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Neuroligins (Nlgns) are postsynaptic cell adhesion molecules that form transynaptic complexes with
presynaptic neurexins and regulate synapse maturation and plasticity. We studied the impact of the loss of
Nlgn4 on the excitatory and inhibitory circuits in somatosensory cortical slices of juvenile mice by
electrically stimulating these circuits using a multi-electrode array and recording the synaptic input to single
neurons using the patch-clamp technique. We detected a decreased network response to stimulation in both
excitatory and inhibitory circuits of Nlgn4 knock-out animals as compared to wild-type controls, and a
decreased excitation-inhibition ratio. These data indicate that Nlgn4 is involved in the regulation of
excitatory and inhibitory circuits and contributes to a balanced circuit response to stimulation.

N
euroligins 1–4 (Nlgn1–4), which are widely expressed in the rodent central nervous system1–3, are crucial
postsynaptic adhesion proteins that contribute to synaptic organization and function2–5. It has been
reported in in vivo studies that each Neuroligin isoform localizes primarily to a specific synapse sub-

population: Nlgn1 to glutamatergic, Nlgn2 to GABAergic and Nlgn3 to both GABAergic and glutamatergic
synapses1,6–9. Nlgn4 is present in glycinergic post synaptic structures in many areas of the central nervous system,
including the retina, thalamus, colliculi, brainstem and the spinal cord10, and the absence of Nlgn4 in the retina
results in a decreased number of glycine receptors and corresponding alterations of glycinergic currents10.

To determine the function of Nlgn4 at the level of a network such as the cortical column, we used acute somato-
sensory cortex slices, network stimulation with three dimensional multi-electrode arrays (3D-MEAs) and single
cell patch-clamp recordings of layer 2/3 pyramidal cells to capture the network activity. The effects of electrical
stimulation of the entire network surrounding the recorded cell were compared between Nlgn4 knock-out (KO)
and wild-type (WT) littermates. By clamping the cell at different membrane potentials, we could separately
measure excitatory and inhibitory driving forces triggered by the network electrical stimulation11. We observed a
decreased network response to stimulation in both excitatory and inhibitory circuits of Nlgn4-KO mice as well as
a striking frequency-dependent effect of the Nlgn4-KO on the delay to the peak network response and on the
paired-pulsed ratio. In addition, we report changes in the expression levels of selected synaptic proteins in Nlgn4-
KO brain that may correlate with possible circuit rewiring due to the loss of Nlgn4.

Results
Decreased excitation. Individual neurons were recorded in voltage-clamp mode at a voltage of 260 mV to
measure the contribution of excitatory inputs and stimulated via the MEA at different stimulus frequencies
(Figure 1A). When comparing average measures for network excitability between WT (n 5 12) and Nlgn4-KO (n
5 15) animals (Table 1), we found that the total excitatory charge triggered by MEA stimulation was reduced in
Nlgn4 KOs for all tested frequencies, and that the peak current was significantly decreased in Nlgn4 KOs for all
tested frequencies except for the 100 Hz stimulation (Table 1). The relative decrease in the charge and the peak
currents in Nlgn4 KOs were inversely proportional to the stimulation frequency, ranging from an approximately
70% decrease at low stimulation frequencies to a 40% decrease at high stimulation frequencies. Moreover, the
time to peak was significantly increased in Nlgn4 KOs at 5, 10, 50, 75 and 100 Hz stimulation frequencies
(Figure 1B and Table 1). In the cases of 75 and 100 Hz stimulations, the network response in WT built up
until it reached a maximum around 70 ms (75 Hz) and 150 ms (100 Hz) and then decreased, whereas in Nlgn4
KOs the network response built up continuously (Figure 1B). Scaling and overlaying the averaged waveforms
revealed no differences between WT and Nlgn4 KO in the rise and decay kinetics of individual excitatory
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Figure 1 | Excitatory Components of Network Response. (A): Averaged network response to frequency stimulation recorded in L2/3 pyramidal cell in

voltage-clamp mode (V 5 260 mV) WT: 12 cells (grey), KO: 15 cells (black), each cell response is an average of 5 repetitions. Inset: scaled and

overlaid averaged waveforms. (B): Network response properties (top to bottom): total charge, peak response amplitude, time to peak, and paired-pulse

ratio (PPR).

Table 1 | Impact of NLGN4-KO on excitatory circuits

Frequency (Hz) 5 10 15 25 35 50 75 100

Charge (pC) WT 4.3 6 0.7 4.7 6 0.9 8.6 6 1.8 12.4 6 2.2 18.3 6 3.6 15.3 6 2.7 19.5 6 3.0 26.8 6 4.8
KO 1.4 6 0.3 1.7 6 0.4 3.3 6 0.6 5.4 6 0.7 8.4 6 1.1 9.5 6 1.4 10.2 6 1.8 17.1 6 3.0
t-value 4.5 3.7 3.4 3.7 3.2 2.3 3.1 2.1
p-value *** 1.e24 ** 1.e23 ** 2.e23 ** 1.e23 ** 3.e23 * 2.e22 ** 5.e23 * 0.04

Peak (nA) WT 0.40 6 0.06 0.28 6 0.04 0.34 6 0.05 0.34 6 0.04 0.47 6 0.06 0.33 6 0.04 0.36 6 0.05 0.42 6 0.07
KO 0.15 6 0.03 0.11 6 0.02 0.17 6 0.03 0.18 6 0.03 0.24 6 0.04 0.2 6 0.03 0.2 6 0.04 0.3 6 0.06
t-value 4.2 4.1 3.5 3.5 3.7 2.8 2.6 1.7
p-value *** 3.e24 ***4.e24 ** 2.e23 ** 1.e23 ** 1.e23 ** 4.e23 ** 8.e23 0.09

Latency (ms) WT 118 6 46 66 6 30 142 6 26 170 6 21 98 6 12 111 6 25 73 6 27 142 6 27
KO 245 6 34 173 6 29 178 6 20 189 6 26 119 6 18 203 6 22 217 6 30 236 6 24
t-value 2.6 2.8 1.5 1.1 1.3 3.0 3.7 2.9
p-value * 0.02 ** 9.e23 0.14 0.30 0.19 ** 5.e23 ** 1.e24 ** 8.e23

PPR WT 0.96 6 0.09 0.97 6 0.04 1.14 6 0.06 1.04 6 0.06 1.51 6 0.11 1.16 6 0.07 1.02 6 0.04 1.29 6 0.10
KO 1.09 6 0.10 1.22 6 0.09 1.51 6 0.09 1.36 6 0.09 1.59 6 0.08 1.38 6 0.08 1.18 6 0.16 1.61 6 0.12
t-value 1.7 2.5 3.3 3.0 1.1 2.3 1.3 2.2
p-value 0.10 * 1.e22 ** 3.e23 ** 6.e23 0.27 * 2. e22 0.20 * 3.e22
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postsynaptic currents12 (inset Figure 1A). The paired-pulse ratios
(PPR) measured as the ratio between the responses following the
1st and the 2nd pulse during train stimulation, were significantly
increased at 10, 15, 25, 50 and 100 Hz stimulation frequencies in
Nlgn4 KOs (Table 1), indicating a distinct synaptic facilitation that
could be a consequence of Nlgn4 KO or represent a compensatory
mechanism (Figure 1B). Taken together, our findings show that the
overall excitatory response at the network level is smaller and slower
in Nlgn4 KO animals, indicating decreased network excitability
when compared to WT controls.

Decreased inhibition. Individual neurons were recorded in voltage-
clamp mode at a voltage of 110 mV to measure the contribution of
inhibitory inputs and stimulated via the MEA at different stimulus
frequencies (Figure 2A). In Nlgn4 KOs, the total inhibitory charge
and peak current were significantly decreased for all frequencies at
and below 50 Hz (Table 2). Both the charge and the peak current
were decreased in Nlgn4 KOs in a manner that was inversely
proportional to the stimulation frequency, with a relative decrease
ranging from approximately 55% at low frequencies to 15% at high
frequencies. The time to peak was increased significantly for 75 and

100 Hz stimulation frequencies (Table 2). In the cases of 75 and
100 Hz stimulations, the network response in WT built up until it
reached a maximum around 50 ms (75 Hz) or 100 ms (100 Hz) and
then decreased. On the contrary, the network response in Nlgn4
KOs built up and then plateaued (Figure 2B). As with excitatory
responses, scaling and overlaying the averaged waveforms revealed
no differences in the rise and decay kinetics of individual inhibitory
postsynaptic currents12 (inset Figure 2A). The PPR was significantly
increased at 25 Hz stimulation, indicating a facilitation of the
inhibitory response at this particular stimulation rate. In summary,
the network inhibitory response in Nlgn4 KOs is smaller, and slower
for very high stimulation frequencies (Figure 2B).

Decreased excitation to inhibition ratio. Overall, the charge ratio of
excitation vs. inhibition was significantly decreased in Nlgn4 KO
mice (t 5 4.60, p 5 7.e26, Figure 3A). When analyzed in more
detail over the different stimulation frequencies, this decrease was
significant for 75 Hz (t 5 2.35, p 5 0.02) and 100 Hz stimulations
(t 5 2.17, p 5 0.03), whereas for all other tested frequencies, a non-
significant trend towards a decrease of the excitation-inhibition ratio
was observed (Figure 3B).

Figure 2 | Inhibitory Components of Network Response. (A): Averaged network response to frequency stimulation recorded in L2/3 pyramidal cell in

voltage-clamp mode (V 5 110 mV). WT: 12 cells (grey), KO: 15 cells (black), each cell response is an average of 5 repetitions. Inset: scaled and overlaid

averaged waveforms. (B): Network response properties (top to bottom): total charge, peak response amplitude, time to peak, and paired-pulse ratio

(PPR).
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Protein expression. Gene knockouts can potentially cause changes
in the expression of many other proteins and an exhaustive study
of every possible compensatory or reactionary response to the
constitutive loss of Nlgn4 was not in the scope of this study. Our
data however suggested that the effect of the Nlgn4 KO was stronger
on excitatory than on inhibitory circuits, resulting in a network
hypo-excitability. We therefore tested for changes in the ex-
pression of N-methyl-D-aspartate receptor (NMDAR) subunits
and the metabotropic glutamate receptor 5 (mGluR-5) that are
important for determining synaptic efficacy and mediating circuit
re-wiring13,14. We used Western blot analysis to quantify relative
expression levels of the NMDAR subunits NR1, NR2a, NR2b, and
mGluR5 (Figure 4) and found a significant up-regulation of NR1 (t 5

3.12, p 5 9.e23) and mGluR5 levels (t 5 2.31, p 5 0.04) in Nlgn4 KO
brain, but no significant changes in NR2a and NR2b expression.
Since these changes would counter the loss of synaptic function we
assume they are part of a compensatory reaction to the KO.

Neuroligins are cell adhesion molecules (CAM), we therefore
tested if the constitutive loss of Nlgn4 affected other cell adhesion
molecules. We selected the neural cell adhesion molecule (NCAM)
and its variant attached with polysialic acid (PSA-NCAM) that oper-
ate through different mechanisms from those of the neuroligins.
Both NCAM (t 5 8.77, p 5 3.e26) and PSA-NCAM levels (t 5

5.59, p 5 2.e24) were significantly over-expressed in Nlgn4-KO mice
as compared to the wild-types, which also appears to be a compens-
atory response.

Discussion
We observed that the absence of Nlgn4 significantly affects the
microcircuits in the S1 region of the juvenile mouse cortex. Both
excitatory and inhibitory components of the network response to
MEA stimulation were decreased in Nlgn4-KO mice as compared

Table 2 | Impact of NLGN4-KO on inhibitory circuits

Frequency (Hz) 5 10 15 25 35 50 75 100

Charge (pC) WT 7.2 6 1.7 8.0 6 1.7 13.6 6 2.8 18.1 6 3.5 29.8 6 4.1 34.3 6 5.8 34.1 6 8.0 42.5 6 9.7
KO 2.9 6 0.7 3.7 6 0.8 6.9 6 1.4 11.0 6 1.8 16.6 6 2.7 21.5 6 2.8 24.6 6 3.2 36.4 6 4.8
t-value 2.8 2.7 2.5 2.1 2.7 2.2 1.6 1.2
p-value * 1.e22 *1.e22 * 1.e22 * 4.e22 * 1.e22 * 4.e22 0.12 0.22

Peak (nA) WT 0.63 6 0.13 0.45 6 0.10 0.52 6 0.10 0.57 6 0.12 0.74 6 0.14 0.66 6 0.13 0.63 6 0.13 0.72 6 0.16
KO 0.26 6 0.06 0.23 6 0.04 0.26 6 0.05 0.33 6 0.05 0.38 6 0.06 0.38 6 0.05 0.42 6 0.05 0.60 6 0.08
t-value 3.0 2.6 2.8 2.4 2.8 2.5 2.0 1.4
p-value ** 6.e23 * 1.e22 * 1.e22 * 2.e22 ** 9.e23 * 1.e22 0.06 0.17

Latency (ms) WT 94 6 42 39 6 18 74 6 20 95 6 29 97 6 20 101 6 23 89 6 14 77 6 11
KO 99 6 37 55 6 18 77 6 21 97 6 15 105 6 12 108 6 18 181 6 23 195 6 29
t-value 0.7 1.1 0.7 0.7 0.9 0.9 3.5 3.7
p-value 0.46 0.27 0.46 0.47 0.37 0.39 ** 1.e23 ** 1.e23

PPR WT 0.87 6 0.10 0.84 6 0.06 1.04 6 0.07 1.08 6 0.06 1.49 6 0.13 1.27 6 0.08 1.06 6 0.06 1.31 6 0.09
KO 1.10 6 0.11 0.98 6 0.07 1.09 6 0.05 1.38 6 0.13 1.87 6 0.15 1.49 6 0.10 1.27 6 0.11 1.64 6 0.16
t-value 1.9 1.8 1.2 2.2 2.2 2.0 2.0 2.0
p-value 0.07 0.08 0.25 * 3.e22 * 4.e22 0.06 0.06 0.05
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to WT controls. These findings suggest that Nlgn4 is present at both
excitatory and inhibitory postsynapses, an observation that has also
been made for Nlgn315, the closest neuroligin isoform of Nlgn416, and
probably its ancestor gene17. Since the decrease in the excitatory
component of the network response in Nlgn4-KOs was greater than
in the inhibitory component, the loss of Nlgn4 results in a hypo-
excitable network.

We did not observe any differences in the rise and decay kinetics of
individual postsynaptic currents, but the latency of maximum net-
work response of both excitatory and inhibitory circuits is slower for
many tested stimulation frequencies. In particular at high stimu-
lation frequencies, the network response builds-up and saturates in
Nlgn4-KO animals whereas it decays after reaching a maximum in
WT controls. This might be explained by a decrease in synaptic
release probability18 in Nlgn4-KO animals, but would require further
experimental testing. A decreased of both excitatory and inhibitory
conductance accompanied with an increased response latency of
projections to layer 2/3 pyramidal cells in the somato-sensory cortex
has been observed in sensory-deprived animals19. Despite no differ-
ence in footpad sensitivity has been reported in adults animals3, it
remains a possibility that Nlgn4-KO juvenile mice have less sensitive
footpads.

An increase in PPR indicates an increase in pre-synaptic calcium
concentration, and frequency dependent increase in the PPR implies
frequency dependent calcium accumulation. Complex calcium
mechanisms have been reported to occur within very narrow fre-
quency ranges (10–20 Hz wide) such as calcium electrogenesis in
distal dendrites20. Therefore, such a frequency dependent calcium
accumulation is physiologically possible given the high variety of
calcium channels in the pre-synaptic terminal. Calcium channels
in the pre-synaptic terminal cluster very specifically to neurexins21

which in turn form complexes with neuroligins. Thus, our data sug-
gest that NLGN4 modulates the pre-synaptic calcium channel popu-
lation through its interaction with neuroxins and consequently
regulates the fine tuning of frequency dependent calcium accumula-
tion. Loss of NLGN4 in the KO mice was seen to result in frequency
dependent increase in the PPR, owing to perturbations in the type
and density of the pre-synaptic calcium channels, as seen exclusively
in the 25–35 Hz frequency range in inhibitory synapses, and at
almost all frequencies except at 35 Hz in excitatory synapses.

Nlgn4 loss leads to the overexpression of NR1 and mGluR5 which
are involved in synaptic transmission and plasticity, as well as excit-
atory circuit rewiring14,22. NR1 overexpression would be predicted to
cause a higher excitatory component of the network response in
Nlgn4-KOs, but we observed the opposite. This result would be
compatible with a role of Nlgn4 in NMDAR subunit NR1 trafficking
and/or docking at the postsynaptic density. NCAM and PSA-NCAM
are also overexpressed in NLGN4-KOs, which may reflect a com-
pensatory mechanism of synapse consolidation. It is known that
NCAM modulates synaptic long-term potentiation23 and that PSA-
NCAM is required for both the induction of long-term potentiation
and depression24. Consequently, our observations predict possible
alterations of synaptic plasticity mechanisms in Nlgn4 KOs.
However, no change in learning and memory abilities of Nlgn4-
KO adult animals has been observed3. Finally, Nlgn4-KO results in
the overexpression of several synaptic proteins, which is not suf-
ficient to restore entirely normal network functionality, demonstrat-
ing the importance and the specificity of Nlgn4 function.

The presence of loss-of-function mutations in Nlgn4 in a small
number of autistic patients indicates a causal link between Nlgn4 and
heritable autism spectrum conditions (ASCs)17,25. Moreover, Nlgn4-
KO mice exhibit very specific deficits in reciprocal social interactions
and communication, reminiscent of ASCs in humans3. Therefore
the Nlgn4-KO mouse has been proposed as an animal model for
autism3,17,26. In particular, an increased in EI ratio in neural circuits
of multiple ASC animal models has been reported27,28, including the

retina of Nlgn4-KO animals10. Thus, the balance between excitation
and inhibition is believed to play a major role in the neurobiology of
autism27–29. However, we found an overall decrease of the EI ratio in
the somatosensory cortex and a generally hypo-reactive network. It
should however be noted that the change in EI ratio per se may be a
more important observation than the direction of the change,
as shifts in EI ratios are highly variable across brain regions28, due
to different brain functions, microcircuitry layouts and possibly
Neuroligin expression3. Finally, the valproic acid (VPA) animal
model of autism exhibits hyper and not hypo-reactive circuits as
found in the Nlgn4 KO mice11,30. The Nlgn4-KO animal model of
autism therefore implies a major loss of synaptic function while the
VPA animal model of autism implies a major increase in synaptic
function31.

Methods
Animals. Mice with a loss-of-function mutation in the murine NLGN4 ortholog
Nlgn43 were received from Prof. N. Brose (Max Planck Institute for Experimental
Medicin, Göttingen, Germany) and were bred at the EPFL animal facility. All animal
experimentation was conducted conform the Swiss National Institutional Guidelines
on Animal Experimentation and approved by the Swiss Cantonal Veterinary Office
Committee for Animal Experimentation. For this study, 4 KO and 2 WT male mice
were used for electrophysiological experiments and 6 of each genotype for the
Western Blots.

Acute slice preparation. On postnatal days (P) 13 – P15 WT and Nlgn4-KO male
mice were rapidly decapitated without anesthesia. 300 mm thick sagittal brain slices
were cut in iced artificial cerebrospinal fluid (ACSF) containing (in mM) 125 NaCl,
2.5 KCl, 25 D-glucose, 25 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, and 1 MgCl2; all
chemicals from Sigma-Aldrich, St. Louis, MO or Merck, Darmstadt, Germany) using
a HR2 vibratome (Sigmann Elektronik, Heidelberg, Germany). The primary
somatosensory cortex was manually dissected and isolated to obtain rectangular slices
of 5–7 mm width and containing the neocortex in its entire height. Optimal slices,
with apical cell dendrites running parallel to the slice surface, were selected for
recordings. Slices were incubated at 22uC for 30–60 min until mounting in the
recording chamber (32–35uC).

Electrophysiological recording. Slices were mounted on a 3D-MEA with 60
pyramidal platinum electrodes (electrode basis: 40 3 40 mm, electrode height: 50–
70 mm, electrode interspace: 200 mm; Qwane Bioscience SA, Lausanne, Switzerland)
after evaporation of a mounting solution of 0.14 mg/L nitrocellulose in an ethanol
(99%) – methanol (1%) mixture. Cells were visualized by infrared differential
interference contrast video microscopy using a camera (VX 55, Till Photonics,
Gräfelfing, Germany) mounted on an upright microscope (BX 51WI, Olympus, FI,
Japan) fitted with a 40 3 objective (LUMPLAN, Olympus). Whole-cell recordings
were performed using Axopatch 200B amplifiers (Molecular Devices, Union City,
CA, USA). Data acquisition, sampled at 5–10 kHz, was performed via an ITC-18
board (Instrutech Co, Port Washington, NY, USA), connected to a computer running
IgorPro (Wavemetrics, Portland, OR, USA). The voltage signal was filtered with a
2 kHz Bessel filter. Patch pipettes were pulled with a P-97 Flaming/Brown
micropipette puller (Sutter Instruments Co, Novato, CA, USA) and had an initial
resistance of 8–10 MV. They were filled with standard intracellular solution (ICS)
containing (in mM): 110 K-gluconate, 10 KCl, 4 ATP-Mg, 10 phosphocreatine, 0.3
GTP, 10 N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (pH 7.3), and 0.5%
biocytin. Neurons were recorded in layer 2/3 in either current-clamp mode (to record
voltages) or voltage clamp mode (to record currents). In voltage-clamp experiments,
10 mM QX-314 was added to the intracellular solution for measurement of GABA
receptor–mediated currents at 110 mV. Recordings were not corrected for the liquid
junction potential between ACSF and ICS (214 mV). Recorded cells typically had a
# 20 MV access resistance. The EI ratio was computed as the ratio of excitatory to
inhibitory charges, themselves obtained by the integration of the measured currents
from the network response triggered by electrical stimulation.

Electrical stimulation. Multi-site extracellular electrical stimulation (1.0–1.5 V
biphasic pulses, 1 ms duration for each polarity) was applied via the MEA with a
stimulator STG2008 (Multi Channel System, Reutlingen, Germany) to the entire
network surrounding the patched cell, simultaneously using the 16 neighboring
extra-cellular electrodes (figure 1). We used a 1 Hz train of single pulses with
randomly varying amplitude between 1.0 and 2.0 V for calibration. Patched cells were
current-clamped, and the stimulation strength was set to half the amplitude triggering
the maximum response. The network stimulus consisted of a series of train pulses
(300 ms; 5, 10, 15, 25, 35, 50, 75, and 100 Hz) applied in a pseudo-random order (5,
35, 15, 100, 25, 50, 10, and 75 Hz) with a 2 s inter-stimulus interval. Each stimulus
series was repeated 5 times at each clamping potential for each cell. To measure the
PPR, we computed the ratio between the responses following the 1st and the 2nd pulse
during train stimulation. The mean stimulation amplitude was equivalent for the two
groups (1.11 V 6 0.04 and 1.16 V 6 0.04 for WT and KO respectively, p-value 5

0.22).
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Western blot. The somatosensory cortex was micro-dissected and sonicated in 1%
SDS buffer. Protein concentrations were quantified with the Lowry method and
samples were diluted with distilled water and 1/3 Blue Loading Buffer to a final
concentration of 1 mg/ml and subsequently heated at 95uC for 5 minutes while
shaking at 600 rpm. Ten mg of each sample was loaded onto a 10% poly-acrylamide
gel. Separation was performed at 100 mV for 15 min and at 175 mV for 50 min.
Proteins were transferred onto a 0.45 mm membrane at 100 mV for an hour. The
membrane was subsequently blocked in 5% skimmed milk in TBS-T for an hour,
incubated overnight with the primary antibodies [anti-NR1 (152000)32, anti-NR2a
(151000)33, anti-NR2b (151000)32, anti-mGluR5 (151000)34, anti-NCAM (155000)35,
anti-PSA-NCAM (151000)36, anti-actin (155000)37] and washed for 3 3 10 min with
TBS-T. Finally, the membrane was incubated for an hour with the secondary antibody
diluted in milk [(anti-mouse (155000), anti-rabbit 155000, anti-mouse (155000),
anti-rabbit (152000), anti-rabbit (1510000), anti-mouse (152000), anti-mouse
(1510000)] washed 3 3 10 min with TBS-T and revealed using ECL.

Equipment and settings. Immunocomplexes were visualized using a
chemiluminescence peroxidase substrate (SuperSignal West Dura Extended
Duration Substrate, PIERCE). The immunoreactivity was detected using the
ChemiDoc XRS system (Bio-Rad Laboratories). For the densitometrical analysis of
the bands, Quantity One 4.6.3 software (Bio-Rad Laboratories AG, Switzerland) was
used. The values are represented as adjusted volumes, normalized to actin.

Statistics. Experimental data analysis was entirely performed in Matlab (The
MathWorks, Inc., Natick, MA, USA) with custom scripts. Data are presented as the
mean 6 SEM. Paired Student’s t-tests were applied as statistical tests, and statistical
significance was asserted for: p , 0.05 (*); p , 0.01 (**) and p , 0.001 (***).
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5. Ichtchenko, K., Nguyen, T. & Südhof, T. C. Structures, alternative splicing, and
neurexin binding of multiple neuroligins. J. Biol. Chem. 271, 2676–2682 (1996).

6. Chubykin, A. A. et al. Activity-dependent validation of excitatory versus
inhibitory synapses by neuroligin-1 versus neuroligin-2. Neuron 54, 919–931
(2007).
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