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Abstract

Neuroligin-3 (Nlgn3), a neuronal adhesion protein implicated in autism spectrum disorder (ASD), is expressed at excita-
tory and inhibitory postsynapses and hence may regulate neuronal excitation/inhibition balance. To test this hypothesis, we
recorded field excitatory postsynaptic potentials (fEPSPs) in the dentate gyrus of Nlgn3 knockout (KO) and wild-type mice.
Synaptic transmission evoked by perforant path stimulation was reduced in KO mice, but coupling of the fEPSP to the popu-
lation spike was increased, suggesting a compensatory change in granule cell excitability. These findings closely resemble
those in neuroligin-1 (Nlgnl) KO mice and could be partially explained by the reduction in Nlgn1 levels we observed in
hippocampal synaptosomes from Nlgn3 KO mice. However, unlike Nlgn1, Nlgn3 is not necessary for long-term potentia-
tion. We conclude that while Nlgn1 and Nlgn3 have distinct functions, both are required for intact synaptic transmission in
the mouse dentate gyrus. Our results indicate that interactions between neuroligins may play an important role in regulating
synaptic transmission and that ASD-related neuroligin mutations may also affect the synaptic availability of other neuroligins.

Keywords Neuroligins - Autism Spectrum disorder - Synaptic transmission - In vivo electrophysiology - Synaptosomal
preparation

Introduction

Neuroligins are transmembrane cell adhesion proteins which
are localized to the postsynaptic membrane and stabilize
synapses by binding to presynaptic neurexin proteins [1].
There are several neuroligin genes in vertebrates, of which
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three—neuroligin-1 (Nlgn1), neuroligin-2 (Nlgn2), and neu-
roligin-3 (Nlgn3)—are highly conserved between rodents
and humans [1]. Neuroligins have been implicated in syn-
apse formation and maturation as well as neurotransmitter
receptor trafficking via their interactions with scaffolding
proteins such as PSD95 at excitatory postsynapses and
gephyrin at inhibitory postsynapses [1]. Experiments in
rodents have revealed that Nlgnl is expressed only at excita-
tory synapses [2] and Nlgn2 is found mainly at inhibitory
synapses [3]. In contrast, Nlgn3 is expressed at both types
of synapses [4] and forms heterodimers with Nlgnl [5].
Intriguingly, Nlgn3 has been implicated in autism spectrum
disorder (ASD) in mutation screenings [6, 7]. Therefore,
understanding the synaptic function of Nlgn3 and how it
might relate to the cognitive and behavioral symptoms of
ASD is a longstanding goal in neuroligin research.


http://orcid.org/0000-0001-9249-5749
http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-021-02663-9&domain=pdf

Molecular Neurobiology (2022) 59:1098-1111

1099

There is compelling evidence for the involvement of
Nlgn3 in the etiology of ASD. Mutations in Nlgn3 have
been identified in several cases of ASD and intellectual
disability [8]. Furthermore, Nlgn3 knockout (KO) rats and
mice, as well as mice with an autism-associated Nlgn3 muta-
tion, exhibit ASD-related behavioral abnormalities such as
reduced sociability [9-11], impaired social memory [10,
12, 13], decreased vocalization [12, 14], increased repeti-
tive behaviors [13, 15, 16], and hyperactivity [9, 12, 13,
16]. While there are various genetic, environmental, and
epigenetic risk factors for ASD [17], several studies have
found that many ASD-related genes are involved in synap-
togenesis or synaptic function, which suggests that synaptic
dysfunction is a common pathomechanism [18-20]. It has
been proposed that changes in the expression of neuroligins
might alter the balance of excitation to inhibition in single
neurons [21], which could lead to secondary changes in net-
work activity that give rise to the neurobehavioral symptoms
of ASD [22].

Since Nlgn3 is expressed at both excitatory and inhibitory
synapses, it is ideally positioned to regulate the neuronal
excitation/inhibition (E/I) balance, which could include
the functional control of Nlgnl and Nlgn2. It was recently
shown that the extracellular domains of Nlgnl and Nlgn2
can be proteolytically cleaved in response to activity only if
heterodimerized with Nlgn3 [23], representing one mecha-
nism by which Nlgn3 could regulate the levels of functional
Nlgnl and Nlgn2. However, Nlgn3 appears to have addi-
tional, both synapse- and region-specific functions that differ
from those of the other neuroligins. For instance, in contrast
to Nlgn1, Nlgn3 mainly regulates AMPA receptor-mediated
transmission (but see [24]), whereas Nlgn1 is important for
both AMPA- and NMDA-receptor-mediated transmission at
hippocampal synapses [25-27]. Nlgn3 also appears to have
a different selectivity for specific interneuron types in hip-
pocampal area CA1 than Nlgn2 [28]. However, most stud-
ies of Nlgn3 function have relied on dissociated cultures or
acute slice preparations, which cannot replicate all features
of the intact brain. Therefore, we sought to analyze the con-
tribution of Nlgn3 to E/I balance in vivo in the hippocampal
dentate gyrus, which has been implicated in social recogni-
tion memory [29] in addition to other forms of learning and
memory [30].

To this end, we recorded local field potentials evoked
by stimulation of the perforant path, the main cortical pro-
jection to the dentate gyrus, in Nlgn3 KO and wild-type
(WT) mice. Previous experiments in acute slices showed that
Nlgn3 regulates AMPAR-mediated synaptic transmission at
perforant path-granule cell (PP-GC) synapses [26]. Here, we
show that the deletion of Nlgn3 leads to a reduction in excit-
atory synaptic transmission, similarly to what we observed
in Nlgn1 KO mice [31]. In support of a stronger role at excit-
atory, as opposed to inhibitory, synapses, the expression of

Nign1, but not Nlgn2, was reduced in hippocampal synap-
tosomes from Nlgn3 KO mice, indicating that Nlgn3 may
partially exert its effects on synaptic function by regulating
the synaptic availability of Nlgn1. Network inhibition in the
dentate gyrus was not impaired by the loss of Nlgn3, yet
we observed an increase in the excitability of granule cells,
a possible compensatory response to the reduced synaptic
strength. We also found evidence for a functional segrega-
tion of Nlgnl and Nlgn3 at PP-GC synapses regarding the
regulation of long-term potentiation (LTP), in accordance
with previous reports that Nlgn3 is not necessary for LTP at
hippocampal synapses [26, 32]. Together, these results pro-
vide important insights into the physiological role of Nlgn3
at PP-GC synapses and can help explain the ASD-related
social memory impairments in Nlgn3-deficient mice.

Methods
Animals

Animal experiments were performed in accordance with
the German law regarding the use of laboratory animals
(Tierschutz-Versuchstierverordnung) and were approved by
the Regierungsprésidium Darmstadt and the animal wel-
fare officer responsible for the institute. Male Nlgn3 KO
mice (RRID: MGI:4353654) and WT littermate controls
on a C57BL/6JR]j background aged 8—12 weeks were used
in all experiments. The generation of this mouse line was
described previously [33]. Mice were housed in polycarbon-
ate cages (Tecniplast) with woodchip bedding in a ventilated
cabinet (Scantainer) at a 12-h light/dark cycle with access
to food and water ad libitum. All experiments and analyses
were carried out by investigators blind to the genotype.

Surgery and Electrophysiology

The surgical and electrophysiological procedures were car-
ried out as described previously [31] (see Supplementary
Information for details). Briefly, urethane-anesthetized
mice were placed into a stereotactic frame for the accurate
insertion of electrodes at previously determined locations.
A bipolar stimulation electrode (NE-200, 0.5-mm tip separa-
tion, Rhodes Medical Instruments, Summerland, CA, USA)
was lowered into the angular bundle of the perforant path
(coordinates: 3.7 mm posterior to bregma, 2.5 mm lateral
to the midline, 1.8 mm below the brain surface). Then, a
tungsten recording electrode (TM33A10KT, World Preci-
sion Instruments, Sarasota, FL., USA) was positioned above
the suprapyramidal granule cell layer of the dentate gyrus
(coordinates: 1.7 mm posterior to bregma, 1.0 mm lateral to
the midline) and lowered in 0.05-0.1 mm increments while
monitoring the laminar profile of the response waveform
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elicited by a 500 uA/0.1 ms stimulus. The turn of the poten-
tial from negative to positive indicated that the recording
electrode had reached the hilus of the dentate gyrus, the
optimal recording site [34], and a population spike latency of
approximately 4 ms indicated that the stimulation electrode
had been correctly positioned in the more medial portion
of the perforant path [35]. The stimulation protocols were
applied in the following order: input-output (30-800 pA,
0.1 ms pulse duration), paired-pulse facilitation (20-120
UA double-pulse stimulation at intervals from 15 to 100 ms,
0.2 ms pulse duration), paired-pulse (dis)inhibition (mini-
mal or maximal stimulation intensity, interpulse intervals
from 15 to 1,000 ms, 0.2 ms pulse duration), and theta-burst
stimulation (TBS) for the induction of LTP. The strong TBS
protocol consisted of six series of six trains of six pulses at
400 Hz, with 0.2 s between trains and 20 s between series.
The weak TBS protocol consisted of three series of TBS.
For the baseline recordings, 0.1 ms pulses were repeated at
0.1 Hz with a stimulation intensity set to elicit a population
spike in the range of 1-3 mV before LTP induction.

Preparation of Hippocampal Synaptosomal
Fractions and Inmunoblot Analysis

The preparation of synaptosomal fractions was carried out
as previously described [31] (see Supplementary Informa-
tion for details). The following primary antibodies were
used: Nlgnl (RRID: AB_887747, Synaptic Systems, Got-
tingen, Germany), PSD-95 (RRID: AB_2877189, Neuro-
MAB, Davis, CA, USA), AMPA receptor subunit 1 (GluR1,
RRID: AB_2113602, Chemicon, Temecula, CA, USA),
AMPA receptor subunit 2 (GluR2, RRID: AB_2113732,
Synaptic Systems, Gottingen, Germany), NMDA receptor
subunit 1 (NR1, RRID: AB_887750, Synaptic Systems,
Gottingen, Germany), vesicular glutamate transporter 1
(VGlutl, RRID: AB_887878, Synaptic Systems, Gottin-
gen, Germany), vesicular inhibitory amino acid transporter
(VIAAT, RRID: AB_2189938, Synaptic Systems, Gottin-
gen, Germany), gephyrin (RRID: AB_887719, Synaptic
Systems, Gottingen, Germany), actin (RRID: AB_258912,
Sigma-Aldrich, St. Louis, MO, USA), and Nlgn2 (antibody
799, Nils Brose). After washing and incubation with the
secondary antibodies (Gt anti-M-IRDye800 and Gt anti
Rb-IRDye680, LiCor Biosciences, Lincoln, NE, USA, and
Gt-anti-GP-IRDye700, Rockland Immunochemicals, Gil-
bertsville, PA, USA), blots were scanned on an Odyssey
Infrared Imager (LiCor Biosciences, Lincoln, NE, USA),
and the signal intensity for each sample was quantified using
the Odyssey 2.1 software. Each sample value was divided
by the total protein loading value for the corresponding lane
and then normalized to the average sample value of all lanes
on the same blot to correct for blot-to-blot variance. Data are
expressed relative to the WT values.
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Statistical Analysis

To ensure comparable levels of anesthesia throughout the
experiment, only those mice that exhibited a population
spike by the 400 pA stimulation intensity and showed a suc-
cessful induction of LTP (> 10% increase in the pre-TBS
fEPSP slope) were included in the statistical analysis.

Data were analyzed using GraphPad Prism 7 for Win-
dows (GraphPad Software, San Diego, CA, USA), and fig-
ures were prepared using Adobe Illustrator CS6 (Adobe,
San Jose, CA, USA). The normality of the distributions was
first assessed using the Shapiro-Wilk test, and parametric
data sets were compared using an unpaired two-tailed Stu-
dent’s r-test (with Welch’s correction to account for differ-
ent variances). If the data were non-normally distributed,
a Wilcoxon signed-rank test was used instead. Data which
differed in two variables were analyzed using a two-way
repeated measures analysis of variance (ANOVA) followed
by Bonferroni multiple comparison tests, and normality was
assessed by examining the quantile-quantile plots. A two-
tailed p-value lower than 0.05 was considered significant.
Group values are expressed as the means + the standard error
(SEM).

Results

Reduced Excitatory Synaptic Transmission
at Perforant Path-Granule Cell Synapses in Nign3
Knockout Mice

We first investigated whether Nlgn3 affects excitatory trans-
mission in the dentate gyrus by recording fEPSPs evoked
by perforant path stimulation in anesthetized WT and
Nlgn3 KO mice. Input-output curves of the fEPSP slope
in response to increasing stimulation intensities revealed
that on average, Nlgn3 KO mice (n=16) responded with
lower slopes compared to their WT littermates (n=20)
(Fig. 1a). Analyzing these results by two-way repeated meas-
ures ANOVA revealed a significant effect of the genotype
(p=0.0033) as well as the interaction between genotype
and stimulation intensity (p <0.0001). Subsequent Bonfer-
roni multiple comparison post-tests revealed that the fEPSP
slopes in KO mice were significantly reduced at stimulation
intensities ranging from 300 to 800 pA (300-450, 650-800
HA, p<0.05; 500-600 pA, p<0.01), but not at the lower
stimulation intensities. This variable response to the differ-
ent stimulation intensities might account for the significant
interaction effect. However, since the mean fEPSP slope
was reduced in Nlgn3 KO mice at nearly every stimulation
intensity, we concluded that excitatory synaptic transmis-
sion from the perforant path to granule cells is impaired in
Nign3 KO mice.
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Fig. 1 Impaired transmission at excitatory perforant path synapses in the
dentate gyrus of Nlgn3-deficient mice is not caused by differences in the
presynaptic vesicle release probability. a The input-output curves of the
fEPSP slope elicited by increasing stimulation intensities from 30 to 800
UA reveal a decrease in the strength of PP-GC synapses in Nlgn3 KO
(n=16) mice compared to WT littermates (n=20). Asterisks denote sta-
tistical significance determined by Bonferroni multiple comparison tests
(*p<0.05, **p<0.01). Top representative responses to 500 pA stimula-
tion for one WT and one Nlgn3 KO mouse. b Facilitation of the PP-GC
fEPSP elicited by double-pulse stimulation at interpulse intervals (IPI)
from 15 to 100 ms is only slightly lower in Nlgn3 KO (n=16) mice com-
pared to WT littermates (n=20). Top representative responses to two
pulses with a 15 ms IPI for one WT and one Nlgn3 KO mouse. Data are
represented as mean + SEM

At low interpulse intervals, PP-GC synapses undergo
facilitation of the fEPSP [36, 37], which is generally
attributed to presynaptic calcium signaling and reflects
a low initial vesicle release probability [38]. We used a
paired-pulse stimulation protocol to test whether differ-
ences in the vesicle release probability could explain the
reduction in synaptic transmission in Nlgn3 KO mice.
When comparing the degree of facilitation across a range
of interpulse intervals from 15 to 100 ms in 20 WT and 16
Nlgn3 KO mice, we observed a trend towards decreased
PPF in the KO mice, but this difference did not reach sta-
tistical significance (two-way repeated measures ANOVA
with Bonferroni post-tests, genotype, p =0.087; interac-
tion, p=0.272, Fig. 1b).

Altered Granule Cell Excitability and Increased
EPSP-Spike Coupling in Nign3 Knockout Mice

Next, we examined whether the reduction in synaptic trans-
mission in Nlgn3 KO mice led to a reduction in granule
cell excitability measured by the amplitude of the popula-
tion spike, which represents the firing activity of the granule
cell population [39]. The main effect of the genotype on the
population spike amplitude measured across the same range
of stimulation intensities used for the input-output curve of
the fEPSP slope was not significant (two-way repeated meas-
ures ANOVA with Bonferroni post-tests, genotype: p=0.33,
Fig. 2a). However, the effect of the interaction between gen-
otype and stimulation intensity was significant (p =0.0074),
which might reflect a variable effect of the genotype at dif-
ferent stimulation intensities. Indeed, the Nlgn3 KO mice
exhibited slightly higher spike amplitudes at lower stimula-
tion intensities, but lower spike amplitudes at higher stimula-
tion intensities, and approximately equal amplitudes at the
highest stimulation intensities. Therefore, the effect of the
Nlgn3 deletion on the excitability of granule cells appears
to be stimulation-dependent.

To further study the interplay between synaptic transmis-
sion and excitability, we plotted the population spike ampli-
tude against the fEPSP slope for each stimulation inten-
sity of the input—output protocol, yielding the EPSP-spike
plot (Fig. 2b). The curves for the WT and Nlgn3 KO mice
diverged significantly along the x-axis, which we quantified
by comparing the v50 values of the Boltzmann-fitted EPSP-
spike plots for each individual (unpaired Welch’s z-test,
p=0.025). As expected from the reduction in fEPSP slopes,
the Nlgn3 KO mice had lower v50 values (KO, 0.80 +0.05,
n=15; WT, 1.0+0.07, n=16, Fig. 2b, inset). The maxi-
mum population spike measured by the top parameter of
the Boltzmann fit was not significantly different between
groups (unpaired Welch’s #-test, p=0.79; WT, 4.03 +0.23;
KO, 3.95+0.19, data not shown), indicating that the Nlgn3
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Fig.2 EPSP-spike coupling in dentate granule cells is increased in
Nlgn3-deficient mice. a The input-output curve of the population
spike elicited by perforant path stimulation at intensities from 30 to
800 pA reveals no significant difference between WT (n=20) and
Nlgn3 KO (n=16) mice. Top representative responses to 800 nA
stimulation for one WT and one Nlgn3 KO mouse. The population
spike amplitude was calculated from the difference between the first
positive peak (a) and the antipeak (b) and the difference from the
antipeak to the second positive peak (c) as follows: ((a-b)+ (b-c))/2.
b Plotting the population spike amplitude against the fEPSP slope
reveals a leftward shift in the EPSP-spike curve of Nlgn3 KO (n=16)
relative to WT (n=20) mice. Inset shows the v50 values of the Boltz-
mann-fitted EPSP-spike curves, which differed significantly between
WT (n=16) and Nlgn3 KO (n=15) mice (unpaired Welch’s r-test,
*p <0.05). Data are represented as mean + SEM

KO mice achieved similar population spike amplitudes with
lower levels of synaptic transmission, i.e., enhanced EPSP-
spike coupling.
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Slight Alterations in the Level of Network Inhibition
Experienced by Granule Cells in Nign3 KO Mice

An increase in EPSP-spike coupling could be caused by an
increase in the intrinsic neuronal excitability, a decrease in
the level of inhibition, or both. Granule cells experience both
feedback and feedforward inhibition from different classes of
interneurons. Paired-pulse stimulation protocols can provide
insight into the level of (primarily perisomatic) feedforward
(and, to a lesser extent, feedback) inhibition by quantifying
the inhibition of the second population spike [40]. To test for
paired-pulse inhibition, we stimulated the perforant path at
maximum intensity (800 pA) to recruit as many inhibitory
interneurons as possible at interpulse intervals ranging from
15 to 1,000 ms and measured the degree of inhibition of the
second population spike (Fig. 3). There was no significant
main effect of the genotype on paired-pulse inhibition (two-
way repeated measures ANOVA, n=20 WT and 16 KO,
p=0.89), but the interaction between interpulse interval and
genotype was significant (p =0.0047). The suppression of
the second population spike is mediated via the activation of
GABA , receptors on granule cells [40]. However, at higher
interpulse intervals, the inhibition turns into disinhibition
due to the activation of metabotropic GABAy autorecep-
tors on interneuron terminals [41-43]. We interpolated the
interpulse interval at which the amplitude of the second
spike equaled that of the first spike with a Boltzmann fit
of the curve to estimate the shift from PPI to PPDI in each
animal. While the ANOVA results support an interaction
between the genotype and the interpulse interval, the inter-
pulse interval at which the PPI-PPDI shift occurred was not
significantly different in Nlgn3 KO mice, (44.90+0.85 ms
for WT vs. 47.04 +£1.20 ms for KO, unpaired Welch’s
t-test, p=0.16, Fig. 3a, inset). We repeated the same pro-
tocol using the minimum stimulation intensity needed to
elicit a population spike and likewise found a significant
interaction effect (n=19 WT and 16 KO, two-way repeated
measures ANOVA, p=0.022), but no difference in the PPI-
PPDI shift (44.15+1.14 ms for WT vs. 47.00 + 1.49 ms for
KO, unpaired Welch’s #-test, p=0.16, Fig. 3b, inset). Taken
together, these results do not rule out a slight difference in
the level of network inhibition in the dentate gyrus of Nlgn3
KO mice.

No Evidence of Impaired Long-Term Potentiation
at Perforant Path-Granule Cell Synapses in Nign3
Knockout Mice

Next, we investigated whether the reduction in the slopes
of the fEPSPs we observed in Nlgn3 KO mice might
manifest in reduced levels of synaptic plasticity. LTP
induced by high frequency bursts repeated at the theta
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Fig.3 Paired-pulse experiments reveal a tendency towards increased
network inhibition in the dentate gyrus of Nlgn3 KO mice. a Paired-
pulse inhibition (PPI) of the granule cell population spike elicited by
maximal intensity (800 uA) double-pulse stimulation at interpulse
intervals from 15 to 1000 ms is similar between WT (n=20) and
Nlgn3 KO mice (n=16). Top representative responses to two pulses
with a 40 ms IPI for one WT and one Nlgn3 KO mouse. Inset shows
the interpulse interval at which the amplitude of the second spike
equaled that of the first spike determined by a Boltzmann fit of the
PPI curve, which was not significantly different between WT and

frequency is an effective experimental paradigm to inves-
tigate changes in plasticity of excitatory synapses [44]. We
induced LTP using a previously established strong TBS
protocol consisting of six series of six bursts of six pulses,
the bursts were repeated at 5 Hz, and the pulses within a
burst were repeated at 400 Hz [35]. Both the Nign3 KO
mice (n=10) and their WT littermates (n=8) showed a
strong initial potentiation of the fEPSP slope which did not
differ between groups (0-10 min, 137.7 +4.7%, for WT
vs. 137.3+4.1% for Nlgn3 KO mice, unpaired Welch’s
t-test, p=0.95, Fig. 4a). The potentiation remained simi-
lar between groups also towards the end of the recording
period (50-60 min, 122.7 +3.9% for WT vs. 124.7 +4.0%
for Nlgn3 KO, unpaired Welch’s t-test, p =0.73, Fig. 4a).
The population spike also showed a similar initial degree
of potentiation between groups (156.4 +10.6% for WT vs.
165.3 +12.8% for Nlgn3 KO mice, unpaired Welch’s t-test,
p=0.60, Fig. 4b). The groups also did not differ in the
degree of potentiation towards the end of the recording
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Nlgn3 KO mice. b PPI of the granule cell population spike elicited
by minimal intensity double-pulse stimulation at interpulse intervals
from 15 to 1000 ms reveals a slight rightward shift in Nlgn3 KO
(n=16) compared to WT mice (n=19). The minimum stimulation
intensity that elicited a population spike was set for each mouse indi-
vidually. Inset shows that the interpulse interval at which the ampli-
tude of the second spike equaled that of the first spike determined
by a Boltzmann fit of the PPI curve is similar in WT and Nlgn3 KO
mice. Data are represented as mean+SEM

period (149.1 +6.4% for WT vs. 155.8 +£ 12.2% for Nlgn3
KO, unpaired Welch’s r-test, p =0.63, Fig. 4b).

We reasoned that using a weaker TBS protocol to
“prime” the synapses followed by a strong TBS proto-
col might amplify differences between groups, a strat-
egy which had been successful in Nlgnl KO mice [31].
Therefore, we first stimulated the perforant path with
three series of TBS, followed by the strong TBS proto-
col 30 min later. This experimental manipulation revealed
no differences between WT (n=10) and Nlgn3 KO mice
(n=>5) regarding the relative increase in the fEPSP slopes
after the weak TBS (0-10 min, 134.7 +3.4% for WT vs.
147.2 +7.5% for Nlgn3 KO mice, unpaired Welch’s t-test,
p=0.18, Fig. 4c) and after the strong TBS (30-40 min,
144.4+4.0% for WT vs. 158.2 + 8.8% for Nlgn3 KO mice,
unpaired Welch’s ¢-test, p =0.20, Fig. 4c). There were also
no significant differences between WT and Nlgn3 KO mice
regarding the relative increase in the population spike
after the weak TBS (0—-10 min, 170.5 + 12.8% for WT vs.
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Fig.4 Nlgn3 KO mice exhibit
no impairments of LTP at
PP-GC synapses. a LTP induced
by strong TBS (see the “Meth-
ods” section) is similar in WT
(n=238) and Nlgn3 KO (n=10)
mice. Top representative

traces of the averaged evoked
responses of one WT and one
Nlgn3 KO mouse to 0.1 Hz

test pulses during the 2 min
preceding (black) and the 2 min
following (gray) TBS. Dia-
grams show the mean change

in the fEPSP slope relative to
the pre-TBS baseline from 0 to
10 min and 50 to 60 min fol-
lowing TBS. b The increase in
the population spike amplitude
following strong TBS is also
similar in WT and Nlgn3 KO
mice. Diagrams show the mean
increase in the population spike
relative to the pre-TBS baseline
from O to 10 min and 50 to

60 min following TBS. ¢ LTP
induced by weak TBS (see the
“Methods” section) followed by
strong TBS of PP-GC synapses
in WT (n=10) and Nlgn3 KO
(n=35) mice. Top representative
traces of the averaged evoked
responses of one WT and one
Nlgn3 KO mouse to 0.1 Hz

test pulses during the 2 min
preceding (black) and the 2 min
following (gray) the weak

TBS. Diagrams show the mean
increase in the fEPSP slopes
relative to the pre-TBS baseline
after weak TBS (0—10 min) and
after strong TBS (30—40 min).
d The increase in the population
spike amplitude following the
combined weak and strong TBS
shows a trend towards greater
potentiation in WT mice. Dia-
grams show the mean change in
the population spike relative to
the pre-TBS baseline after weak
TBS and after strong TBS. Data
are represented as mean + SEM.
See also Fig. S1
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Fig.5 Nlgn3 deletion decreases PSD95 GluR1 GluR2 NR1 VGlut1
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denote statistical significance
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146.7 + 14.2% for Nlgn3 KO mice, unpaired Welch’s #-test,
p=0.24, Fig. 4d) and after the strong TBS (30-40 min,
173.2+16.3% for WT vs. 138.9 +9.2% for Nlgn3 KO
mice, unpaired Welch’s #-test, p=0.091, Fig. 4d).

While there were no significant differences in the rela-
tive magnitude of LTP, comparing the absolute values of
the fEPSP slopes revealed that Nlgn3 KO mice generally
had lower slopes compared to the WT controls, as would
be expected from the reduction in synaptic transmission
observed in the input-output curves. The fEPSP slopes were
not significantly different (determined by Welch’s #-test) dur-
ing the three time periods we measured in the single strong
TBS experiments (pre-TBS baseline: 0.88 +0.14 mV/ms for
WT vs. 0.68 +£0.04 mV/ms for Nlgn3 KO mice, p=0.20;
0-10 min: 1.2540.22 mV/ms for WT vs. 0.94 +0.06 mV/ms
for Nlgn3 KO mice, p=0.22; 50-60 min: 1.11+0.20 mV/
ms for WT vs. 0.86 +0.08 mV/ms for Nign3 KO, p=0.28,
Supplementary Fig. 1a). In the combined weak and strong
TBS experiments, the slopes differed significantly dur-
ing the pre-TBS baseline (0.62 +0.04 mV/ms for WT vs.
0.46 +0.04 mV/ms for Nlgn3 KO mice, unpaired Welch’s
t-test, p=0.013, Supplementary Fig. 1c), following the
weak TBS (0.83 +0.05 mV/ms for WT vs. 0.67 +0.03 mV/
ms for Nlgn3 KO mice, unpaired Welch’s #-test, p=0.012,
Supplementary Fig. 1c), and after the strong TBS
(0.89+0.06 mV/ms for WT vs. 0.72+0.04 mV/ms for
Nlgn3 KO mice, unpaired Welch’s ¢-test, p =0.036, Sup-
plementary Fig. 1c). These data indicate that Nlgn3-defi-
cient mice exhibited equally strong relative LTP despite a

reduction in the absolute synaptic strength, which could be
caused by a reduction in the number of functional synapses
in these mice. At the same time, the absolute population
spike amplitudes were not different between groups dur-
ing the pre-TBS baseline (Supplementary Fig. 1b+d), as
the stimulation intensity was adjusted to elicit an approxi-
mately 2 mV population spike during the pre-TBS baseline.
Even after LTP induction, the population spike amplitudes
did not differ significantly between groups. Therefore, the
increased EPSP-spike coupling was maintained in Nlgn3 KO
mice after LTP induction, even though the absolute levels of
synaptic transmission were reduced.

Reduced Nign1 and VGlut1 Protein Levels
in Hippocampal Synaptosomes from Nign3 KO Mice

We asked whether the functional differences in synap-
tic transmission we had observed could be explained by
changes in the expression levels of certain synaptic proteins.
To this end, we analyzed the levels of several presynaptic
(VGlutl, VIAAT) and postsynaptic (PSD95, GluR1, GluR2,
NRI1, gephyrin, Nign1, Nlgn2) proteins as well as actin using
quantitative immunoblots from hippocampal synaptosomes
(Fig. 5). Interestingly, we found that Nlgnl was downregu-
lated in Nlgn3 KO synaptosomes (71.8 +5.4% compared to
WT levels, n=17 pairs, unpaired Student’s t-test, p < 0.001,
Table 1). VGlutl was also significantly reduced in Nlgn3 KO
synaptosomes (81.1 +7.3% compared to WT levels, n=17
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Téble 1 Immunoblot data from WT KO p-value n

hippocampal synaptosomes

(males, 8—-12 weeks, n=number Mean SEM Mean SEM

of pairs)
PSD95 100.0 3.1 96.6 3.6 0.395 16
GluR1 100.0 8.8 85.5 7.5 0.125 17
GluR2 100.0 7.6 95.7 6.6 0.365 16
NR1 100.0 3.7 96.2 43 0.422 16
VGlutl 100.0 8.5 81.1 73 0.035 17
VIAAT 100.0 4.6 90.3 5.7 0.138 17
Gephyrin 100.0 6.3 87.9 35 0.062 17
Nlgnl 100.0 75 71.8 5.4 <0.001 17
Nlgn2 100.0 9.6 90.7 59 0.333 16
Actin 100.0 49 91.9 3.6 0.136 16

pairs, Wilcoxon signed-rank test, p=0.035, Table 1). No
other synaptic proteins were significantly up- or downregu-
lated in Nlgn3 KO mice.

Discussion

Using in vivo field potential recordings, we show that the
loss of Nlgn3 leads to a reduction in excitatory synaptic
transmission at PP-GC synapses, supporting a role for Nlgn3
at these synapses. On the other hand, the coupling of the
EPSP to the population spike is enhanced in Nlgn3-defi-
cient mice, which could indicate a reduction of perisomatic
inhibition and/or a compensatory increase in the intrinsic
excitability of granule cells to maintain the normal action
potential output despite the decreased synaptic input. These
results resemble previous findings in Nlgnl KO mice [31],
and the observed reduction in Nlgn1 levels in hippocampal
synaptosomes suggests that Nlgn3 may affect the availability
of Nlgnl at PP-GC synapses. However, in contrast to our
findings in Nlgnl KO mice, LTP experiments revealed no
significant differences at these synapses in Nlgn3 KO mice,
confirming previous studies proposing distinct functions for
Nlgnl and Nlgn3 at excitatory synapses [26].

Excitatory synaptic transmission from the perforant path
to granule cells was significantly reduced in Nlgn3 KO mice
(Fig. 1a), indicating that Nlgn3 plays a role in the forma-
tion and/or function of these synapses in vivo. Given the
importance of the entorhino-dentate projection for social
recognition memory [29], a reduction in the strength of these
synapses could help explain the observed social memory
impairments in Nlgn3 KO mice [10, 12, 13]. Our finding is
consistent with previous reports of decreased AMPA recep-
tor-mediated currents in granule cells that had been virally
transfected with microRNAs targeting Nlgn3 [26]. Further-
more, CA1 pyramidal cells in acute slices prepared from
KO mice and from mice with an ASD-related point muta-
tion that affects AMPA receptor binding (R704C) exhibited
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decreased miniature excitatory postsynaptic current (EPSC)
frequencies [32, 45]. Introducing the R704C mutation in cul-
tured hippocampal neurons also produced deficits in AMPA
receptor-mediated synaptic transmission [46]. However, the
conditional KO of Nlgn3 in cultured hippocampal neurons
produced no discernible defect in AMPA receptor-mediated
transmission [25], which could be the result of developmen-
tal compensation by other neuroligins or synaptic adhesion
molecules in the neurons in which Nlgn3 was deleted. The
cultures used in these experiments were prepared from
newborn mice, the neurons were transfected with the cKO
construct at day 3 in vitro (DIV), and the experiments were
performed around DIV 14, a time of ongoing synaptogenesis
during which the function of Nlgn3 can still be compensated
by the fellow neurexin-binding protein leucine-rich repeat
transmembrane protein (LRRTM) 2 in hippocampal subre-
gion CA1 [47]. It was recently shown that LRRTM4 specifi-
cally controls synaptogenesis in the dentate gyrus [48], so
compensation of the developmental role of Nlgn3 is highly
likely. Developmental compensation of the early postnatal
function of Nlgn3 was also reported at excitatory synapses in
the brainstem [49], but the pronounced synaptic deficits we
(and others) observe in adult Nlgn3 KO mice indicate that
the function of Nlgn3 during synaptogenesis differs from its
function at mature synapses.

Since a reduction in synaptic transmission could be
caused by a decrease in the vesicle release probability at
the presynaptic boutons, we compared presynaptic func-
tion in Nlgn3 KO and WT mice using a paired-pulse
protocol (Fig. 1b). A previous study had shown that the
PSD95-Nlgn1-neurexin transsynaptic interaction mediates
the presynaptic vesicle release probability by increasing the
calcium sensitivity of the presynaptic terminal [50]. Nignl
overexpression decreased the paired pulse ratio (PPR), but
the RNA interference-mediated knockdown of Nlgnl had
no effect on the PPR, which the authors attributed to com-
pensation by other neuroligins [5S0]. We observed no differ-
ence in the degree of PPF, a form of short-term presynaptic
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plasticity which depends on the calcium levels and calcium
buffering capability of the presynaptic terminals [38], at
PP-GC synapses in Nlgnl KO mice [31], and PPF was also
unaltered in Nlgn3 KO mice. However, it is important to
note that PPF only reflects the dynamics of presynaptic vesi-
cle release, so differences in the number of vesicles or the
amounts of neurotransmitter per vesicle are not detectable
using this protocol.

To further differentiate between pre- and postsynaptic
deficits, we quantified the relative abundance of different
proteins in hippocampal synaptosomes from Nlgn3-defi-
cient mice (Fig. 5). Intriguingly, we observed a significant
decrease in the relative abundance of VGlutl, a presynaptic
marker of excitatory synapses, in the Nlgn3-deficient syn-
aptosomes, which might imply a reduction in the number of
synapses or synaptic vesicles. This reduction may be specific
to hippocampal synapses, since a previous study investigat-
ing whole-brain lysates from Nlgn3 KO mice reported no
differences in the levels of VGlutl [11]. Importantly, the
relative abundance of the postsynaptic scaffolding protein
PSD95 was not reduced in Nlgn3-deficient synaptosomes,
suggesting that Nlgn3 KO and WT mice have a comparable
number of excitatory synapses. We previously showed that
the expression of glutamate receptors was reduced in hip-
pocampal synaptosomes from Nlgnl KO mice [31]. How-
ever, the AMPA receptor subunits GluR1 and GluR2 were
not reduced in the Nlgn3-deficient synaptosomes. Simi-
larly, the abundance of NMDA-receptor subunit NR1 was
also unchanged in Nlgn3 KO synaptosomes, in accordance
with previous results showing that Nlgn3 is not involved
in the regulation of NMDA-receptor-mediated transmission
[25, 26]. Taken together, the synaptosomal data support a
reduction in presynaptic release, as opposed to postsynaptic
strength, in Nlgn3 KO mice. However, it should be noted
that our synaptosomal preparation is not specific for PP-GC
synapses but includes all hippocampal synapses. An immu-
nohistochemical analysis of these proteins could potentially
uncover region- or layer-specific differences in their distribu-
tion in Nlgn3 KO mice.

Interestingly, Nlgn1 was also reduced by almost 30% in
Nlgn3-deficient synaptosomes, in keeping with previous
findings from whole brain lysates of Nlgn3 KO mice [11].
The mechanism by which deletion of Nlgn3 results in a par-
tial loss of Nlgn1 remains unknown. The most parsimonious
explanation for this observation is that in the absence of
Nlgn3, Nlgn1-Nlgn3 heterodimers can no longer be formed
[5] and the corresponding Nlgnl is no longer trafficked to
the synapse. Alternatively, it is conceivable that Nlgn3 has
a direct regulatory influence on Nlgnl levels, e.g., due to
regulation of Nlgnl cleavage as previously reported [23].
In the latter case, the phenotypes observed in the Nlgn3
KO may indirectly result from the loss of Nlgn1 rather than
from direct synaptic effects of Nlgn3. However, the small

magnitude of the Nlgnl reduction makes it unlikely for this
to be the only mechanism by which loss of Nign3 results in
the observed synaptic effects. Furthermore, it is clear that
deletion of Nlgn1 or Nlgn3 cause distinct consequences for
other synaptic markers. In particular, VGlutl was specifi-
cally downregulated in synaptosomes from Nlgn3 KO but
not Nlgnl KO mice, whereas the AMPA receptor subu-
nits GluR1 and GluR2 were specifically reduced in Nignl
KO but not Nlgn3 KO synaptosomes. These observations
effectively rule out that the changes observed in the Nlgn3
KO mice result exclusively indirectly from loss of synaptic
Nlgnl1. Future studies will be necessary to differentiate the
extent to which the effects of Nlgn3 deletion on synaptic
transmission are mediated by direct molecular functions of
Nlgn3, by the loss of Nlgn1/Nlgn3 heterodimers, by indi-
rect consequences of the Nlgn1 reduction, or by a combina-
tion of all of these mechanisms. Moreover, investigations of
conditional KO mice would help to rule out developmen-
tal compensation and might yield interesting mechanistic
insights into the function of Nlgn3. Importantly, however,
the precise mechanism by which loss of Nlgn3 affects syn-
aptic transmission has little bearing on the consequences of
our findings for the use of the constitutive Nlgn3 KO mice
as a face- and construct-valid model of ASD. Regardless of
direct vs. indirect molecular effects, our data indicate that
abnormalities in transmission at PP-GC synapses may con-
tribute to the consequences of loss-of-function variants of
Nlgn3 on autism-related behavioral phenotypes.

In contrast to the reduction in excitatory synaptic trans-
mission, the excitability of the granule cells was enhanced
in Nlgn3 KO mice. EPSP-spike coupling, i.e., the respon-
siveness (in terms of the population spike amplitude) of the
granule cells to an EPSP of a given size, was significantly
increased in KO mice (Fig. 2b), which could have impor-
tant functional implications. Increased EPSP-spike coupling
might decrease the filtering capability of granule cells and
lead to deficits in pattern separation. To our knowledge, pat-
tern separation has not been assessed in Nlgn3 KO mice, but
in other forms of hippocampal-dependent learning (contex-
tual fear conditioning), these mice showed only mild defects
(impaired freezing) which could have been caused by their
hyperactivity [12]. Thus, the increased EPSP-spike coupling
might instead serve a homeostatic function in the dentate
network by maintaining the granule cell firing rate despite
the reduced synaptic input, thereby preserving hippocampal-
dependent learning.

EPSP-spike coupling can be influenced by intrinsic cel-
lular properties, such as the resting membrane potential or
the distribution of ion channels [51], but also by the level
of synaptic inhibition [52]. We therefore examined PPI of
the granule cell population spike as a partial readout of the
inhibitory network activity in the dentate gyrus (Fig. 3). PPI
is mediated by feedback inhibition from granule cells onto
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local interneurons and feedforward inhibition from direct
perforant path activation of interneurons (mostly parvalbu-
minergic basket cells) [40]. Both Nlgn1 and Nlgn2 KO mice
exhibited a strong reduction in the duration of PPI, which
could be explained by a reduction in feedforward interneuron
activation [31] or a reduction in perisomatic inhibition [53].
While the duration of PPI in Nlgn3 KO mice did not differ
significantly from that in WT mice, we found a statistically
significant effect of the interaction between the genotype
and the interpulse interval using two different stimulation
protocols, which could indicate that Nlgn3 might only affect
feedback or feedforward inhibition, or only certain interneu-
ron populations. For instance, in hippocampal area CA1, the
deletion of Nlgn3 led to an increase in synaptic transmission
from cholecystokinin (CCK) expressing basket cells, but had
no effect on the function of parvalbuminergic basket cells,
a difference which could be traced to the Nlgn3-dependent
regulation of endocannabinoid signaling in CCK basket cells
[54]. Since PPI is mainly mediated by perisomatic inhibi-
tion [40], the contribution of dendrite-targeting interneu-
rons to the granule cell excitability may not be reflected in
our measurements. Nlgn3 was shown to regulate inhibitory
synaptic transmission from dendrite-targeting somatostatin
(SOM) expressing interneurons in hippocampal subregion
CAl [28]. Feedforward inhibition from molecular layer
interneurons decreases the granule cell excitability during
entorhinal input integration [55], so changes in dendritic
inhibition might alter the granule cell excitability without
affecting PPI (cf. [56]). Thus, the seemingly opposing results
of increased granule cell excitability and possibly increased
PPI could be explained by a decrease in SOM-mediated
dendritic inhibition and an increase in CCK-mediated peri-
somatic inhibition, respectively. Whole-cell recordings to
determine the intrinsic membrane properties of Nlgn3-defi-
cient granule cells, accompanied by paired recordings from
granule cells and interneurons, could address these hypoth-
eses in future experiments.

Lastly, we investigated the effects of Nlgn3 KO on LTP
induction at PP-GC synapses. If the trafficking of post-
synaptic receptors is not impaired by the loss of Nlgn3,
the relative increase in the synaptic strength following
LTP induction would not be affected, even if the abso-
lute synaptic strength is diminished in the KO. Indeed,
we observed similar relative levels of LTP induced by
TBS protocols in Nlgn3 KO mice and their WT litter-
mates (Fig. 4a and c). These findings differ from our pre-
vious results comparing TBS-induced LTP in Nlgnl KO
and WT mice, which revealed deficits in LTP at PP-GC
synapses in the KO mice [31]. In contrast to WT mice,
the GluA2 AMPA receptor subunit was not upregulated
in the stimulated Nlgnl KO mice compared to naive
controls, partially explaining the LTP impairments [31].
However, despite the reduction of Nlgn1 protein levels in
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the Nlgn3-deficient synaptosomes, LTP was unimpaired
in Nlgn3 KO mice, suggesting that the remaining Nlgn1
is sufficient for the recruitment of postsynaptic receptors
following TBS. Previous experiments in a different spe-
cies (rat) using a different method of manipulating Nlgn3
expression (microRNA-mediated knockdown), a differ-
ent experimental system (acute slices), and a different
LTP-induction protocol (pairing) also showed that Nlgn3,
unlike Nlgnl1, is not involved in LTP at PP-GC synapses
[26]. Therefore, the functional separation of Nlgnl and
Nlgn3 at the PP-GC synapse appears to be a robust phe-
nomenon that is evolutionarily conserved between rats and
mice. This functional difference can partially be explained
by alternative splicing of the different neuroligin isoforms.
Unlike Nlgn3, Nlgnl contains an alternative splice site
(B) which determines its neurexin binding specificity
[57]. Nlgnl containing this splice site insertion (Nlgn1B)
binds only p-neurexin, while Nlgn1 lacking this insertion
binds both a- and pB-neurexin [57]. NlgnlB is the domi-
nant Nlgn1 variant in dissociated rat hippocampal neurons
[58] and was shown to be crucial for the expression of
LTP in CA1 pyramidal neurons, whereas Nlgn3 lacks this
insertion and is not required for hippocampal LTP [26]. It
is tempting to speculate that the insertion-lacking Nlgnl
variant might be preferentially reduced in Nlgn3 KO mice,
while the levels of the Nlgn1B variant remain unaffected,
thus explaining the reduction in synaptic transmission and
unaltered relative magnitude of LTP at PP-GC synapses.
It is conceivable that the Nlgn1-Nlgn3 heterodimer selec-
tively regulates synaptic transmission at these synapses,
while the Nlgn1B homodimer regulates LTP.

In summary, our study shows that Nlgn3 plays a specific
role at excitatory postsynapses in the dentate gyrus in vivo.
Given the importance of Nlgn3 as an ASD candidate gene
[6, 7], the dissection of its function at identified synapses
and networks is mandatory for understanding its role in the
pathomechanisms leading to ASD. We also confirmed the
functional segregation of Nlgnl and Nlgn3 at excitatory
synapses in the dentate gyrus: Nlgnl regulates excitatory
synaptic transmission, plays a role in the trafficking of glu-
tamate receptors to the synapse, and affects LTP and network
inhibition [31], whereas Nlgn3 primarily regulates synap-
tic transmission. However, the reduction of Nlgnl protein
expression levels in NIgn3 KO synaptosomes indicates that
both neuroligins are required for intact excitatory transmis-
sion at PP-GC synapses. Therefore, interactions between
neuroligins might play an important role in determining
synaptic strength. Our results underscore the advantages of
in vivo recordings of field potentials in studying the synaptic
function of neuroligins and show that this method can be
used not only to confirm findings from in vitro and ex vivo
experiments, but also to generate new hypotheses that will
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lead to a better understanding of the neural underpinnings
of ASD.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12035-021-02663-9.

Acknowledgements We thank Nils Brose (MPI of Experimental Medi-
cine, Gottingen, Germany) for providing the Nlgn3 KO mouse line
and Thomas Deller (Institute of Clinical Neuroanatomy, Frankfurt,
Germany) for his continuous support.

Author Contribution Conceptualization, P.J. and S.W.S.; methodology,
P.J.; software, M.V. and T.J.; formal analysis, D.K.-B, J.M., M.V., and
T.J.; investigation, A.L., D.K.-B, J.M., M.V., and T.J.; writing (original
draft preparation), J.M.; writing (review and editing), D.K.-B., J.M.,
M.V, PJ., S.W.S., and T.J.; visualization, D.K.-B. and J.M.; supervi-
sion, P.J.; project administration, P.J. and S.W.S.; funding acquisition,
D.K.-B.,PJ., and S.W.S.

Funding Open Access funding enabled and organized by Projekt
DEAL. This research was supported by the German Research Foun-
dation (Deutsche Forschungsgemeinschaft), grant numbers JE 528/6-1
(to P.J.) and SCHW 534/6-1 (to S.W.S.) as well as by an International
Reintegration Grant, European Commission (grant number PIRG7-
GA-2010-268358 to D.K.-B.).

Availability of Data and Material All data are available upon request
from the corresponding author.

Code Availability Custom code is available upon request from the cor-
responding author.

Declarations

Ethics Approval Animal experiments were conducted in accordance
with the German law regarding the use of laboratory animals (Tier-
schutz-Versuchstierverordnung) and approved by the Regierungspra-
sidium Darmstadt and the animal welfare officer responsible for the
institute.

Consent to Participate Not applicable.

Consent for Publication Not applicable.

Conflict of Interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Siidhof TC (2017) Synaptic Neurexin Complexes: A molecular
code for the logic of neural circuits. Cell 171:745-769. https://
doi.org/10.1016/j.cell.2017.10.024

2. SonglY, Ichtchenko K, Stidhof TC, Brose N (1999) Neuroligin 1
is a postsynaptic cell-adhesion molecule of excitatory synapses.
Proc Natl Acad Sci U S A 96:1100-1105. https://doi.org/10.1073/
pnas.96.3.1100

3. Varoqueaux F, Jamain S, Brose N (2004) Neuroligin 2 is exclu-
sively localized to inhibitory synapses. Eur J Cell Biol 83:449—
456. https://doi.org/10.1078/0171-9335-00410

4. Budreck EC, Scheiffele P (2007) Neuroligin-3 is a neuronal
adhesion protein at GABAergic and glutamatergic synapses. Eur
J Neurosci 26:1738-1748. https://doi.org/10.1111/j.1460-9568.
2007.05842.x

5. Poulopoulos A, Soykan T, Tuffy LP et al (2012) Homodimeriza-
tion and isoform-specific heterodimerization of neuroligins. Bio-
chem J 446:321-330. https://doi.org/10.1042/BJ20120808

6. Jamain S, Quach H, Betancur C et al (2003) Mutations of the
X-linked genes encoding neuroligins NLGN3 and NLGN4 are
associated with autism. Nat Genet 34:27-29. https://doi.org/10.
1038/ng1136

7. Quartier A, Courraud J, Thi Ha T et al (2019) Novel muta-
tions in NLGN3 causing autism spectrum disorder and cogni-
tive impairment. Hum Mutat 40:2021-2032. https://doi.org/10.
1002/humu.23836

8. Nguyen TA, Lehr AW, Roche KW (2020) Neuroligins and neu-
rodevelopmental disorders: X-linked genetics. Front Synaptic
Neurosci 12:1-10. https://doi.org/10.3389/fnsyn.2020.00033

9. Hamilton SM, Green JR, Veeraragavan S et al (2014) Fmrl
and Nlgn3 knockout rats: novel tools for investigating autism
spectrum disorders. Behav Neurosci 128:103-109. https://doi.
org/10.1037/a0035988

10. Modi B, Pimpinella D, Pazienti A et al (2019) Possible implica-
tion of the CA2 hippocampal circuit in social cognition deficits
observed in the neuroligin 3 knock-out mouse, a non-syndromic
animal model of autism. Front Psychiatry 10:1-16. https://doi.
org/10.3389/fpsyt.2019.00513

11. Tabuchi K, Blundell J, Etherton MR et al (2007) A neuroligin-3
mutation implicated in autism increases inhibitory synaptic
transmission in mice. Science 318(5847):71-76. https://doi.
org/10.1126/science.1146221

12. Radyushkin K, Hammerschmidt K, Boretius S et al (2009)
Neuroligin-3-deficient mice: model of a monogenic heritable
form of autism with an olfactory deficit. Genes, Brain Behav
8:416-425. https://doi.org/10.1111/j.1601-183X.2009.00487.x

13. Bariselli S, Hornberg H, Prévost-Solié C et al (2018) Role of
VTA dopamine neurons and neuroligin 3 in sociability traits
related to nonfamiliar conspecific interaction. Nat Commun
9(1):3173. https://doi.org/10.1038/s41467-018-05382-3

14. Kalbassi S, Bachmann SO, Cross E et al (2017) Male and
female mice lacking neuroligin-3 modify the behavior of their
wild-type littermates. eNeuro 4:1-14. https://doi.org/10.1523/
ENEURO.0145-17.2017

15. Rothwell PE, Fuccillo MV, Maxeiner S et al (2014) Autism-
associated neuroligin-3 mutations commonly impair striatal cir-
cuits to boost repetitive behaviors. Cell 158:198-212. https://
doi.org/10.1016/j.cell.2014.04.045

16. Thomas AM, Schwartz MD, Saxe MD, Kilduff TS (2017) Sleep/
wake physiology and quantitative electroencephalogram analy-
sis of the neuroligin-3 knockout rat model of autism spectrum
disorder. Sleep 40(10). https://doi.org/10.1093/sleep/zsx138

17. Masini E, Loi E, Vega-Benedetti AF et al (2020) An overview of
the main genetic, epigenetic and environmental factors involved

@ Springer


https://doi.org/10.1007/s12035-021-02663-9
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.cell.2017.10.024
https://doi.org/10.1016/j.cell.2017.10.024
https://doi.org/10.1073/pnas.96.3.1100
https://doi.org/10.1073/pnas.96.3.1100
https://doi.org/10.1078/0171-9335-00410
https://doi.org/10.1111/j.1460-9568.2007.05842.x
https://doi.org/10.1111/j.1460-9568.2007.05842.x
https://doi.org/10.1042/BJ20120808
https://doi.org/10.1038/ng1136
https://doi.org/10.1038/ng1136
https://doi.org/10.1002/humu.23836
https://doi.org/10.1002/humu.23836
https://doi.org/10.3389/fnsyn.2020.00033
https://doi.org/10.1037/a0035988
https://doi.org/10.1037/a0035988
https://doi.org/10.3389/fpsyt.2019.00513
https://doi.org/10.3389/fpsyt.2019.00513
https://doi.org/10.1126/science.1146221
https://doi.org/10.1126/science.1146221
https://doi.org/10.1111/j.1601-183X.2009.00487.x
https://doi.org/10.1038/s41467-018-05382-3
https://doi.org/10.1523/ENEURO.0145-17.2017
https://doi.org/10.1523/ENEURO.0145-17.2017
https://doi.org/10.1016/j.cell.2014.04.045
https://doi.org/10.1016/j.cell.2014.04.045
https://doi.org/10.1093/sleep/zsx138

1110

Molecular Neurobiology (2022) 59:1098-1111

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

in autism spectrum disorder focusing on synaptic activity. Int J
Mol Sci 21:1-22. https://doi.org/10.3390/ijms21218290

. De Rubeis S, He X, Goldberg AP et al (2014) Synaptic, tran-

scriptional and chromatin genes disrupted in autism. Nature
515:209-215. https://doi.org/10.1038/nature 13772

Gilman SR, Iossifov I, Levy D et al (2011) Rare de novo vari-
ants associated with autism implicate a large functional network
of genes involved in formation and function of synapses. Neuron
70:898-907. https://doi.org/10.1016/j.neuron.2011.05.021
Mahfouz A, Ziats MN, Rennert OM et al (2015) Shared path-
ways among autism candidate genes determined by co-expres-
sion network analysis of the developing human brain transcrip-
tome. J Mol Neurosci 57:580-594. https://doi.org/10.1007/
$12031-015-0641-3

Levinson JN, El-Husseini A (2005) Building excitatory and
inhibitory synapses: balancing neuroligin partnerships. Neuron
48:171-174. https://doi.org/10.1016/j.neuron.2005.09.017
Nelson SB, Valakh V (2015) Excitatory/inhibitory balance and
circuit homeostasis in autism spectrum disorders. Neuron 87:684—
698. https://doi.org/10.1016/j.neuron.2015.07.033

Bemben MA, Nguyen TA, Li Y et al (2019) Isoform-specific
cleavage of neuroligin-3 reduces synapse strength. Mol Psychiatry
24:145-160. https://doi.org/10.1038/s41380-018-0242-y
Polepalli JS, Wu H, Goswami D et al (2017) Modulation of exci-
tation on parvalbumin interneurons by neuroligin-3 regulates the
hippocampal network. Nat Neurosci 20:219-229. https://doi.org/
10.1038/nn.4471

Chanda S, Hale WD, Zhang B et al (2017) Unique versus redun-
dant functions of neuroligin genes in shaping excitatory and
inhibitory synapse properties. J Neurosci 37:6816-6836. https://
doi.org/10.1523/JNEUROSCI.0125-17.2017

Shipman SL, Nicoll RA (2012) A subtype-specific function for the
extracellular domain of neuroligin 1 in hippocampal LTP. Neuron
76:309-316. https://doi.org/10.1016/j.neuron.2012.07.024
Shipman SL, Schnell E, Hirai T et al (2011) Functional depend-
ence of neuroligin on a new non-PDZ intracellular domain. Nat
Neurosci 14:718-726. https://doi.org/10.1038/nn.2825

Horn ME, Nicoll RA (2018) Somatostatin and parvalbumin inhib-
itory synapses onto hippocampal pyramidal neurons are regulated
by distinct mechanisms. Proc Natl Acad Sci U S A 115:589-594.
https://doi.org/10.1073/pnas.1719523115

Leung C, Cao F, Nguyen R et al (2018) Activation of entorhinal
cortical projections to the dentate gyrus underlies social memory
retrieval. Cell Rep 23:2379-2391. https://doi.org/10.1016/j.celrep.
2018.04.073

Kesner RP (2018) An analysis of dentate gyrus function (an
update). Behav Brain Res 354:84-91. https://doi.org/10.1016/j.
bbr.2017.07.033

Jedlicka P, Vnencak M, Krueger DD et al (2015) Neuroligin-1
regulates excitatory synaptic transmission, LTP and EPSP-spike
coupling in the dentate gyrus in vivo. Brain Struct Funct 220:47—
58. https://doi.org/10.1007/s00429-013-0636-1

Etherton MR, Foldy C, Sharma M et al (2011) Autism-linked neu-
roligin-3 R451C mutation differentially alters hippocampal and
cortical synaptic function. Proc Natl Acad Sci U S A 108:13764—
13769. https://doi.org/10.1073/pnas.1111093108

Varoqueaux F, Aramuni G, Rawson RL et al (2006) Neuroligins
determine synapse maturation and function. Neuron 51:741-754.
https://doi.org/10.1016/j.neuron.2006.09.003

Fernandez-Ruiz A, Muifioz S, Sancho M et al (2013) Cytoarchitec-
tonic and dynamic origins of giant positive local field potentials
in the dentate gyrus. J Neurosci 33:15518-15532. https://doi.org/
10.1523/JNEUROSCI.0338-13.2013

Cooke SF, Wu J, Plattner F et al (2006) Autophosphoryla-
tion of aCaMKII is not a general requirement for NMDA

@ Springer

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

receptor-dependent LTP in the adult mouse. J Physiol 574:805—
818. https://doi.org/10.1113/jphysiol.2006.111559

Chen PE, Errington ML, Kneussel M et al (2009) Behavioral defi-
cits and subregion-specific suppression of LTP in mice express-
ing a population of mutant NMDA receptors throughout the hip-
pocampus. Learn Mem 16:635-644. https://doi.org/10.1101/Im.
1316909

Khuu MA, Pagan CM, Nallamothu T et al (2019) Intermittent
hypoxia disrupts adult neurogenesis and synaptic plasticity in the
dentate gyrus. J Neurosci 39:1320-1331. https://doi.org/10.1523/
JNEUROSCI.1359-18.2018

Regehr WG (2012) Short-term presynaptic plasticity. Cold Spring
Harb Perspect Biol 4:1-19. https://doi.org/10.1101/cshperspect.
a005702

Sloviter RS (1991) Feedforward and feedback inhibition of hip-
pocampal principal cell activity evoked by perforant path stimu-
lation: GABA-mediated mechanisms that regulate excitability
In Vivo. Hippocampus 1:31-40. https://doi.org/10.1002/hipo.
450010105

Jedlicka P, Deller T, Schwarzacher SW (2010) Computational
modeling of GABAA receptor-mediated paired-pulse inhibition
in the dentate gyrus. J Comput Neurosci 29:509-519. https://
doi.org/10.1007/s10827-010-0214-y

Steffensen SC, Henriksen SJ (1991) Effects of baclofen and
bicuculline on inhibition in the fascia dentata and hippocampus
regio superior. Brain Res 538:46-53. https://doi.org/10.1016/
0006-8993(91)90374-5

Brucato FH, Mott DD, Lewis DV, Swartzwelder HS (1995)
GABAj receptors modulate synaptically-evoked responses in
the rat dentate gyrus, in vivo. Brain Res 677:326-332. https://
doi.org/10.1016/0006-8993(95)00180-X

Foster JD, Kitchen I, Bettler B, Chen Y (2013) GABA recep-
tor subtypes differentially modulate synaptic inhibition in the
dentate gyrus to enhance granule cell output. Br J Pharmacol
168:1808-1819. https://doi.org/10.1111/bph.12073

Larson J, Munkécsy E (2015) Theta-burst LTP. Brain Res
1621:38-50. https://doi.org/10.1016/j.brainres.2014.10.034
Etherton MR, Tabuchi K, Sharma M et al (2011) An autism-
associated point mutation in the neuroligin cytoplasmic tail
selectively impairs AMPA receptor-mediated synaptic trans-
mission in hippocampus. EMBO J 30:2908-2919. https://doi.
org/10.1038/emboj.2011.182

Chanda S, Aoto J, Lee SJ et al (2016) Pathogenic mechanism
of an autism-associated neuroligin mutation involves altered
AMPA-receptor trafficking. Mol Psychiatry 21:169-177. https://
doi.org/10.1038/mp.2015.20

Soler-Llavina GJ, Fuccillo MV, Ko J et al (2011) The neurexin
ligands, neuroligins and leucine-rich repeat transmembrane
proteins, perform convergent and divergent synaptic functions
in vivo. Proc Natl Acad Sci U S A 108:16502-165009. https://
doi.org/10.1073/pnas.1114028108

Siddiqui TJ, Tari PK, Connor SA et al (2013) An LRRTM4-
HSPG complex mediates excitatory synapse development on
dentate gyrus granule cells. Neuron 79:680-695. https://doi.
org/10.1016/j.neuron.2013.06.029

Zhang B, Seigneur E, Wei P et al (2017) Developmental plastic-
ity shapes synaptic phenotypes of autism-associated neuroli-
gin-3 mutations in the calyx of held. Mol Psychiatry 22:1483—
1491. https://doi.org/10.1038/mp.2016.157

Futai K, Kim MJ, Hashikawa T et al (2007) Retrograde modula-
tion of presynaptic release probability through signaling medi-
ated by PSD-95-neuroligin. Nat Neurosci 10:186—195. https://
doi.org/10.1038/nn1837

Debanne D, Inglebert Y, Russier M (2019) Plasticity of intrinsic
neuronal excitability. Curr Opin Neurobiol 54:73-82. https://
doi.org/10.1016/j.conb.2018.09.001


https://doi.org/10.3390/ijms21218290
https://doi.org/10.1038/nature13772
https://doi.org/10.1016/j.neuron.2011.05.021
https://doi.org/10.1007/s12031-015-0641-3
https://doi.org/10.1007/s12031-015-0641-3
https://doi.org/10.1016/j.neuron.2005.09.017
https://doi.org/10.1016/j.neuron.2015.07.033
https://doi.org/10.1038/s41380-018-0242-y
https://doi.org/10.1038/nn.4471
https://doi.org/10.1038/nn.4471
https://doi.org/10.1523/JNEUROSCI.0125-17.2017
https://doi.org/10.1523/JNEUROSCI.0125-17.2017
https://doi.org/10.1016/j.neuron.2012.07.024
https://doi.org/10.1038/nn.2825
https://doi.org/10.1073/pnas.1719523115
https://doi.org/10.1016/j.celrep.2018.04.073
https://doi.org/10.1016/j.celrep.2018.04.073
https://doi.org/10.1016/j.bbr.2017.07.033
https://doi.org/10.1016/j.bbr.2017.07.033
https://doi.org/10.1007/s00429-013-0636-1
https://doi.org/10.1073/pnas.1111093108
https://doi.org/10.1016/j.neuron.2006.09.003
https://doi.org/10.1523/JNEUROSCI.0338-13.2013
https://doi.org/10.1523/JNEUROSCI.0338-13.2013
https://doi.org/10.1113/jphysiol.2006.111559
https://doi.org/10.1101/lm.1316909
https://doi.org/10.1101/lm.1316909
https://doi.org/10.1523/JNEUROSCI.1359-18.2018
https://doi.org/10.1523/JNEUROSCI.1359-18.2018
https://doi.org/10.1101/cshperspect.a005702
https://doi.org/10.1101/cshperspect.a005702
https://doi.org/10.1002/hipo.450010105
https://doi.org/10.1002/hipo.450010105
https://doi.org/10.1007/s10827-010-0214-y
https://doi.org/10.1007/s10827-010-0214-y
https://doi.org/10.1016/0006-8993(91)90374-5
https://doi.org/10.1016/0006-8993(91)90374-5
https://doi.org/10.1016/0006-8993(95)00180-X
https://doi.org/10.1016/0006-8993(95)00180-X
https://doi.org/10.1111/bph.12073
https://doi.org/10.1016/j.brainres.2014.10.034
https://doi.org/10.1038/emboj.2011.182
https://doi.org/10.1038/emboj.2011.182
https://doi.org/10.1038/mp.2015.20
https://doi.org/10.1038/mp.2015.20
https://doi.org/10.1073/pnas.1114028108
https://doi.org/10.1073/pnas.1114028108
https://doi.org/10.1016/j.neuron.2013.06.029
https://doi.org/10.1016/j.neuron.2013.06.029
https://doi.org/10.1038/mp.2016.157
https://doi.org/10.1038/nn1837
https://doi.org/10.1038/nn1837
https://doi.org/10.1016/j.conb.2018.09.001
https://doi.org/10.1016/j.conb.2018.09.001

Molecular Neurobiology (2022) 59:1098-1111

"

52.

53.

54.

55.

56.

Carvalho TP, Buonomano DV (2009) Differential effects of
excitatory and inhibitory plasticity on synaptically driven neu-
ronal input-output functions. Neuron 61:774-785. https://doi.
org/10.1016/j.neuron.2009.01.013

Jedlicka P, Hoon M, Papadopoulos T et al (2011) Increased
dentate gyrus excitability in neuroligin-2-deficient mice in vivo.
Cereb Cortex 21:357-367. https://doi.org/10.1093/cercor/
bhq100

Foldy C, Malenka RC, Siidhof TC (2013) Autism-associated
neuroligin-3 mutations commonly disrupt tonic endocannabinoid
signaling. Neuron 78:498-509. https://doi.org/10.1016/j.neuron.
2013.02.036

Mircheva Y, Peralta MR, Té6th K (2019) Interplay of entorhinal
input and local inhibitory network in the hippocampus at the ori-
gin of slow inhibition in granule cells. J Neurosci 39:6399-6413.
https://doi.org/10.1523/JNEUROSCI.2976-18.2019

Moser EI (1996) Altered inhibition of dentate granule cells during
spatial learning in an exploration task. J Neurosci 16:1247-1259.
https://doi.org/10.1523/jneurosci.16-03-01247.1996

57.

58.

Boucard AA, Chubykin AA, Comoletti D et al (2005) A splice
code for trans-synaptic cell adhesion mediated by binding of neu-
roligin 1 to a- and p-neurexins. Neuron 48:229-236. https://doi.
org/10.1016/j.neuron.2005.08.026

Chih B, Gollan L, Scheiffele P (2006) Alternative splicing con-
trols selective trans-synaptic interactions of the neuroligin-neu-
rexin complex. Neuron 51:171-178. https://doi.org/10.1016/j.
neuron.2006.06.005

Publisher’s note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.neuron.2009.01.013
https://doi.org/10.1016/j.neuron.2009.01.013
https://doi.org/10.1093/cercor/bhq100
https://doi.org/10.1093/cercor/bhq100
https://doi.org/10.1016/j.neuron.2013.02.036
https://doi.org/10.1016/j.neuron.2013.02.036
https://doi.org/10.1523/JNEUROSCI.2976-18.2019
https://doi.org/10.1523/jneurosci.16-03-01247.1996
https://doi.org/10.1016/j.neuron.2005.08.026
https://doi.org/10.1016/j.neuron.2005.08.026
https://doi.org/10.1016/j.neuron.2006.06.005
https://doi.org/10.1016/j.neuron.2006.06.005

	Neuroligin-3 Regulates Excitatory Synaptic Transmission and EPSP-Spike Coupling in the Dentate Gyrus In Vivo
	Abstract
	Introduction
	Methods
	Animals
	Surgery and Electrophysiology
	Preparation of Hippocampal Synaptosomal Fractions and Immunoblot Analysis
	Statistical Analysis

	Results
	Reduced Excitatory Synaptic Transmission at Perforant Path-Granule Cell Synapses in Nlgn3 Knockout Mice
	Altered Granule Cell Excitability and Increased EPSP-Spike Coupling in Nlgn3 Knockout Mice
	Slight Alterations in the Level of Network Inhibition Experienced by Granule Cells in Nlgn3 KO Mice
	No Evidence of Impaired Long-Term Potentiation at Perforant Path-Granule Cell Synapses in Nlgn3 Knockout Mice
	Reduced Nlgn1 and VGlut1 Protein Levels in Hippocampal Synaptosomes from Nlgn3 KO Mice

	Discussion
	Acknowledgements 
	References


