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Abstract

Neurexins are presynaptic plasma membrane proteins that regulate key aspects of synapse physiology through the
formation of transcellular complexes with postsynaptic ligands, including neuroligins (NIgns). Each neurexin gene
(NRXN1-3) generates two main alternative-spliced transcripts that generate alpha and beta-Nrxn isoforms differing
in their extracellular domains. Mutations in NRXNT are associated with autism and other neurodevelopmental
disorders. However, whether dysfunction of NRXNT occurs through common or isoform-specific postsynaptic
partners for alpha- and beta-Nrxn1 is not completely known. The association of Nrxn1 proteins with postsynaptic
partners has been mostly analysed in experiments that test binding, but Nrxn proteins must interact with Nigns

in opposing cells, which requires transcellular oligomerization. Here, we studied the interactions of Nrxn1/NIgn
pairs across the synapse and identified the type of association affected in a mouse model of autism. We found that
beta-Nrxn1 can be recruited at synaptic contacts by glutamatergic Nign1 and GABAergic Nlgn2, whereas alpha-
Nrxn1 is a presynaptic partner of NIgn2. Insertion of alternative spliced segment 4 (AS4) negatively modulates

the presynaptic recruitment of Nrxn1 by Nigns. These data obtained in transcellular assays help clarify previous
knowledge based on the ability of Nrxn1 to bind to Nigns. Interestingly, we found that a mutant beta-Nrxn1 shows
ligand restriction for glutamatergic Nign1 in the brain of a mouse model of autism. These findings suggest that
autism-associated mutations affecting beta-Nrxn1 can act through specific synaptic partners that may be different
from those of its alpha-Nrxn1 counterparts.
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Introduction

Neurexins (Nrxns) are presynaptic plasma membrane
proteins associated with autism and other neurodevel-
opmental disorders [1, 2, 3]. Nrxns are encoded by three
genes (NRXN1, 2 and 3) that generate thousands of iso-
forms differing in their extracellular domains via pro-
moter usage and alternative splicing [4, 5, 6, 7]. Each
NRXN gene generates two main transcripts, long alpha-
Nrxns from a 5" promoter and short beta-Nrxns from an
internal promoter [8, 9]. In addition, Nrxnl expresses a
truncated isoform transcribed from the gamma promoter
[10]. The extracellular domain of alpha-Nrxn proteins
is formed by three EGF (Epidermal Growth Factor)-like
domains flanked by two LNS (Laminin, Neurexin, Sex-
hormone binding globulin) domains. Following a short
specific sequence at the N-terminus, the sequence of
beta-Nrxns is identical to that of their alpha-Nrxn coun-
terparts starting at the last LNS domain (LNS6). Alter-
native splicing greatly increases the molecular diversity
of Nrxns. Thus, the extracellular domain of alpha-Nrxn
genes contains six alternative spliced segments (AS1-6),
two of which (AS4 and 5) are shared by beta-Nrxn genes
[4-7]. Human genetic approaches have led to the iden-
tification of deletions and point mutations in NRXNI
in patients with autism and other neurodevelopmental
disorders. Autism-associated mutations in NRXN1 can
affect 5" isoform-specific sequences in alpha- and beta-
Nrxnl or the 3’ region shared by alpha and beta Nrxnl
isoforms [11-18]. Large deletions affecting both isoform-
specific and common NRXNI sequences have also been
described. Therefore, the identification of autism-associ-
ated mutations in NRXN1 might point to the disruption
of a common function shared by alpha- and beta-Nrxnl
isoforms or, rather, the alteration of unique roles in an
isoform-dependent manner.

Nrxns act as presynaptic partners for a number of
postsynaptic proteins during synaptic differentiation
and function. The best-studied postsynaptic ligands for
Nrxns are neuroligins (Nlgns). Nlgns form a family of
postsynaptic plasma membrane proteins encoded by five
genes (NLGN1, 2, 3, 4X, and 4Y), which show differential
expression at synapses. Nlgn1 is expressed at glutamater-
gic synapses, Nlgn2 at GABAergic synapses, and Nlgn3
can be located at glutamatergic and GABAergic syn-
apses [19, 20, 21]. The formation of signalling complexes
containing presynaptic Nrxns and postsynaptic Nlgns
is thought to regulate the function of glutamatergic and
GABAergic synapses. Therefore, disruption of Nrxn/
Nilgn signalling might alter the excitation/inhibition (E/I)
balance in neurodevelopmental diseases. In vitro stud-
ies have suggested a differential binding ability of alpha-
and beta-Nrxnl isoforms with Nlgn proteins, often with
contradictory results. Thus, it has been reported that the
insertion of AS4 in beta-Nrxnl fully abolishes binding
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with Nlgnl containing the B site, the predominant form
of Nlgnl, in pull-down experiments [22, 23] and cell-
binding assays [24]. Moreover, expression of beta-Nrxnl
(-AS4) in non-neuronal cells induced glutamatergic dif-
ferentiation, which was blocked by the insertion of AS4
in beta-Nrxnl [24]. In contrast to the full inhibition
imposed by AS4, other data obtained from similar exper-
imental approaches have shown that the insertion of AS4
partly inhibits the binding of beta-Nrxn1 with Nlgn1 [22,
25, 26]. Furthermore, surface plasmon resonance (SPR)
experiments have shown that beta-Nrxn isoforms can
bind to Nlgn1-3 and that the insertion of AS4 decreases
the binding affinity of beta-Nrxnl for Nlgnl-3 [27].
Another study using a similar SPR approach showed that
alpha-Nrxn1 isoforms containing or lacking AS4 did not
bind to Nlgnl containing the B site [22]. Whereas these
findings have led to uncover an important role for the
selection of alpha- or beta-Nrxnl isoforms and splicing
at AS4 in binding to Nlgns, these studies also face impor-
tant limitations. For example, fusion proteins containing
the soluble ectodomain of Nrxn proteins are commonly
tested in binding assays with Nlgn-expressing cells, but
Nrxns and Nlgns must interact as membrane proteins in
opposing cells [28, 29]. Importantly, it has been shown
that Nrxn binding, as tested in binding assays, is not suf-
ficient for the synaptic function of Nlgn1, which requires
transcellular oligomerization of Nrxn/Nlgn pairs [28].
Moreover, post-translational modifications in the form
of heparan sulfate carbohydrates in the juxtamembrane
region of Nrxnl and the presence of extracellular ligands
modulate the transcellular interactions of Nrxns with
their postsynaptic receptors [30, 31, 32]. These cell-type
specific modifications are not fully accomplished in het-
erologous assays performed in non-neuronal cells [32].
Finally, the preference of axonal alpha and beta-Nrxnl
isoforms for GABAergic Nlgn2 has been less extensively
documented [33]. Therefore, a better understanding of
NRXNI dysfunction in neurodevelopmental diseases
would require analysis of the interactions displayed by
Nrxnl isoforms with postsynaptic partners at synaptic
contacts as a step toward identifying the specific interac-
tions affected in autism.

In this work, we analysed the presynaptic recruitment
of alpha- and beta-Nrxnl isoforms expressed in neurons
by Nlgnl and Nlgn2 located in an opposing membrane.
We found that beta-Nrxnl was recruited at presynap-
tic terminals induced by Nlgnl and Nlgn2. In contrast,
alpha-Nrxnl isoforms were not recruited by Nlgnl
but, instead, recruited by Nlgn2 at presynaptic termi-
nals. The insertion of AS4 decreased, but did not abol-
ish, the recruitment of alpha and beta-Nrxnl by Nlgnl
and Nlgn2. These data confirmed that beta-Nrxnl is a
presynaptic partner of Nlgnl and Nlgn2, whereas alpha-
Nrxnl isoforms are partners of Nlgn2. To gain insight
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into the type of interactions affected in autism, we anal-
ysed the association of a dominant-negative mutant beta-
Nrxnl with Nlgn proteins in the brain of a mouse model
of autism. Interestingly, we detected the formation of a
protein complex involving mutant beta-Nrxnl and Nlgnl
in the different forebrain areas analysed. Notably, Nlgn2
and Nlgn3 were not detected in the same protein com-
plexes. These data indicated a selective pattern of interac-
tion for a mutant beta-Nrxnl with glutamatergic Nlgnl
in a mouse model of autism. Our data suggest that muta-
tions in the NRXNI gene in autism could alter specific
synaptic pathways through a mechanism dependent on
the affected alpha- or beta-Nrxn1 isoform.

Results

Expression of epitope-tagged alpha and beta Nrxn1
isoforms in cultured neurons

The identification of the Nrxnl isoforms that function
as presynaptic receptors during synaptic differentiation
has been limited by the absence of immunological tools
for specific Nrxnl splice isoforms and by the elevated
number of Nrxnl isoforms with high homology. To cir-
cumvent this problem, we inserted a short Flag sequence
into the cytoplasmic tail of Nrxnl (Fig. 1). Because
the cytoplasmic domain is common to all Nrxnl iso-
forms, we reasoned that this tagging approach would
be better suited to establish comparisons among Nrxnl
proteins, which are highly polymorphic at the extracel-
lular domains. The expression pattern of Flag-tagged
alpha- and beta-Nrxnl (-AS4) proteins in Western-blot
experiments was similar to those of the same isoforms
lacking the Flag-tag, indicating that the insertion of the
Flag-sequence does not affect expression or transport
(Fig. 1A). The molecular weight of Nrxn-1 bands was of
160-180 kDa for alpha-Nrxnl (-AS4), and 55-70 kDa
for beta-Nrxnl (-AS4). The broad pattern of the bands
and the slower mobility compared with the Nrxn-1 pro-
tein backbones (expected molecular weight: 163 kDa for
alpha-Nrxn-1; 53 kDa for beta-Nrxnl) indicated some
degree of glycosylation of Nrxn-1 proteins in HEK293T
cells. Immunostaining experiments performed in non-
permeabilized cells showed that the surface expression
of Flag-tagged alpha and beta-Nrxn1 isoforms was indis-
tinguishable from that of Nrxnl isoforms lacking the
tag, indicating that the insertion of the epitope tag does
not affect surface expression (Suppl. Figure 1). Then, we
generated lentiviral vectors to drive the neuronal expres-
sion of four Flag-tagged Nrxnl isoforms: alpha-Nrxn-1
(AS4), alpha-Nrxn-1 (-AS4), beta-Nrxn-1 (AS4) and
beta-Nrxn-1 (-AS4) (Fig. 1B). The human synapsin pro-
moter included in these vectors drives specific expres-
sion in neurons, sparing expression in non-neuronal cells
[34]. Therefore, this expression system ensures the spe-
cific post-translational modifications of Nrxn-1 proteins
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in neurons. In lysates of cortical neurons transduced with
the lentiviral vectors, the anti-Flag antibody detected
alpha-Nrxnl proteins as broad bands of 180-250 kDa
and beta-Nrxnl as two main bands of approximately
70 kDa and 130-140 kDa (Fig. 1B). The higher molecu-
lar weight of alpha- and beta-Nrxn-1 proteins in cul-
tured neurons when compared with the expression in
HEK293T cells indicated a more complex glycosylation of
Nrxn-1 proteins, which is consistent with the incorpora-
tion of heparan sulfate moieties in Nrxn-1, as previously
reported [32]. Therefore, lentiviral-mediated neuronal-
specific expression of epitope-tagged Nrxnl isoforms
allows to study of the presynaptic recruitment of specific
Nrxnl1 isoforms during synaptic differentiation.

Recruitment of alpha-Nrxn1 isoforms at presynaptic
terminals induced by Nign2

The expression of Nlgnl and Nlgn2 at postsynaptic ter-
minals induces glutamatergic and GABAergic differen-
tiation, respectively, through the recruitment of axonal
Nrxns at contact sites [24, 28]. However, the identity of
the Nrxn isoforms that are actively engaged at presyn-
aptic terminals by postsynaptic Nlgns is not completely
known. To analyse the presynaptic recruitment of alpha-
and beta-Nrxnl isoforms by Nlgnl and Nlgn2 proteins,
we adapted the co-culture assay originally developed
by Scheiffele et al. [29]. For that purpose, cortical cul-
tures were transduced with lentiviral vectors express-
ing Flag-tagged Nrxnl isoforms and allowed to express
the proteins for 7-9 days. Then, transduced neurons
were co-cultured with non-neuronal cells express-
ing VSV-tagged Nlgnl or Nlgn2 proteins. Owing to
the high efficiency and neuronal specificity of lentiviral
transduction, presynaptic recruitment of Nrxnl pro-
teins at Nlgn-mediated synaptic contacts can be anal-
ysed by immunostaining with Flag and VSV antibodies.
We first studied the recruitment of alpha-Nrxnl (-AS4)
and alpha-Nrxnl (AS4) by Nlgn proteins. Immuno-
fluorescence experiments revealed lower recruitment of
alpha-Nrxnl (-AS4) and alpha-Nrxnl (AS4) on Nlgnl-
expressing cells compared with GFP-transfected cells
(Fig. 2). However, the expression of Nlgn2 in non-neu-
ronal cells induced a clear recruitment of alpha-Nrxnl
(-AS4) at the resulting presynaptic terminals, which was
less intense for the alpha-Nrxnl (AS4) isoform (Fig. 2).
Quantification of the Nrxnl signal on Nlgn-transfected
cells confirmed the preferential recruitment of alpha-
Nrxnl by Nlgn2 and the partial inhibitory effect exerted
by AS4 (normalized alpha-Nrxnl signal on the trans-
fected cells over non-transfected areas. Alpha-Nrxnl
(-AS4): GFP, 1.050 £ 0.0423; Nlgn1, 1.475 + 0.0905; Nlgn2,
2.099+0.1230. One-way ANOVA: F(2, 36)=23.05,
p<0.0001. Post-hoc Tukey’s multiple comparisons test:
Nlgnl vs. GFP, p=0.0438; Nlgn2 vs. GFP, p<0.0001;
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Fig. 1 Generation of epitope-tagged alpha- and beta-Nrxn1 isoforms. (A) Comparison of the expression of Flag-tagged alpha- and beta-Nrxn1 with that
of Flag-untagged versions. Schematic drawings showing the insertion site of a Flag-sequence in the cytoplasmic tail of alpha- and beta-Nrxn1 proteins.
All the constructs contained an additional HA tag at the N-terminal region. Western blots of HEK293T cells transfected with Flag-tagged and untagged
alpha and beta-Nrxn1 (-AS4) constructs were probed with Flag and HA antibodies, as indicated. (B) Expression of alpha- and beta-Nrxn1 splice isoforms.
Drawings showing the generation of Flag-tagged alpha- and beta-Nrxn1 constructs containing (AS4) or lacking (-AS4) an insertion at splice site 4. Western
blot experiments showing the expression of alpha- and beta-Nrxn1 splice isoforms in neuronal cultures transduced with lentiviral vectors specific for
neuronal expression
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Fig. 2 Preferential transcellular recruitment of axonal alpha-Nrxn1 by
NIgn2 in non-neuronal cells. A. Co-culture of cortical neurons expressing
alpha-Nrxn1 (-AS4) or alpha-Nrxn1 (AS4) with HEK293T cells expressing
GFP. NIgn1 or Nign2, as indicated. Expression of alpha-Nrxn1 splice iso-
forms in neurons and Nlgn1/2 in non-neuronal cells was detected with
Flag and VSV antibodies, respectively. B. Quantification of the alpha-Nrxn1
(-AS4) and alpha-Nrxn1 (AS4) signals recruited at contact sites induced by
Nign1 and Nign2. Note that alpha-Nrxn1 isoforms are preferentially re-
cruited by NIgn2. The insertion of AS4 decreased the recruitment of alpha-
Nrxn1 by NIgn2. Scale bar, 5 um for Nign1 and Nign2 and 6,85 um for GFP
transfections

Nlgn1 vs. Nlgn2, p=0.0003. N 9-17. Alpha-Nrxnl (AS4):
GFP, 1.101+0.0299; Nlgnl, 1.488+0.07847; Nilgn2,
1.766+0.06724. One-way ANOVA: F(2, 32)=25.28,
p<0.0001. Post-hoc Tukey’s multiple comparisons test:
Nlgnl vs. GFP, p=0.0005; Nlgn2 vs. GFP, p<0.0001;
Nlgnl vs. Nlgn2, p=0.0115. N 11-13) (Fig. 2). There-
fore, alpha-Nrxn1 isoforms are preferentially recruited by
Nlgn?2 at presynaptic terminals.

Presynaptic recruitment of beta-Nrxn1 isoforms by Nign1
and Nign2

To determine whether the recruitment of beta-Nrxnl at
presynaptic terminals obeys the same rules as for alpha-
Nrxnl isoforms, we transduced cortical neurons with
beta-Nrxnl (-AS4) and beta-Nrxnl (AS4) followed by
co-culture with non-neuronal cells expressing Nlgnl or
Nlgn2 proteins. In contrast to the results obtained for
alpha-Nrxnl isoforms, Nlgnl promoted a robust pre-
synaptic recruitment of beta-Nrxnl (-AS4) (Fig. 3). The
insertion of AS4 reduced the presynaptic recruitment
of beta-Nrxnl by Nlgnl at contacting terminals (Fig. 3).
We subsequently analysed the recruitment of beta-Nrxnl
isoforms by Nlgn2. We found that Nlgn2-expressing
cells recruited presynaptic beta-Nrxnl (-AS4) at similar
levels as Nlgnl (Fig. 3). Moreover, the insertion of AS4
decreased the presynaptic recruitment of beta-Nrxnl
by Nlgn2 (Fig. 3). Quantification of the data confirmed
the similar recruitment of beta-Nrxnl (-AS4) by Nlgnl
and Nlgn2 and the partial inhibition imposed by the
insertion of AS4 (normalized beta-Nrxnl signal on the
transfected cells over non-transfected areas. Beta-Nrxnl
(-AS4): GFP, 1.091+0.05129; Nlgnl, 3.062+0.3296;
Nlgn2, 3.292 + 0.2319. One-way ANOVA: F(2, 40) = 20.63,
p<0.0001. Post-hoc Tukey’s multiple comparisons test.
Nlgnl vs. GFP, p<0.0001; Nlgn2 vs. GFP, p<0.0001;
Nlgn1 vs. Nlgn2, p=0.7783. N 11-19. Beta-Nrxnl (AS4):
GFP, 1.088+0.04695; Nlgnl, 2.421+0.1987; Nlgn2,
1.932+0.1132. One-way ANOVA: F(2, 34)=25.78,
p<0.0001. Post-hoc Tukey’s multiple comparisons test.
Nlgnl vs. GFP, p<0.0001; Nlgn2 vs. GFP, p=0.0001;
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Nlgnl vs. Nlgn2, p=0.0296) (Fig. 3). Therefore, beta-
Nrxnl isoforms are similarly recruited at presynaptic ter-
minals by Nlgn1 and Nlgn2.

Trans-synaptic recruitment of beta-Nrxn1, but not alpha-
Nrxn1, by postsynaptic Nlgn1 in cortical neurons

Previous data indicated that Nlgn1 preferentially recruits
beta-Nrxnl isoforms at glutamatergic terminals, whereas
Nlgn2 can recruit alpha- and beta-Nrxnl isoforms at
GABAergic terminals. However, the trans-synaptic
interaction of Nlgns with Nrxns can be positively or
negatively modulated by factors that act on postsynaptic
neurons, which could be missing in heterologous assays
in non-neuronal cells [31, 35, 36]. To confirm the specific
recruitment of beta-Nrxnl isoforms by Nlgnl in a syn-
aptic context, we modified the experimental paradigm so
that a pair of Nrxn/Nlgn candidate proteins can be posi-
tioned at the presynaptic and postsynaptic membranes,
respectively (Fig. 4). With this aim, we transfected Nlgn1
into cortical cultures previously transduced with lentivi-
ruses expressing Nrxnl isoforms. This approach results
in the expression of Nlgnl in sparse neurons, which are
contacted by axons expressing epitope-tagged Nrxnl
isoforms. Synapse density was analysed in the same cul-
tures with a synapsin antibody. Interestingly, dendritic
expression of Nlgn1 failed to recruit alpha-Nrxnl (-AS4)
or alpha-Nrxnl (AS4) at the resulting presynaptic termi-
nals, despite Nlgnl greatly increased synapse density in
the transfected neurons, as expected (Fig. 4). These data
suggest that the glutamatergic differentiation induced
by Nlgnl is independent of alpha-Nrxnl proteins. In
contrast, postsynaptic Nlgnl produced a robust concen-
tration of beta-Nrxnl (-AS4) and beta-Nrxnl (AS4) at
contacting presynaptic terminals (Fig. 4). Quantification
of the data showed that the level of presynaptic recruit-
ment of beta-Nrxn1 (-AS4) was higher than that of beta-
Nrxnl (AS4), further indicating a modulatory role of AS4
in the interaction with Nlgnl (normalized Nrxnl signal
on Nlgnl-transfected dendrites over non-transfected
areas. Control, 1.064+0.05029; alpha-Nrxnl (-AS4),
1.165+0.03692; alpha-Nrxnl (AS4), 1.145+0.05500;
beta-Nrxnl (-AS4), 3.941+0.3642; beta-Nrxnl (AS4)
3.159+0.3114. One-way ANOVA: F(4, 65)=3641,
p<0.000. Post-hoc Tukey’s multiple comparisons test.
Alpha-Nrxnl (-AS4) vs. alpha-Nrxnl (AS4), p>0.9999;
alpha-Nrxnl (-AS4) vs. beta-Nrxnl (-AS4), p<0.0001;
alpha-Nrxnl (-AS4) vs. beta-Nrxnl (AS4), p<0.0001;
alpha-Nrxnl (-AS4) vs. control, p=0.9980; alpha-Nrxnl
(AS4) vs. beta-Nrxnl (-AS4), p<0.001; alpha-Nrxnl
(AS4) vs. beta-Nrxnl (AS4), p<0.0001; alpha-Nrxnl
(AS4) vs. control, p=0.9991; beta-Nrxnl (-AS4) vs. beta-
Nrxnl (AS4), p=0.1198; beta-Nrxnl (-AS4) vs. control,
p<0.0001; beta-Nrxnl (AS4) vs. control, p<0.0001).
Moreover, the increase in synapse density produced
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by Nlgnl was further potentiated in synapses express-
ing beta-Nrxnl (-AS4) at presynaptic terminals (syn-
apsin levels on the Nlgnl-transfected dendrites over
non-transfected areas: Control, 3.772+0.3320; alpha-
Nrxnl (-AS4), 3.008+0.2109; alpha-Nrxnl (AS4),
3.754+0.4476; beta-Nrxnl (-AS4), 5.764 +0.4928; beta-
Nrxnl (AS4) 4.44+0.4113. One-way ANOVA F(4,
66) =7.061. p <0.0001. Post-hoc Tukey’s multiple compar-
isons test. Alpha-Nrxnl (-AS4) vs. alpha-Nrxnl (AS4),
p=0.7141; alpha-Nrxnl (-AS4) vs. beta-Nrxnl (-AS4),
p<0.0001; alpha-Nrxnl (-AS4) vs. beta-Nrxnl (AS4),
p=0.1191; alpha-Nrxnl (-AS4) vs. control, p=0.6553;
alpha-Nrxnl (AS4) vs. beta-Nrxnl (-AS4), p=0.0057;
alpha-Nrxnl (AS4) vs. beta-Nrxnl (AS4), p=0.7681;
alpha-Nrxnl (AS4) vs. control, p>0.9999; beta-Nrxnl
(-AS4) vs. beta-Nrxnl (AS4), p=0.1424; beta-Nrxnl
(-AS4) vs. control, p=0.0034; beta-Nrxnl (AS4) vs. con-
trol, p=0.7529) (Fig. 4). These data indicate a specific role
of beta-Nrxnl isoforms as functional presynaptic recep-
tors during the glutamatergic differentiation induced by
Nlgnl.

Selective association of a mutant beta-Nrxn1 with Nign1 in
a mouse model of autism

Autism-associated mutations in NRXNI might affect a
synaptic function shared by all Nrxnl isoforms or a sub-
set of interactors, depending on the affected Nrxnl iso-
form. However, information on the protein complexes
formed by Nrxnl proteins in the brain is still lacking. To
obtain insights into the type of interactions affected by
Nrxnl in autism, we analysed the association of a beta-
Nrxnl mutant protein with Nlgns in a mouse model of
autism. The beta-Nrxn1AC mouse is a validated animal
model of autism that expresses a C-terminal truncated
mutant beta-Nrxnl (-AS4) in adult forebrain neurons
[37]. The presence of the extracellular domain allows
beta-NrxnlAC protein to engage in trans-synaptic inter-
actions at specific synapses, whereas the absence of the
cytoplasmic tail inhibits neurotransmitter release, result-
ing in a dominant negative mutant for beta-Nrxnl [37,
38]. Furthermore, beta-NrxnlAC protein contains a
short epitope-tag that allows for the isolation and charac-
terization of the associated protein complexes by immu-
noprecipitation and Western-blot experiments.

In a first set of experiments, we immunoprecipitated
beta-NrxnlAC protein from the mouse brain using
increasing amounts of the specific antibody. Western-blot
experiments revealed increased levels of immunoprecipi-
tated beta-NrxnlAC protein with increasing concentra-
tions of the specific antibody. In parallel, beta-Nrxn1AC
protein was cleared from the lysates, indicating efficient
isolation (Fig. 5A). Interestingly, Nlgnl was specifically
detected in the beta-Nrxnl1AC immunoprecipitates, and
its levels increased in parallel with those of the recovered
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Fig. 3 Transcellular recruitment of beta-Nrxn1 at presynaptic contacts
mediated by Nign1 and Nign2. A. Cortical neurons expressing beta-Nrxn1
(-AS4) or beta-Nrxn1 (AS4) were co-cultured with HEK293T cells express-
ing GFP, NIgn1 or NIgn2, as shown. The expression of beta-Nrxn1 splice
isoforms and NIgn1/2 was detected with Flag and VSV antibodies, respec-
tively. B. Graphs showing the quantification of neuronal beta-Nrxn1 splice
isoforms recruited at presynaptic sites induced by Nign1 and Nign2. Note
that beta-Nrxn1 proteins are similarly recruited by Nign1 and Nign2 and
that the insertion of AS4 in beta-Nrxn1 decreases presynaptic recruitment.
Scale bar, 5 um for Nign1 and Nign2 and 6,85 um for GFP transfections

beta-NrxnlAC protein (Fig. 5A). To analyse selectiv-
ity, we studied the presence of Nlgnl, Nlgn2 and Nlgn3
in the immunoprecipitates of beta-NrxnlAC. Interest-
ingly, Nlgn2 and Nlgn3 were not recovered in the corti-
cal immunoprecipitates of the beta-NrxnlAC mutant,
although Nlgnl was detected in the same immunopre-
cipitates (Fig. 5B). LRRTMs are glutamatergic postsynap-
tic proteins that interact with Nrxn1 (-AS4) isoforms [39,
40]. Notably, LRRTM2 was not detected in the immuno-
precipitates of beta-Nrxn1AC, further suggesting a selec-
tive association with Nlgnl at glutamatergic synapses
(Fig. 5B). To analyse the association of beta-NrxnlAC
with Nlgn proteins in other brain regions, we performed
additional immunoprecipitation experiments in the stria-
tum, a region implicated in autism that shows expression
of beta-NrxnlAC in the mouse model [37]. Again, we
found that Nlgn1 was co-immunoprecipitated with beta-
NrxnlAC from striatal lysates, whereas Nlgn2, Nlgn3
and LRRTM2 were not detected in the striatal immuno-
precipitates (Fig. 5C). These data indicate the formation
of a protein complex formed by a mutant beta-Nrxn1 and
Nlgn1 in the brain of a mouse model of autism.

Association of mutant beta-Nrxn1 with Nign1 initiates
early after expression

The previous experiments were performed in adult
mice following maintained expression of beta-
NrxnlAC protein starting at one month of age [37].
Therefore, we wondered whether the selective asso-
ciation of beta-NrxnlAC with Nlgnl results from a
prolonged expression time. To test this possibility, we
aimed to isolate beta-Nrxn1AC complexes from adult
mice at an earlier time after beta-NrxnlAC expres-
sion. The expression of beta-Nrxn1AC can be switched
off in the adult brain with doxycycline (DOX) [37].
Thus, we turned off transgene expression with DOX
for two weeks and then allowed beta-NrxnlAC to be
re-expressed in the absence of DOX for 30 days (on/
off DOX; Fig. 6). This approach led to similar expres-
sion levels of beta-NrxnlAC protein compared with
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Fig. 4 Nign1 expressed at postsynaptic terminals specifically recruits beta-Nrxn1, but not alpha-Nrxn1, at the presynapse. A. Panels showing the pre-
synaptic recruitment of alpha- and beta-Nrxn1 splice isoforms induced by postsynaptic Nign1, as indicated. Nign1 was expressed in sparse neurons
from cortical cultures expressing alpha- or beta-Nrxn1 isoforms by lentiviral transduction. As a control, Nlgn1 was expressed in non-transduced cultures.
Expression of NIgn1 and Nrxn1 isoforms was analysed with VSV and Flag antibodies, respectively. Synapses were identified with a synapsin antibody. B.
Graphs showing the quantification of the Nrxn1 signal (left) and synapsin-positive area (right) at presynaptic terminals induced by postsynaptic Nign1.

Scale bar, 10 um

the expression in non-treated transgenic mice (off
DOX; Fig. 6). Interestingly, we similarly detected a spe-
cific association between beta-NrxnlAC and Nlgnl in
the mouse brain (Fig. 6). Thus, Nlgnl was specifically
detected in the beta-NrxnlAC cortical immunopre-
cipitates, whereas Nlgn2, Nlgn3 and LRRTM2 were
not recovered in the same immunoprecipitates (Fig. 6).
Together, these findings suggest a restricted pattern of
association of a mutant beta-Nrxnl with glutamater-
gic Nlgnl in a mouse model of autism, which initiates
early after expression and is maintained throughout
adulthood.

Discussion

In this study, we analysed the trans-synaptic interac-
tions of alpha- and beta-Nrxnl isoforms with Nlgnl
and Nlgn2 in cultured neurons and studied the type of
association affected by mutant beta-Nrxnl in a mouse
model of autism. By using neuronal-specific expression
of epitope-tagged Nrxnl isoforms, combined with the
expression of Nlgnl and Nlgn2 in opposing membranes,
we recapitulated the transcellular interaction of Nrxn/
Nlgn at synapses. We found that glutamatergic differen-
tiation induced by Nlgn1 specifically recruits beta-Nrxn1
at presynaptic terminals. In contrast, Nlgn2-mediated
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Fig. 5 Selective association of a mutant beta-Nrxn1 protein with Nign1 in a

mouse model of autism. A. Mutant beta-Nrxn1 was immunoprecipitated

from the cortex of control and transgenic mice with increasing amounts of a HA antibody. The immunoprecipitates (IP) and the cleared supernatants
(SN) were probed with HA and Nign1 antibodies, as shown. B, C. HA-immunoprecipitates from cortex (B) and striatum (C) of control and beta-Nrxn1AC

adult mice were incubated with antibodies against HA, Nign1, NIgn2, NIgn3 an

d LRRTM2, as indicated. As a control, immunoprecipitation was performed

in buffer alone (buff). Representative data from three (cortex) or two (striatum) independent experiments are shown. Averaged NIgn1 levels in the co-

immunoprecipitates as percentage of total Nign1 in the initial lysates: 5,01 + 0,

GABAergic differentiation induced the recruitment of
alpha- and beta-Nrxnl isoforms. The insertion of AS4
negatively modulates the presynaptic recruitment of
Nrxnl isoforms by Nlgnl and Nlgn2. Importantly, the
analysis of protein complexes associated with mutant
beta-Nrxnl suggested a selective dysfunction of the
beta-Nrxnl/Nlgnl pathway in a mouse model of autism.
These findings suggest that dysfunction of beta-Nrxnl in
neurodevelopmental diseases could alter unique synaptic
functions not shared by alpha-Nrxn1 isoforms.

Despite their major role at the synapse, most of what
is known about the interactions of Nrxns with postsyn-
aptic partners arises from in vitro experiments testing
the binding of recombinant Nrxn proteins produced in
non-neuronal cells with postsynaptic candidates [22, 24,

71 (cortex),and 1,74 £ 1,41 (striatum)

25, 26, 27]. However, it is well known that the interaction
of Nrxns and Nlgns requires the formation of oligomers
at the plasma membrane, a condition that is not accom-
plished in binding assays [28]. Therefore, we decided to
develop an approach that ensures the axonal expression
of Nrxn-1 proteins and, moreover, tests the interaction
with Nlgn proteins across the cell surface. Compared
with broadly used binding approaches, the experimental
system used in this study offers several advantages. First,
it assures the neuronal-specific post-translational mecha-
nisms of Nrxnl proteins, such as glycosylation, which
is important for their function [32]. Second, the inter-
action of Nrxnl isoforms with Nlgn proteins is studied
in opposing membranes, reproducing the transcellular
expression at the synapse [28]. Moreover, epitope-tagged
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Fig.6 Association of mutant beta-Nrxn1AC with NIgn1 initiates early after
expression. HA-immunoprecipitates from the cortex of control and beta-
Nrxn1AC mice left untreated (off DOX) or treated with DOX for 14 days and
allowed to re-express the mutant beta-Nrxn1AC protein for 30 days (on/
off DOX) were incubated with antibodies against HA, NIgn1, Nign2, Nign3
and LRRTM2, as indicated. NIgn1 is selectively recovered in beta-Nrxn1AC
immunoprecipitates

Nrxnl proteins are expressed by virtually all neurons in
the culture, which facilitates the comparison of the same
population of axons contacting Nlgn-expressing cells
with non-contacting axons in the same field. Using this
assay, we found that beta-Nrxnl proteins are similarly
recruited by Nlgnl and Nlgn2 at presynaptic terminals.
The insertion of AS4 in beta-Nrxnl reduced, but did
not inhibit, the recruitment of beta-Nrxn1 by Nlgn1 and
Nlgn2. These data further support a modulatory role of
the insertion of AS4 in the regulation of the interaction
of beta-Nrxnl with Nlgn1l and extend these observations
to Nlgn2-mediated synaptic differentiation. In contrast,
alpha-Nrxnl proteins, either containing or lacking AS4,
were not recruited at glutamatergic terminals induced
by Nlgnl. Instead, alpha-Nrxnl proteins were recruited
by Nlgn2 during GABAergic differentiation. Again, the
insertion of AS4 in alpha-Nrxnl decreased the presyn-
aptic recruitment mediated by Nlgn2. Owing to the dif-
ferential functions of Nlgnl and Nlgn2 at synapses, our
data indicate a unique role of beta-Nrxnl as presynap-
tic receptor for Nlgnl at glutamatergic synapses and a
shared role of alpha- and beta-Nrxnl proteins as pre-
synaptic partners for Nlgn2 during GABAergic differen-
tiation. In accordance with a function of alpha-Nrxns at
GABAergic synapses, a decrease in GABAergic synapse
density has been shown in knockout mice lacking alpha-
Nrxnl/2/3 genes [41]. Our data are in agreement with
a major role for the selection of alpha- or beta-Nrxnl
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isoforms in the regulation of the interaction with Nlgn1/2
compared with the modulatory function for the splicing
at AS4 site.

The identification of mutations in NRXNI associ-
ated with neurodevelopmental disorders has pointed
at a hypofunction of Nrxnl isoforms in brain diseases.
NRXNI mutations can affect gene regions common to
alpha- and beta-Nrxnl or specific sequences of alpha-
or beta-Nrxnl isoforms. On the basis of these observa-
tions, the loss of Nrxnl function in autism could alter
a common function shared by all Nrxnl isoforms or
unique functions in an isoform-dependent manner. We
have found experimental evidence for the latter pos-
sibility. The beta-NrxnlAC mouse is an animal model
of autism that expresses a C-terminal truncated mutant
beta-Nrxnl (-AS4) protein in adult forebrain neurons.
Beta-NrxnlAC mice exhibit increased repetitive behav-
iour, a lack of social interaction and an exaggerated
response to non-social stimuli, resembling the main fea-
tures of autism [37]. The presence of an intact extracel-
lular domain allows beta-Nrxn1AC protein to associate
with postsynaptic ligands, whereas the absence of the
intracellular domain inhibits neurotransmitter release,
resulting in a dominant negative mutant for beta-Nrxnl
at targeted synapses [37, 38]. Based on the interaction
displayed by beta-Nrxnl in the neuronal assays, mutant
beta-NrxnlAC could associate with Nlgnl, Nlgn2, both
or neither. We detected a specific association between
mutant beta-NrxnlAC and Nlgnl in the mouse brain.
The beta-Nrxn1AC/Nlgnl protein complex was detected
in the cortex and striatum, it was present from an early
time point after expression and was maintained into
adulthood. Nlgn3, an Nlgn-family member present at
glutamatergic and GABAergic synapses, did not associ-
ate with mutant beta-NrxnlAC. Moreover, LRRTM2,
a postsynaptic protein of glutamatergic synapses that
binds in vitro to beta-Nrxnl (-AS4) with similar affin-
ity than Nlgnl [40], was not detected in the same pro-
tein complexes. These findings indicate that, rather
than affecting a full repertoire of postsynaptic partners,
dysfunction of beta-Nrxnl results in ligand selectiv-
ity for Nlgnl in a mouse model of autism. Although the
reasons for the preferred interaction of beta-NrxnlAC
with Nlgnl in the mouse model remain to be known,
several factors might contribute such as a higher affin-
ity for Nlgnl in vivo, Nlgn1 availability or the presence
of modifying factors, among others. The impaired beta-
Nrxn1/Nlgn1 signalling would be expected to reduce the
response of glutamatergic synapses and may well explain
the decrease in glutamatergic transmission reported
in the cortex of beta-NrxnlAC mice [37]. The fact that
alpha-Nrxnl isoforms do not participate in the gluta-
matergic differentiation mediated by Nlgnl suggested
an unshared mechanism for beta-Nrxnl dysfunction in
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a mouse model of autism. Interestingly, point mutations
abolishing the specific translation initiation sequence of
beta-Nrxnl, which is not shared by alpha-Nrxnl, have
been identified in patients with autism, suggesting a
selective loss of beta-Nrxnl function [11, 12]. These data
suggest that disease-associated mutations affecting beta-
Nrxnl isoforms, either alone or in combination with a
loss of alpha-Nrxnl function, could affect the E/I bal-
ance through a mechanism not compensated by alpha-
Nrxnl (i.e., reducing excitation at targeted glutamatergic
synapses). The correction of the E/I imbalance associ-
ated with NRNX1 dysfunction in autism might probably
require different approaches in an isoform-dependent
manner.

Methods

Experimental animals

Animal studies were performed in accordance with
Directive 2010/63/UE regarding the use of experimental
animals (Real Decreto 53/2013) and under consideration
of the ARRIVE guidelines. All procedures were approved
by the Committee of Animal Use for Research at the Uni-
versity of Seville (Spain). Animals were housed in the
facilities of the Animal Production and Experimentation
Service at the Institute of Biomedicine of Seville (IBiS)
(registered and authorized center ES410910008015) and
kept on a 12 h dark/light cycle at 22°C with food and
water provided ad libitum. Where indicated, the mice
were fed DOX in the diet (SAFE) for two weeks. Adult
(6—7 months) male and female mice were used for the
experiments.

DNA and lentiviral vectors

The expression vectors used for VSV-tagged Nlgn1 (A, B)
and Nlgn2 and for HA-tagged alpha (-AS4), beta-Nrxn1
(-AS4) and beta-Nrxnl (AS4) were previously described
[28, 42, 43]. The alpha-Nrxnl (AS4) vector was generated
by inserting the AS4 sequence from beta-Nrxnl (AS4)
into alpha-Nrxnl (-AS4). The octopeptide coding for
the Flag-tag sequence was inserted between N1350 and
G1351 of Nrxnl isoforms (numbering corresponding to
accession number NM_021767.2) by overlap-extension
PCR using the following primers: primer 1, TATGCCA
TGTACAAGTACAGAAACC; primer 2, CGTCATCCT
TGTAATCATTGGACTGTGCTGAGTTAC; primer 3,
GGATGACGACGATAAGGGGGCTGTGGTCAAGGA
G; and primer 4, CCCGGGGGTACCTCGAGT. The 16
nucleotides at the 5" end of primers 2 and 3 code for the
N-term and C-term two-thirds of the Flag-tag sequence,
respectively, the first 8 nucleotides of which are comple-
mentary in primers 2 and 3. PCR 1 was performed with
primer 1 and primer 2, and PCR 2 with primer 3 and
primer 4 using an expression vector for Nrxnl as a tem-
plate. The amplified bands of PCR reactions 1 and 2 were
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purified and used in a PCR reaction that yielded a DNA
fragment coding for the C-terminal region of Nrxnl with
the Flag-tag sequence inserted at N1350. This PCR frag-
ment was cloned into expression vectors for alpha-Nrxnl
(AS4), alpha-Nrxnl (-AS4), beta-Nrxnl (AS4), and beta-
Nrxnl (-AS4) with restriction enzymes. The coding
sequences of the four Flag-tagged Nrxnl isoforms were
subsequently cloned into a lentiviral vector under the
control of a synapsin promoter [34]. The generation and
concentration of recombinant lentiviral particles were
performed as previously described [34]. The infection of
cultured neurons with lentiviral particles was adjusted
to achieve comparable expression levels for the Nrxnl
isoforms.

Cell culture and immunofluorescence

Cortical cultures were obtained from the brain of E18-
E19 rats of both sexes. Dissociated cells were plated in
24-well plates at 60,000 cells/well containing poly-D-
lysine (Sigma Aldrich) coated glass coverslips and main-
tained in neurobasal medium (Invitrogen) supplemented
with B27 (Thermo Fisher Scientific), GlutaMAX and
penicillin/streptomycin  (Invitrogen). HEK293T cul-
tures were grown in Dulbecco’s modified Eagle medium
(DMEM) containing 10% fetal bovine serum (HyClone),
GlutaMAX and penicillin/streptomycin. Cortical cul-
tures and HEK293T cells were transfected with Lipo-
fectamine 2000 (Invitrogen) following the manufacturer’s
recommendations. For cell surface staining, transfected
HEK293T cells with Nrxnl isoforms were fixed with 4%
paraformaldehyde, incubated with anti HA antibodies,
followed by permeabilization with 0.05% Triton X-100
and incubation with anti-Flag antibodies. For co-culture
experiments, HEK293T cells transfected with VSV-
Nlgnl, VSV-Nlgn2 or GFP vectors were trypsinized,
counted and plated at 40-50,000 cells/well into 24-well
plates containing cortical neurons. Co-cultures were
maintained for 24 h, fixed with 4% paraformaldehyde and
permeabilized with 0.05% Triton X-100. The following
primary antibodies were used in immunofluorescence
experiments: mouse anti-Flag M2 (Sigma Aldrich), rabbit
anti-VSV (Sigma Aldrich) and guinea pig anti-synapsin
(Synaptic System). As secondary antibodies, preabsorbed
donkey antibodies conjugated with Cy2, Cy3 and Cy5 flu-
orophores (Jackson ImmunoResearch) were used. Images
were acquired on a Leica Stellaris confocal microscope.
Maximal projections of the Z-stacked images were ana-
lysed with Image] software. A mask covering the region
of interest was created by drawing a line around the
transfected cell (HEK293T or dendrite). The mask was
duplicated in neighboring areas of the same field con-
taining no transfected cells and was used as a control.
Specific markers were quantified as the mean intensity
on the transfected cell normalized to control intensity in
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the vicinity above a threshold value. Thresholds were set
such that most of the specific signal was included. Sta-
tistical analyses were performed with GraphPad Prism
software. Differences in means across multiple groups
were analysed using one-way ANOVA followed by the
post hoc Tukey’s test. P-values less than 0.05 were consid-
ered statistically significant. All data are presented as the
mean + SEM.

Biochemical analysis

Cell cultures and forebrain tissues from the cortex or
striatum were homogenized in lysis buffer (20 mM Tris-
HCI pH 7.5; 100 mM NaCl; 5 mM MgCl,; 5 mM CaCl,
and 1% Triton X-100) containing a protease inhibitor
cocktail (Roche). For immunoprecipitation experiments,
forebrain lysates were first cleared with Protein-G Sep-
harose (GE Healthcare), followed by incubation with an
HA antibody (Roche, clone 3F10). The immune com-
plexes were isolated with Protein-G Sepharose, eluted
in elution buffer (180 mM Tris-HCl pH 6.8 and 2%
SDS) and resolved in SDS-PAGE gels. In each experi-
ment, the loaded lysates corresponded to 8% or 16% of
the total lysate volume used for immunoprecipitation.
Western-blot experiments were performed using the
following primary antibodies: mouse anti C-terminal
Nlgnl (NeuroMab, clone N97A/31); mouse anti Nlgn2
(Synaptic Systems, clone 5E6); mouse anti Nlgn3 (Neuro-
Mab, clone N110/29); mouse anti LRRTM2 (NeuroMab,
clone N209C/35); and rat anti-HA (clone 3F10, Roche,
Basel, Switzerland). Immunoreactivity was detected with
appropriate secondary antibodies conjugated with horse-
radish peroxidase (Jackson ImmunoResearch). Chemilu-
minescence was developed using Clarity ECL Substrate
(Bio-Rad) or Clarity Max ECL Substrate (Bio-Rad) on a
ChemiDoc Touch Imaging System (Bio-Rad).

Abbreviations

AS4 Alternative spliced segment 4, neurexin genes

DOX Doxycycline

EGF Epidermal growth factor-like domain

E/l Excitation/inhibition balance.

LNS Laminin, Neurexin, Sex-hormone binding globulin
domain

Nlgns Neuroligin proteins

NLGNT, 2, 3,4X, 4Y Human neuroligin genes 1, 2, 3, 4X and 4Y
Nrxns Neurexin proteins

NRXNT-3 Human neurexin genes 1,2 and 3

SPR Surface plasmon resonance
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Supplementary Material 1: Suppl. Figure 1 Surface expression of Flag-
tagged Nrxn1 constructs. Description of data: Images show HEK293T

cells transfected with alpha-Nrxn1 (-AS4) and beta-Nrxn1 (-AS4) either
containing or lacking a Flag tag at the cytoplasmic domain, as indicated.
Cells were surface-stained with anti HA antibodies in non-permeabilizing
conditions, followed by permeabilization and incubation with an anti-Flag
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antibody. All constructs contain an HA epitope at the N-terminus of the
extracellular domain. Surface staining was not affected by the insertion of
a Flag tag in Nrxn1. Nuclei were stained with DAPI. Scale bar, 5 um.
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