Cre (brown), through lentivirus-mediated global infection at DIV3. D, E, Same as C, except for NMDAR-mediated evoked EPSCs (D) or GABAAR-mediated evoked IPSCs (E). F–J, Same
as A–E, except for calcium phosphate-mediated sparse transfection (�Cre in black, and Cre in cyan) at DIV3. For all experiments, total number of cells recorded/independent batches is indicated on bar graphs.
Statistical significance between �Cre vs Cre conditions were assessed using unpaired, one-tailed t test (ns, p 
 0.05; *p � 0.05; **p � 0.01; ***p � 0.005).
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Figure 13. Acute NL123 cKO in cultured cortical neurons does not impair synaptogenesis. A, Conditional deletion of neuroligins does not alter excitatory synapse size and density in cortical
neurons cultured from NL123 triple cKO mice (left, representative images; right, quantifications of synaptic puncta). Neurons were infected with lentiviruses expressing EGFP-fused �Cre (top
images) or Cre (bottom images) and immunostained for EGFP, MAP2, and vGLUT1 as indicated (“merged” images show the superimposed EGFP, MAP2, and vGlut1 immunofluorescence signals). The
boxed area in the merged representative image is expanded in the right image. Summary graphs show average vGLUT1-positive synaptic puncta density (top) or size (bottom). B, Same as A, except
for inhibitory synapses with neurons that were stained for vGAT instead of vGLUT1. C, Experimental strategy to quantify spine density of cortical neurons cultured from NL123 triple cKO mice, which
were sparsely transfected at DIV3 with plasmids expressing �Cre or Cre, and patched at DIV14-16 with a recording pipette (Rec.) containing the fluorescent dye Alexa Fluor-594. Left, Bright-field
image (white and black arrowheads indicate transfected and nontransfected cells, respectively). Center, EGFP fluorescence of transfected cells expressing nuclear Cre- or �Cre-EGFP fusion proteins.
Right, Alexa Fluor-594 fluorescence of a patched transfected cell. D, Conditional deletion of neuroligins does not alter postsynaptic spine density of cortical (Figure legend continues.)

Chanda et al. • Neuroligins in Synapse Function J. Neurosci., July 19, 2017 • 37(29):6816 – 6836 • 6831



indicate that neuroligins play an important role in maintaining
the synaptic concentration of neurotransmitter receptors and
also likely contribute to their membrane trafficking and/or sur-
face retention.

Neuroligin isoforms differentially contribute to excitatory
and inhibitory synapse function
Next, we aimed to segregate the specific functional contributions
of various neuroligin isoforms to the synaptic phenotypes ob-
served in NL123-deficient neurons. We first analyzed NL13 or
NL23 double deletions using hippocampal neurons cultured
from the respective double cKO mice and infected them with
�Cre-EGFP- or Cre-EGFP-expressing lentiviruses (Fig. 8). We
found that the NL13 double deletion caused selective changes in
excitatory synaptic transmission, with a small impairment in the
mEPSC amplitude but not frequency (Fig. 8A, �10%), no changes
in mIPSC amplitude and frequency (Fig. 8B), a significant decline
in AMPAR and NMDAR EPSCs (Fig. 8C, �35% decrease, D,
�50% decrease), and no change in GABAAR-evoked IPSCs (Fig.
8E). In contrast, the NL23 double deletion induced a selective,
although modest, decrease in inhibitory synaptic transmission,
with no changes in mEPSCs (Fig. 8F), a robust decrease in mIPSC
amplitude but not frequency (Fig. 8G, �25%), no changes in
AMPAR and NMDAR EPSCs (Fig. 8H, I), and a significant de-
crease in GABAAR-mediated evoked IPSCs (Fig. 8J, �20%
decrease).

To further dissect the contributions of individual neuroligins,
we systematically analyzed NL1, NL2, and NL3 cKO mice using
Cre-mediated global deletions in hippocampal neurons cultured
from the respective single cKO mice (Fig. 9). The results were
straightforward: the NL1 deletion impaired only evoked AMPAR-
and NMDAR-mediated EPSCs (Fig. 9A–E, �30% and 45% de-
creases, respectively), whereas the NL2 deletion impaired only
the amplitude of mIPSCs and GABAR-mediated IPSCs (Fig.
9F–J, �10% and 50% decreases, respectively). The NL3 deletion,
in contrast, on its own caused no significant change (Fig. 9K–O).
In aggregate, these data suggest that NL1 and NL2 perform
nonredundant functions at excitatory and inhibitory syn-
apses, respectively, and that their loss-of-function phenotypes
in triple NL123-deficient neurons is amplified by additional de-
letion of NL3, which by itself has no significant essential effect.

Comparative analysis of the excitatory synaptic effects
generated by NL1 versus NL3 overexpressions
The single, double, and triple neuroligin KO analyses suggest that
neuroligin isoforms act in a nonredundant fashion to establish
synaptic strength but do not contribute to synapse formation. To
corroborate this conclusion, we performed “rescue” experiments
in which we tested the effects of NL1 and NL3 overexpression on
synaptic function and of synapse and spine numbers on control
and NL123-deficient cultured hippocampal neurons (Fig. 10).
We infected hippocampal neurons cultured from NL123 triple
cKO mice at DIV3 with lentiviruses encoding �Cre-EGFP or
Cre-EGFP and sparsely transfected them at DIV8 with mVenus
alone (for visualization of transfected cells) or with mVenus and
also either HA-tagged NL1 or NL3. We then analyzed the neu-
rons at DIV14-16 using electrophysiology and morphological as-
says (Fig. 10A,B).

Consistent with earlier results (Chubykin et al., 2007; Ko et al.,
2009a), we observed that in control neurons expressing �Cre-
EGFP, NL1 overexpression caused a dramatic increase in both
AMPAR- and NMDAR-mediated evoked EPSC amplitudes (Fig.

4

(Figure legend continued.) neurons, as measured with Alexa Fluor-594 fluorescence. Left and
center, Sample images of Alexa Fluor-594-infused neurons (boxed dendritic sections are ex-
panded on the right for each cell), sparsely transfected with �Cre vs Cre-expressing vectors.
Right, Summary graphs depict spine densities from corresponding conditions. Bar graphs show
mean � SEM, with the number of imaging fields (for global manipulations) or neurons (for
sparse manipulations)/independent cultures analyzed depicted in the bars. No significant dif-
ferences (p 
 0.05, unpaired, one-tailed t test) were observed between �Cre vs Cre conditions
for any of the quantifications shown.

Figure 14. Long-term absence of neuroligins causes no change in synapse numbers for cultured cortical neurons. A, Sample images (left) with corresponding boxed areas (white) enlarged for
better visualization, and summary graphs (right) representing the density and size of synaptic puncta of cortical neurons from NL123 triple cKO mice, when infected at DIV3 with lentiviruses
expressing �Cre (control) vs Cre, and immunostained at DIV28 for vGLUT1 (to label excitatory synapses), MAP2 (to visualize dendrites), and EGFP (to assess infection efficiency since the lentiviruses
express Cre or �Cre as EGFP-fusion proteins). B, Same as A, except for neurons stained for the inhibitory synapse marker vGAT instead of the excitatory synapse marker vGLUT1. Data are the mean �
SEM; total number of imaging fields/independent experiments is indicated with corresponding average values. Statistical significance was tested using unpaired, one-tailed t test (for all compar-
isons, p 
 0.05).
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10C–F). This effect was much larger for NMDAR EPSCs (�200%)
than for AMPAR EPSCs (�50%). NL3 overexpression, con-
versely, had no effect on either synaptic response. In parallel
experiments, NL123-deficient neurons expressing Cre-EGFP
showed significant decrease in AMPAR and NMDAR EPSC am-
plitudes as expected (Fig. 10C–F), as before (see Fig. 3); this
decrease was more severe for NMDAR EPSCs (�50%) than for
AMPAR EPSCs (�30%). NL1 overexpression (rescue) in NL123-
deficient neurons not only reversed this deficit, but enhanced
AMPAR and NMDAR EPSCs far above control levels in a manner
similar to that in NL1 overexpression in control neurons. Intrigu-
ingly, NL3 overexpression reversed the AMPAR–EPSC deficit to
control levels, but had no effect on the NMDAR-EPSC deficit
(Fig. 10C–F). Thus, functionally, NL1 and NL3 behave very dif-
ferently not only in terms of their KO phenotype, but also for
their dominant-positive effects when overexpressed.

We next examined in the same neurons the effects of the NL1
and NL3 overexpression on dendritic spine and synapse num-
bers. Using immunostaining with HA antibody, we detected
strong expression of the transfected NL1 and NL3 on dendrites
and spines that often coincided with synapsin staining as a marker
for synapses (Fig. 10G). We quantified the density of dendritic
spines that were identified based on the mVenus signal, and of
synapses using the intensity of synapsin staining as a proxy (Fig.
10H). None of the various manipulations had any effect on spine
numbers, even though overexpression of NL1, but not of NL3,
caused a dramatic increase (�60%) in synapsin staining (Fig.
10H). Viewed together, these data indicate that overexpression of
NL1, but not of NL3, causes increased production of synapses, but
not of spines, and that the relatively greater functional requirement
for NL1 in NMDAR-mediated than in AMPAR-mediated synaptic
responses is replicated in the properties of these newly induced syn-
apses. These data corroborate the notion that NL1 and NL3 have
intrinsically different functions despite their homology and com-
mon targeting to excitatory synapses.

Neuroligin function in cortical neurons mimics their role in
hippocampal neurons
To assess potential region-specific effects of neuroligins (Ether-
ton et al., 2011) and to examine the generality of the results
described above, we tested the role of neuroligins in neurons
cultured from cortex instead of hippocampus. In cultured corti-
cal neurons, the synapse density increased gradually from DIV4
to DIV16 (Fig. 11A), which is similar to our observations in cul-
tured hippocampal neurons (see Fig. 1). Moreover, global and
sparse deletions of neuroligins in cortical neurons by lentiviral
infection and transfection, respectively, were similarly efficient to
those in hippocampal neurons (Fig. 11C,D) and, thus, afforded
another ready preparation for studying endogenous neuroligin
function.

We found that the NL123 triple KO caused impairments in
synaptic transmissions in cortical neurons similar to those ob-
served in hippocampal neurons, although an AMPAR-specific
phenotype was not detected in cortical cultures, and the NMDAR-/
GABAAR-mediated synaptic phenotypes were less severe in corti-
cal than in hippocampal neurons (Fig. 12). Again, essentially the
same phenotype was observed after global or sparse neuroligins
deletions. Moreover, as in hippocampal neurons, we observed
that the NL123 triple deletion had no effect on synapse density or
spine numbers (Fig. 13). Even after an extended culture period of
4 weeks, no decrease in the density or size of synaptic puncta was
detected in NL123-deficient cortical neurons (Fig. 14). Thus,
conditional deletion of endogenous neuroligins does not affect

overall synaptogenesis and/or spinogenesis in cultured cortical
neurons, corroborating the data from cultured hippocampal
neurons.

Discussion
Increasing evidence suggests that presynaptic neurexins and their
multifarious trans-synaptic ligands are central organizers of syn-
apses (Südhof, 2008; Krueger et al., 2012). The relative binding
affinities of various neurexin ligands, including those of neuroligins,
leucine-rich repeat transmembrane neuronal proteins (LRRTMs),
neurexophilins, and cerebellins, depend on the specific neurexin and
ligand isoforms involved and on the alternative splicing of these
isoforms. Moreover, some of the neurexin ligands compete with
each other for binding, adding a higher layer of complexity (Ichtch-
enko et al., 1995; Missler et al., 1998; Boucard et al., 2005; Chih et al.,
2006; Ko et al., 2009a,b; de Wit et al., 2009; Siddiqui et al., 2010;
Matsuda and Yuzaki, 2011). Thus, neurexins and their ligands form
a dynamic trans-synaptic interaction network that is regulated by the
expression and alternative splicing of neurexins and of their various
binding partners. Strikingly, all neurexin ligands appear to be ex-
pressed in multiple isoforms, but it remains unclear whether these
isoforms are functionally redundant or perform distinct and diverse
roles.

Among neurexin ligands, neuroligins are possibly the most
important because they, together with �-neurexins, appear to be
conserved in invertebrates (Tabuchi and Südhof, 2002; Li et al.,
2007; Banovic et al., 2010; Chen et al., 2010; Sun et al., 2011;
Owald et al., 2012; Xing et al., 2014). Despite considerable efforts,
the cellular functions and molecular mechanisms of neuroligins
are incompletely understood. Two key questions in particular
appear to be important. First, neuroligin overexpression causes
large increases in synaptogenesis, and KDs, using shRNAs or
microRNAs, generally induce dramatic losses of synapses, but
genetic deletions mostly induce impairments in synaptic func-
tion with no or only minor changes in synapse numbers. Thus,
different approaches lead to different conclusions about neuroli-
gin function. Second, vertebrates express multiple neuroligin
genes that bind to neurexins by similar mechanisms, but it is
unclear whether these genes perform similar or distinct func-
tions. The high degree of homology between neuroligin isoforms
suggests similar biological activities, yet their distinct localiza-
tions and different synapse specificities indicate divergent
functions.

In the present study, we set out to systematically approach
these questions with two principal objectives: to produce a com-
prehensive characterization of the general cellular function of
neuroligins; and to gain insight into their isoform-specific mech-
anistic contributions. For the first aim, we acutely deleted all
major neuroligin isoforms using NL123 triple cKO in cultured
hippocampal and cortical neurons; for the second aim, we re-
moved neuroligin isoforms, in combination or individually, and
additionally performed overexpression experiments of specific
neuroligins. For both objectives, we analyzed the effects of the
molecular manipulations on synapse formation and function us-
ing imaging and electrophysiology. To the best of our knowledge,
this is the first systematic analysis of neuroligin function using
such complementary approaches in cultured neurons. We believe
that this analysis enabled several fundamental conclusions about
the role of neuroligins that are relevant for the two key questions
raised above.

First, we observed that the deletion of neuroligins impaired
the strength of basal synaptic transmission in both cultured hip-
pocampal and cortical neurons (Figs. 3, 12), indicating that neu-
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roligins play essential roles in synapse function. However, the loss
of neuroligins did not induce a major decrease in synaptogenesis,
independent of culture durations or whether the neuroligins were
deleted using global or sparse manipulations (Figs. 4, 5, 13, 14).
These results complement previous studies using constitutive
KOs in cultured neurons (Varoqueaux et al., 2004; Chubykin et
al., 2007; Blundell et al., 2010) and conditional KOs in vivo (Liang
et al., 2015; Zhang et al., 2015) to establish that neuroligins by
themselves are not essential for synapse formation. These results
are at odds, however, with various KD studies (Chih et al., 2005;
Shipman et al., 2011; Kwon et al., 2012). We argue that genetic
manipulations are more interpretable than KD approaches, espe-
cially if the genetic manipulations are performed using condi-
tional KOs that operate on a time frame similar to that of KD
approaches. KD approaches invariably adopt the endogenous
microRNA-based regulatory machinery of a cell; thus, even if an
shRNA or microRNA does not have a specific off-target effect,
such approaches inevitably change the endogenous regulatory
microRNA machinery and are thus likely to cause general changes
in neurons (Bacaj et al., 2015). Of note, it has been reported that a
complete block of postsynaptic receptors by selective pharmacolog-
ical agents causes severe defects in spine morphology (McKinney et
al., 1999). In our present study, the NL123 triple KO neurons
displayed a significant but partial silencing of excitatory synapses,
as is evident from electrophysiology and imaging experiments
(Figs. 3, 7, and 12). Although it is possible that the extent and/or
the duration of synapse silencing may differentially affect spine
formation and/or maintenance, pharmacological inhibitions
can also have secondary effects due to non-synapse-specific
processes.

Second, we observed that the NL123 triple deletion did not
significantly alter the presynaptic functional properties of ex-
citatory or inhibitory synapses, arguing against any effects on
release probability (Fig. 6). Overexpression of NL1 has been re-
ported to decrease PPRs of AMPAR- and NMDAR-mediated
EPSCs in CA1 neurons via a retrograde mechanism (Futai et al.,
2007); however, we found no such effect, and neither did a pre-
vious study (Soler-Llavina et al., 2011) on NL1 constitutive KOs
despite a reduction in NMDA/AMPA ratio. It is possible that the
overexpression of exogenous neuroligins may cause gain-of-
function effects, which might not reflect the cellular function of
endogenous neuroligins.

Third, deletion of endogenous neuroligins decreased the syn-
aptic localization of AMPARs in hippocampal neurons and also
moderately reduced their overall surface levels (Fig. 7). A loss of
postsynaptic receptor levels as a mechanism of action of neuroli-
gin deletions is supported by the decrease in mini-amplitudes
(Fig. 3). Thus, deletions of neuroligins may generally decrease the
levels of synaptic receptors in postsynaptic specializations and
could even produce synapse silencing.

Fourth, the cellular effects of conditional neuroligin deletions
were identical between global deletions in all neurons and sparse
deletions in a small subset of neurons (Figs. 3, 4, 12, 13). These
results show not only that neuroligins act via a postsynaptic, cell-
autonomous mechanism, but also that there is no loss of compet-
itiveness of a neuroligin-deficient neuron for synapse formation
when it is surrounded by neuroligin-expressing neurons.

Fifth, deletion of individual neuroligin isoforms differentially
affected the functional properties of excitatory versus inhibitory
synapses (Figs. 8, 9). In hippocampal neurons, NL1 and NL2
deletions decreased the amplitude of NMDAR-mediated excit-
atory and of GABAAR-mediated inhibitory synaptic responses,
respectively (Figs. 8, 9), consistent with previous findings (Chubykin

et al., 2007; Poulopoulos et al., 2009). Interestingly, acute loss of
NL1 alone significantly impaired AMPAR-mediated basal EPSCs
especially in hippocampal neurons (Fig. 9C), which was surpris-
ing because a number of previous studies based on NL1 consti-
tutive KOs uncovered no such phenotype in CA1 neurons of
hippocampal slices (Chubykin et al., 2007; Blundell et al., 2010;
Budreck et al., 2013), although NL1 traps AMPAR surface diffu-
sion at postsynaptic specifications (Mondin et al., 2011). This
difference could arise from possible compensatory mechanisms
in constitutive NL1 KOs. In support of this hypothesis, we found
that the AMPAR phenotype was even more pronounced in NL13
double KO cells (Fig. 8A,C), suggesting that NL3 may play a
minor but redundant role at excitatory synapses and that the
presence of NL3 in NL1 constitutive KO cells may further mask
its AMPAR-specific effects. Thus, although our present study
does not distinguish between different cell types in primary cul-
tures, our data suggest that NL1 can regulate AMPAR-mediated
synaptic transmission at least in a subset of synapses.

Sixth, overexpression of NL1 alone in control neurons dramati-
cally increased both NMDAR- and AMPAR-mediated excitatory
synaptic transmission, which directly correlated with enhanced syn-
aptogenesis (Fig. 10), in accordance with previous studies (Dean
et al., 2003; Graf et al., 2004; Prange et al., 2004; Boucard et al.,
2005; Chih et al., 2005; Chubykin et al., 2007; Ko et al., 2009a).
However, when overexpressed in neuroligin-deficient neurons,
NL1 did not simply rescue the corresponding deficiencies in
NMDAR- and AMPAR-mediated synaptic currents, but pro-
duced the same overexpression phenotype of these currents as in
control neurons (Fig. 10C–F). Furthermore, NL1 overexpression
in neuroligin-deficient neurons caused the same prominent in-
crease in synaptogenesis as in control neurons, even though the
loss of all neuroligin isoforms failed to produce any effect on
synaptogenesis (Fig. 10G,H). Thus, overexpressed NL1 can as-
sume gain-of-function effects.

Seventh and finally, in a comparison between NL1 and NL3
overexpressions, we noticed that these two neuroligin isoforms
display striking differences in their mechanistic contributions
that resemble the differences in their KO phenotypes (Fig. 10). In
contrast to NL1, NL3 overexpression in a control background did
not affect any form of excitatory synaptic transmissions, suggest-
ing that NL3 may not be essential for excitatory synapse function
inthepresenceofNL1.Interestingly, inNL123triplecKOneuronsover-
expressed NL3 alone rescued the impairments in AMPAR-mediated
but not NMDAR-mediated EPSCs (Fig. 10C–F). These data sug-
gest that NL3 may directly regulate AMPARs via cellular mecha-
nisms that are different from NL1, which mainly operates
through NMDAR-dependent mechanisms (Chubykin et al., 2007).
Moreover, unlike NL1, overexpression of NL3 did not cause ap-
parent changes in synapse numbers (Fig. 10G,H). Thus, the ef-
fects of neuroligin overexpression on synaptic transmission seem
to reflect a physiological activity that indicates a functional diver-
sification of these proteins.

In summary, our data suggest that although neuroligin over-
expression phenotypes likely report on a physiological function
of neuroligins, they also lead to gain-of-function effects whose
interpretation is more difficult, such as the induction of synapses
without increasing spine numbers. In contrast, acute genetic loss-
of-function approaches indicate that different neuroligins per-
form distinct roles in enabling synaptic transmission at different
types of synapses and shaping the properties of these synapses.
Based on these data, we propose that neuroligins are part of a
general trans-synaptic signaling machinery that organizes syn-

6834 • J. Neurosci., July 19, 2017 • 37(29):6816 – 6836 Chanda et al. • Neuroligins in Synapse Function



apses in a manner specified by the complementary expressions of
interacting presynaptic and postsynaptic cell adhesion molecules.
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Ko J, Fuccillo MV, Malenka RC, Südhof TC (2009b) LRRTM2 functions as
a neurexin ligand in promoting excitatory synapse formation. Neuron
64:791–798. CrossRef Medline

Ko J, Soler-Llavina GJ, Fuccillo MV, Malenka RC, Südhof TC (2011) Neu-
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