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Abstract
Mutations in the family of neurexins (NRXN1, NRXN2 and NRXN3) have been repeatedly identiﬁed in patients with autism
spectrum disorder (ASD) and schizophrenia (SCZ). However, it remains unclear how these DNA variants affect neurexin
functions and thereby predispose to these neurodevelopmental disorders. Understanding both the wild-type and pathologic
roles of these genes in the brain could help unveil biological mechanisms underlying mental disorders. In this regard,
numerous studies have focused on generating relevant loss-of-function (LOF) mammalian models. Although this has
increased our knowledge about their normal functions, the potential pathologic role(s) of these human variants remains
elusive. Indeed, after reviewing the literature, it seems apparent that a traditional LOF-genetic approach based on complete
LOF might not be sufﬁcient to unveil the role of these human mutations. First, these genes present a very complex
transcriptome and total-LOF of all isoforms may not be the cause of toxicity in patients, particularly given evidence that
causative variants act through haploinsufﬁciency. Moreover, human DNA variants may not all lead to LOF but potentially to
intricate transcriptome changes that could also include the generation of aberrant isoforms acting as a gain-of-function
(GOF). Furthermore, their transcriptomic complexity most likely renders them prone to genetic compensation when one tries
to manipulate them using traditional site-directed mutagenesis approaches, and this could act differently from model to
model leading to heterogeneous and conﬂicting phenotypes. This review compiles the relevant literature on variants
identiﬁed in human studies and on the mouse models currently deployed, and offers suggestions for future research.

Introduction
Disorders affecting brain development and behaviour
(Neurodevelopmental Disorders) are highly heritable in
nature [1, 2] and often present co-morbid phenotypes [3].
Two such neurodevelopmental disorders are autism spectrum disorder (ASD) and schizophrenia (SCZ), the ﬁrst
being diagnosed mostly in early childhood [4] and the latter
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detected usually in late adolescence/early adulthood,
although it may also occur, rarely, in middle childhood
[5, 6]. The last decades have witnessed considerable global
efforts to identify genetic risk factors [7, 8] using state-ofthe-art genotyping and sequencing techniques [9]. This has
led to the identiﬁcation of numerous, signiﬁcantly associated single nucleotide polymorphisms (SNPs) [10] and
fewer rare but highly penetrant variants (copy number
variants (CNVs)) [11]. Interestingly, these studies have also
highlighted genes that appear to predispose to both disorders. One prominent gene family that is identiﬁed in ASD
and in SCZ, is the neurexin (NRXN) family of synaptic
organisers. Because NRXNs are associated with ASD, SCZ
and other neurodevelopmental diseases, such as intellectual
disabilty [12, 13], it is important to study their function to
conﬁrm their potential role in mental disorders and obtain
new insights into the biological mechanisms behind the
development, progress and severity of mental disorders.
In this review, we have compiled the mutations identiﬁed
to date in the family of NRXN genes in human patients with
ASD and SCZ, listed all published mouse models together

A. Tromp et al.

with details of their genotype and phenotype, and discussed
the potential of future cellular and animal models to unveil
the pathogenicity of NRXNs in mental disorders.

Neurexin mutations in autism spectrum disorder

NRXNs are conserved presynaptic transmembrane proteins
predominantly functional at the cell surface of neurons and
fundamental for synaptic transmission [14, 15]. In mammals, there are three NRXN genes (NRXN1, NRXN2 and
NRXN3) [16]. Each gene encodes for two major protein
isoforms, a longer α-NRXN and a shorter β-NRXN with a
common C terminus [17]. Both these isoforms are transcribed from distinct promoters. The promoter for the larger
α-NRXN isoform located upstream of exon 1 generates a
protein containing: (i) a signal peptide at the N-terminal; (ii)
six laminin/neurexin/sex-hormone binding globulin (LNS)
domains; (iii) three epidermal growth factor (EGF) like
regions in the middle; (iv) a carbohydrate attachment
region; (v) a transmembrane domain and (vi) a short cytoplasmic region (Fig. 1). The promoter for the shorter β
NRXNs located downstream of exon 18 for NRXN1 and
exon 17 for NRXN2 and NRXN3 generates a protein that
contains the same sequence as the α isoform beginning at
the sixth LNS domain and with no EGF-like repeats [18].
Extensive alternative splicing, a hallmark of these genes at
the six alternative splicing sites (SS1–6 in NRXN1/3 and
SS1–5 in NRXN2) in the α isoform, two of which are shared
by the β isoform, gives rise to thousands of isoforms
[15, 18, 19] (Fig. 1). These isoforms make this a very
complicated and complex gene to study as depicted by the
phenotypic diversity observed in both patients and mouse
models presented below.

The original discovery of two rare missense mutations in
exon 1 of NRXN1β (p.S14L and p.T40S) after screening all
three β isoforms of 131 Caucasian and 61 African-American
patients with ASD and their absence in more than 500
controls provided a strong link between NRXNs and ASD
[20]. In a landmark study, the Autism Genome Project
Consortium examined 1181 families, each with at least two
family members with ASD, identiﬁed a ~300 Kb hemizygous deletion in the coding region (2p16.3:
50,430–50,785) of the α isoform of NRXN1 in two siblings
[21]. Following this important result, Kim et al. [22] identiﬁed a disruption in intron 5 of the NRXN1α isoform in one
subject with ASD and a translocation ~750 Kb upstream of
the 5′ region of NRXNα in a second unrelated subject [22].
Guilmatre et al. [23] identiﬁed two deletions in unrelated
ASD patients in a cohort of 260 ASD patients and 236
controls. Both these deletions were in the ﬁrst two exons of
NRXN1α. Zahir et al. reported a patient with developmental
delay, autistic features and an unusual facial appearance
who carried a ~320 Kb heterozygous mutation in the promoter region and ﬁrst ﬁve exons of the NRXN1α gene. With
the β isoform still intact, the author reported that a small
reduction in the NRXN1α protein is enough to generate an
ASD phenotype and suggested a possible gene-dose effect
[24]. Consistent with this evidence, Duong et al. [25] postulated a bi-allelic loss, identifying a 451 Kb deletion of the
ﬁrst ﬁve exons affecting the promoter inherited from a
mother with sub-diagnostic autistic traits along with type 1
diabetes, and a point mutation in NRXN1 inherited from the
father with SCZ. This patient with the inherited compound
heterozygous mutation suffered from autism, mental

Fig. 1 Domain organisation of α-neurexins and β-neurexins.
Schematics show six LNS (laminin/neurexin/sex hormones binding
protein domain) and three EGF (epidermal growth factor) domains in
the α isoform and one LNS domain in the β isoform. The red arrows

mark the six alternative splice sites of NRXN1 and NRXN3 (only ﬁve in
NRXN2) with two common in the β isoform, along with a highly
glycosylated region(*), transmembrane region (TMR) and PDZ
domain binding motif at the C terminal end.

Neurexin family
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retardation and epilepsy. The variable phenotype and family
history in the proband exempliﬁes a gene-dose effect
together with pleiotropy of this gene. These studies provide
evidence that both pathogenic CNVs and single point
mutations disrupting NRXN1 have a deleterious effect.
Most of these studies have repeatedly identiﬁed NRXN1
deletions with a lesser focus on NRXN2 and NRXN3 genes.
However, a comprehensive study by Gauthier and colleagues [26] (cases: 379; controls 285) reported a novel truncating mutation in exon 12 of NRXN2α (no effect on β) in
an autistic patient. Mutant NRXN2α is partially made but
non-functional at the cell surface. Modelling this mutation
in transfected COS cells revealed a failure of this protein
(lacking the LNS 6, transmembrane and cytoplasmic
domains) to anchor at the plasma membrane and induce
synapse formation. Mohrmann and colleagues [27]
observed a 0.57 Mb de novo deletion in the chromosomal
region spanning the entire NRXN2 gene to be associated
with the patient’s autistic traits and neurodevelopmental
delay. In addition, Boyle et al. 2015, identiﬁed a de novo
1.6 Mb deletion at the NRXN2 locus in a patient with
autistic behaviour and severe intellectual disability [28];
both authors hypothesised that these NRXN2 mutations
could be responsible for those traits. A Canadian study [29]
involving mutations in one or both isoforms of NRXN3
(three of four cases had deletions in both isoforms) suggested the possible role of this NRXN in ASD. This study of
four unrelated pedigrees provided inconclusive evidence for
the mutation being linked to ASD as some of these mutations were also identiﬁed in unaffected siblings suggesting
reduced penetrance. By contrast, a recent study by Yuan
et al. [30] provided the ﬁrst co-segregation evidence from a
three generation Chinese family with an autistic boy carrying a 222 Kb deletion in exons 6–12 of the NRXN3α.
Thus, there is inconsistent evidence for the potential
pathogenic role of NRXN2 and NRXN3 genes in ASD.

Neurexin mutations in schizophrenia
The ﬁrst study describing a role for NRXN1 in SCZ came
from Kirov and colleagues [31], where they screened the
genome of 93 SCZ cases for CNVs and identiﬁed a 250 Kb
deletion in the 5′ end of NRXN1α in an affected sibling pair
and no deletion in 372 controls. A subsequent report identiﬁed a 115 Kb deletion at the 3′ end disrupting NRXN1α
and β in an affected twin pair (2/233 cases; 0/268 controls)
[32]. In a cohort of 54 SCZ patients, one individual was
observed to carry a 389 Kb deletion in exon 1 of NRXN1α
and, in a further cohort of 752 patients, four were observed
to carry other deletions in exons and introns of NRXN1α
[33]. Guilmatre et al. [23] screened 236 SCZ patients and
236 controls and found two deletions, one affecting exon
1–2 of NRXN1α and the second affecting both NRXN1α and

β. On a much larger scale, Rujescu et al. [34] examined
CNVs in 2977 European ancestry SCZ cases and 33,746
controls. They reported an excess of CNVs in NRXN1 in
SCZ (cases: 0.47% controls: 0.15%) and focused on exondisrupting deletions or duplications concluding that the
identiﬁed CNVs must impact disease predisposition. In
total, they identiﬁed 12 deletions and 2 duplications present
in the NRXN1 gene or in its promoter region; this study did
not identify any novel CNVs in NRXN2 or NRXN3. In 2011,
Gauthier et al. identiﬁed a de novo heterozygous frameshift
mutation in exon 22 of NRXN1, affecting the α and β isoform in a female with disorganised SCZ. The 4- nucleotide
insertion led to a premature stop codon, with a truncated
protein lacking the transmembrane region and cytoplasmic
tail [26]. Immunoﬂuorescence assays and western blot
analysis on neuronal cell cultures conﬁrmed intracellular
accumulation of a partial non-functional NRXN1 protein
resulting in a failure to form synapses similar to a NRXN2α
study described earlier by the same authors. A landmark
2017 study by Marshall and colleagues [11] reported an
analysis of the largest-to-date SCZ cohort (21,094 cases;
20,227 controls). A gene-based association test identiﬁed
genome-wide signiﬁcant association signals at 8 loci.
NRXN1 attracted the third highest level of statistical support, was the only single-gene locus identiﬁed and was
observed to have one of the highest odds ratios (OR: 14.4;
cases: 35; controls: 3) of all reported loci.
This odds ratio is consistent with the odds ratio (OR
9.74: cases 67; controls 15) of a genome-wide CNV analysis of NRXN1 deletions [35]. This analysis represented
samples from the United States [36–38], Japan [39], China
[40] and many European countries [32, 41–52] including
patients with childhood onset SCZ [53]. This reiterates the
strong association of NRXN1 deletions and increased risk in
patients developing SCZ.
To date, there have been no studies associating NRXN2
with SCZ. The ﬁrst study to report an association of NRXN3
with SCZ was in a Chinese Han population (1214 SCZ
cases; 1517 controls). Of the seven genotyped SNPs, the
three (rs7157669, rs724373 and rs7154021) observed to be
associated with SCZ were located in intron 1 and 2 of the
gene [54].

Neurexin KO/KI mouse models
The ﬁrst Nrxn loss of function mouse models emerged in
2003, when Missler et al. [55] generated single, double and
triple Nrxn1α/2α/3α KO mice by deleting the ﬁrst exons of
α-Nrxns to determine the importance of αNrxn LOF. Mice
generated via this strategy were validated by immunoblotting for the full length α-Nrxn protein with an antibody that
recognises the C-termini of all Nrxn proteins showing
varying levels of the α protein in single and double KOs and
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complete absence in the triple KOs. Variable survival rates
and viability of different combinations of double and triple
KO α-Nrxns compromised postnatal existence highlighting
the fact that a minimum of two intact α-Nrxns is essential for
survival. Mice with triple α-Nrxn KOs died due to difﬁculty
in breathing. Intriguingly, these mice had normal brain
morphology when born suggesting that α-Nrxn deﬁciency
had no effect on neuronal development. A closer look at
their synaptic function showed impairments in both excitatory and inhibitory neurotransmission in the brainstem,
partly due to the loss of presynaptic Ca2+ inﬂux [55, 56].
Behavioural analysis of Nrxn1α homozygous KO mice on a
hybrid SV129/C57BL/6 background by Etherton and colleagues [57] found dramatic changes in motor learning
abilities and an increase in repetitive grooming, both classic
autistic behaviour domains [58], reduction in pre-pulse
inhibition common amongst SCZ patients [59] and an
impairment in nest building activities compared to their littermate controls. Surprisingly, a number of tasks involving
social behaviours were normal, and because social interaction impairment is a core ASD symptom the authors
declared a limited usage for this model. By contrast, Grayton
et al. [60] investigated the behavioural effects of Nrxn1α KO
on mice with a different background (pure C57BL/6J strain)
and observed that these mice exhibited reduced locomotor
activity with high levels of anxiety and aggression towards
adult conspeciﬁcs with no loss of spatial or working memory. Several other studies reported a range of behavioural
phenotypes using a combination of homozygous and heterozygous lines outlined in Table 1 [56, 61–66].
In mice, regardless of the continued expression of β
isoforms, double and triple KO of α-Nrxns invariably lead
to fatality suggesting that β-Nrxns do not partially compensate for the loss of α-Nrxns and either have unique
functions dissimilar to α-Nrxns or are functionally redundant. To respond to these questions, Anderson et al. generated conditional (cKO) and constitutive KO mice of all
three β-Nrxn genes and reported for the ﬁrst time an association of β-Nrxns and endocannabinoid signalling [67].
Experiments described a new role of β-Nrxn in controlling
tonic postsynaptic endocannabinoid signalling mediated by
2-arachidonoylglycerol, an endogenous agonist of CB1
receptor, suggesting that β-Nrxns performed unique nonredundant functions. An approximate twofold decrease in
excitatory synaptic transmission measured by electrophysiology experiments was surprising, given the low
expression of β-Nrxns throughout the brain depicted by
qRT-PCR analysis. The cKO mice were viable and fertile,
however, inducing β-Nrxn KO led to infertility and signiﬁcantly smaller mice. Loss of protein validation was
performed by immunoblotting for tagged β- Nrxn speciﬁc
sequences using anti-Nrxn antibody (see Table 1 for
details).

Inclusion (+) and exclusion (−) of a highly conserved 90
bp exon at alternative splice site 4 (SS4) determines NRXN
binding preference for its postsynaptic partners; for example, SS4+ only binds to cerebellins [68, 69] and SS4− binds
to dystroglycans [70], CIRL/latrophilins [71] and LRRTMs
[72, 73]. The signiﬁcance of this 4th canonical splice site
was revealed after qPCR analysis of all Nrxns revealed a
differential pattern of SS4 splicing in different regions of
the mouse brain. For example, the striatum, cerebellar
cortex, olfactory bulb, brainstem and spinal cord expressed
SS4+ forms of all three Nrxns whereas other regions such as
the cortex and hippocampus expressed both SS4+ and SS4−
forms of Nrxn1 and Nrxn2 while the SS4− form of Nrxn3
was predominant [74]. A genetic knock-in (KI) approach
was then utilised to test the biological signiﬁcance of Nrxn
alternative splicing at SS4. Mice with a conditional and
constitutively included SS4+ exon (no longer subject to
alternative splicing) in Nrxn3 were generated. To validate
this model mouse neuronal cultures from newborn hippocampi (WT and KI) were transfected with lentivirus
(expressing active and inactive Cre). These produced sets of
WT, SS4+ and SS4− neurons validated by their respective
mRNA levels. Hence, the authors proposed to have generated mutants in which neurons would produce SS4− variants upon Cre-directed recombination. In a later study [75],
cKI mice for Nrxn1 and Nrxn2 similar to Nrxn3 were made
with a constitutively included SS4 exon that is no longer
alternatively spliced but can be excised by Cre recombinase
and converted to SS4− variants. Using these three lines
simultaneously, the data summarised in Table 1 revealed
that all three Nrxn SS4+ variants had different effects on
NMDAR and AMPAR responses.
Aoto et al. [76] used homologous recombination to ﬂank
exon 18 shared between Nrxn3α and β with loxP sites to
create cKO mice observing their phenotype in two separate
brain regions (hippocampus and olfactory bulb). Details of
model validation can be found in Table 1. Constitutively
active Nrxn3α/β homozygous KO mice died at birth and
those that survived displayed a more severe phenotype than
the other Nrxn3 mice models [55, 74] for which the authors
seek to investigate the consequences of Nrxn3α/β ablation
on synaptic activity. By ﬁrst examining cultured hippocampal neurons of Nrxn3α/β homozygous KO mice, results
reported were an impairment in AMPAR mediated transmission but not in NMDAR mediated excitatory or
GABAergic inhibitory responses. In the olfactory bulb,
Nrxn3α/β deﬁciency revealed that Nrxn3 is required for
presynaptic GABA release [76].
A triple Nrxn1α/β, Nrxn2α/β and Nrxn3α/β (Nrxn123)
cKO mouse [77] was generated to describe broader functions of NRXNs by investigating synaptic activity in preand postsynaptic neurons in absence of Nrxns. Using a
combination of qRT-PCR and western blot techniques, the

Nrxn1α/
Nrxn2α/Nrxn3α

1. Missler et al.
[55]

Loss of protein validation by
immunoblotting using an antibody that
binds to the C-termini of both isoforms
of Nrxn1,2 and 3.

Single α neurexin deﬁcient mice were
viable. Double αKO mice only
survived up to a week. Triple αKO
mice displayed breathing abnormalities
and died on the ﬁrst day.

Nrxn3β

Nrxn2β

Nrxn1β

Nrxn2α/β

11. Anderson
et al. [67]

Nrxn2α

9. Born et al.
[65]

Nrxn1β

Nrxn1α and
Nrxn2α

8. Dachtler et al.
[64]

10. Rabaneda
et al. [66]

Nrxn2α/β generated by deleting exon
23 common to 3ʹUTR of both
isoforms

Nrxn2α

7. Dachtler et al.
[63]

Loss of protein validation using HA
antibody.

Loss of protein validation in cKO by
immunoblots of tagged β-neurexins
using anti-EGFP and anti-neurexin
(epitope detecting conserved C termini)
antibodies.

β neurexin deﬁcient mice were infertile
Conditional (cKO) and constitutive
KO by ﬂanking ﬁrst exon speciﬁc to β and smaller in size.
transcript with loxP sites. Epitope tags
inserted into β speciﬁc sequences
(EGFP for 1β and 3β and
hemagglutinin for 2β).

Nrxn2 KO grow to adulthood at 25% Northern blot analysis from mice brain
less body weight than healthy controls. showed no 2β mRNA but some 2α.

Viable and healthy. Administration of
Generation of inducible mice using
doxycycline rescued/reversed mutant
the Tet-off system. Transgenic
animals were created on a C57BL/6J phenotypes.
background under CamKIIa promoter
activation of HA-tagged mutant
Nrxn1β lacking part of the Cterminus.

Commercially generated and validated
heterozygous KO mice.

Commercially generated and validated
homozygous KO mice created by
deleting ﬁrst exon of Nrxn2α in a
C57BL/6 background. No effect on β.

Details found in one.

Nrxn2α KO mice generated on a
C57BL/6J background

Nrxn1α

6. Grayton et al.
[60]

Regulating excitatory synaptic strength through
tonic endocannabinoid signalling.

↓ Approximately twofold in EPSC,
neurotransmitter release, action potential
induced Ca2+ inﬂux at excitatory synapses.

↓ Frequency of mEPSCs and mIPSCs in
cortical layer 5/6 pyramidal neurons.

Altered NMDAR functions and glutamatergic
release.

↓ Spontaneous transmitter release at excitatory
synapses in mouse neocortex. No change in
inhibitory synapses and synapse density.

No change in hippocampal Munc-18
expression.

↓ Munc-18 expression in frontal cortex and
hippocampus.

↓ Excitatory neurotransmission. No change in
synapse number/density.

Nrxn1α

5. Etherton et al.
[57]

Homozygous KO in pure C57BL/6
background.

Mild reduction of neuropil in olfactory bulb.
No change in synapse formation or axon
guidance in olfactory bulb projections.

Selective alteration of N and P/Q type Ca2+
channels. No change in L-type Ca2+ channels.

Impaired spontaneous and evoked
neurotransmitter release. Loss of presynaptic
Ca2+ inﬂux. ↓ Number of GABAergic
terminals at synapse.

Synaptic/electrophysiological activity

4. Dudanova
et al. [62]

Commercially generated.

Model validation

Viability of mice

Impaired neurotransmitter release at mouse
neuromuscular junction.

Homozygous KO in hybrid SV129/
C57BL/6 background.

Generating homozygous KO mice by
deletion of ﬁrst exon of α isoforms on
a mixed SV129/C57BL/6
background.

Generation of Model/background

3. Sons et al.
[61]

2. Zhang et al.
[56]

Target neurexin

References

↓ Freezing behaviour speciﬁc for
phenotyping contextual fear memory in
hippocampal CA1 region.

Impairment in sociability and social
learning.

↑ Self-grooming

Female Nrxn2α KO mice spent longer
time grooming and displayed ↓
sociability/social investigation than
males. ↑ Anxiety in both sexes with no
change in spatial memory

Nrxn2α HETs—deﬁcits in sociability and
social recognition.

No signiﬁcant differences in Nrxn1α
HETs. Normal PPI

Normal PPI and passive avoidance
learning

↑ Anxiety—thigmotaxis in open ﬁeld,
less time in open arm of elevated plus
maze, more time in enclosure and less
time exploring.

Impaired sociability, social memory.

No effect on spatial/working memory

↑Anxiety, aggression

↓ Locomotor activity

Normal social behaviours

↓ Pre-pulse inhibition (PPI)

↑ Motor learning, grooming

Behaviour analysed in models below

Behaviour

Table 1 Summary of current Nrxn KO/KI mouse models outlining details of their genotype such as mutation targets sites, validation and viability along with phenotyping on the basis of synaptic
markers, electrophysiology and behaviour.
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↓ Synapse numbers of PV+ interneurons, ↓
_
Action potential induced Ca2+ inﬂux in SST+
interneurons.

model has been validated showing the absence of mRNA
and protein levels from triple KO mice in the presence
of Cre.
The KO phenotype analysed between two inhibitory
interneurons (PV+ versus SST+) that target the same postsynaptic neuron showed a decrease in synapse numbers of
PV+ interneurons without any changes in synaptic transmission; whereas the SST+ interneurons maintained normal
synapse numbers but induced a massive decrease in action
potential induced Ca2+ inﬂux. Sparse versus total panneuronal deletion in climbing ﬁbres illustrated an important
role of NRXNs in synapse formation. This result described a
role of these genes in Ca2+ channel localisation at synaptic
release sites similar to a previous study [55].

Discussion

Nrxn1,2,3
15. Chen et al.
[77]

Each preﬁxed number 1-15 refers to a study of mutations mapped in Fig. 4.

Model validated by qRT-PCR of
mRNA from cultured hippocampal
neurons in the presence and absence
of Cre.

Nrxn3αβ
14. Aoto et al.
[76]

Conditional KO of mice
Conditional KO of Nrxn1, 2 and 3
ﬂanking the ﬁrst common exon shared
by α and β isoforms with loxP sites
leading to global KO of neurexins.

Buried food ﬁnding assay to test
inhibitory synaptic transmission in
Nrxn3αβ; deﬁcient olfactory bulb
neurons reported that mice took more
time to ﬁnd buried food compared to the
controls.
Nrxn3αβ deﬁcient mice died mostly
Conditional and constitutive KO by
ﬂanking exon 18 of α and β isoforms at birth.
of Nrxn3.
Nrxn3
13. Aoto et al.
[74]

Nrxn2

Conditional knock-in (cKI) mice to
Viable and fertile.
selectively include/exclude exon
ﬂanked with loxP sites producing SS4
+
and SS4− variants of neurexins.
Nrxn1
12. Dai et al.
[75]

Essential for normal AMPARs levels in
Model validated by western blots and
qRT-PCR performed on mRNA isolated excitatory synapses in hippocampus and
controlling inhibitory neurotransmitter release
from WT, HET and HOM brains.
in olfactory bulb neurons.

SS4+—↓ AMPAR EPSCs, no change
in NMDAR

SS4 —no change in NMDAR and
AMPAR EPSCs

↓ Contextual memory as measured in
hippocampal CA1 region.
SS4 —↑ NMDAR EPSC, no effect
on AMPAR

Model validated by measuring mRNA
levels from cultured hippocampal
neurons (WT vs cKI) transfected with
lentivirus (with inactive and active Cre).

+

Behaviour

+

Target neurexin
References

Table 1 (continued)

Generation of Model/background

Viability of mice

Model validation

Synaptic/electrophysiological activity
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Given the genetic association of variants in NRXNs and
increased risk for neurodevelopmental disorders we are
interested in trying to understand the neuronal function of
these genes, and, most importantly, the causative role they
could play in the onset, progression and/or severity of
mental disorders. First, we have attempted to present a
visual and systematic review of the known variants identiﬁed in human patients (Figs. 2 and 3) along with the different stable mutations already generated in mouse to date
(Fig. 4). We also reviewed the genotype details of those
lines as well as their phenotype (Table 1). We conclude that,
although much information has been generated regarding
the wild-type functions of NRXNs, it still remains unclear
how the human variants predispose to their associated
mental conditions. It is most likely that we will see further
relevant information coming from the models presented in
Table 1 in the future. At the same time, it may be valuable
to interrogate the suitability of the current models to help
understand the pathologic role of both the human variants
and NRXNs in mental disorders.
Firstly, there is a need for further clariﬁcation on how
human variants impact the complex NRXN transcriptome.
From this review, we believe this could be a critical feature
of NRXN toxicity in patients, a result of haploinsufﬁciency
and selective transcriptomic abnormalities/changes which
the current mammalian models may not properly recapitulate. Indeed, most of the work conducted in vivo has
focused on generating complete-LOF animal models, by
either aiming to delete the entire gene function and/or the
major isoforms, i.e. α and β (Fig. 1 and Table 1). This is
deﬁnitively a genuine approach to study the wild-type
function of the NRXN gene family but may not be appropriate to study their pathologic role in mental disorders.
There is a growing body of evidence that the transcriptomic/
splicing dysregulation of these genes is at play in
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Fig. 2 Map of NRXN1
mutations. Deletions (red solid
lines), duplications (blue solid
lines) and exonic deletions in
controls (yellow solid lines)
identiﬁed in human patients of
ASD and SCZ. The crosses
represent hotspots from [11] that
have a breakpoint association
value of >3. At the top is an
idiogram showing chromosome
2p16.3 (UCSC genome browser,
hg38 assembly) [109]. The
reference transcripts of NRXN1α
is NM:004801 and β
NM:138735 with exons and the
six splicing sites (orange arrows)
numbered on the top of the gene.
TMR transmembrane region,
that is encoded by exon 22.

chr2 p16.3

50 Mb
TMR

SS5

50.5

50.25

SS4

22 21

18

20 19

51 Mb

50.75

SS6 SS3

SS2

17-13 12-9

8-6

SS1
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5-3

NRXN1α

NRXN1β

[12]
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neurodevelopmental disorders [78–80]; not only in patients
with rare variants as described here but also in non-carrier
patients following environmental stressors, such as drug
abuse [81–86]. The recent GWAS conducted on SCZ
patients also revealed genes acting directly on NRXN transcriptomics, such as miR-137 which is predicted to directly
target NRXN isoforms [87, 88]. It is also worth noting that
all the variants have been reported to act through haploinsufﬁciency. Taken together, these lines of evidence
point toward complex and selective transcriptomic changes,
presumably leading to partial-LOF and potentially coupled
to gain-of-function (GOF, by the generation of new aberrant
isoforms [80]), rather than complete-LOF as sought in
animal models. GOF may be an underestimated contribution to the toxicity of genetic variants in patients. Indeed,
although still poorly understood, genetic compensatory

[53,80]
[11]

[11]

[11]

[13]
[13]

[34]

x2

[34]

mechanisms are now known to be able to trigger transcriptomic alterations, such as exon skipping, use of cryptic
splicing sites and/or overexpression of homologues to rescue potential mutations [89–92]. Considering the apparent
splicing complexity and dynamics of NRXNs, these genes
are most likely very prone to such mechanisms. For
example, Flaherty et al. demonstrated that some heterozygote NRXN1α variants found in patients lead to (i) not
only a selective (non-homogeneous) reduction of the wildtype isoforms but also to (ii) the generation of completely
novel isoforms [80]. Interestingly, overexpression of these
“de novo” isoforms decreased neuronal activity levels in
wild-type iPSC-neurons, suggesting a signiﬁcant toxicity of
these mutant-transcripts. Similarly, it is also most likely that
changes in one NRXN transcriptome may directly impact the
expression and isoform diversity of the whole NRXN family
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Fig. 3 Map of NRXN2 and
NRXN3 mutations. a NRXN2
mutations identiﬁed in ASD
patients. At the top is an
idiogram from the UCSC
genome browser [109] showing
chromosome 11q13.1 from hg38
assembly. The reference
transcripts of NRXN2α is
NM:015080.4 and β is
NM:138734.2 with exons and
the ﬁve splicing sites (orange
arrows) numbered on the top of
the gene. A single red box
represents a mutation in exon 12
and dashed lines represent
chromosomal spanning
deletions. TMR transmembrane
region, that is encoded by exon
23. b NRXN3 mutations
identiﬁed in ASD patients (red)
and controls (yellow); SCZ
patient mutations (red squares).
At the top is an idiogram from
the UCSC genome browser
[109] showing chromosome
14q24.3-q31.1 from hg38
assembly. The transcript IDs of
NRXN3α from Ensembl release
101 [110] is ENST634499.1 and
β is ENST428277.6 with exons
and the six splicing sites (orange
arrows) numbered on the top of
the gene. TMR transmembrane
region, that is encoded by exon
20. Non-coding sequences
(empty boxes), coding
sequences (ﬁlled boxes).

through similar genetic compensatory mechanisms; that is,
heterozygote variants of NRXN1 may impact NRXN2 and
NRXN3 transcriptome patterns as well [90, 93]. For example, some NRXN1-variants may produce non-sense mRNAs
that would be subjected to decay with the potential to
directly upregulate/disturb genes exhibiting sequence similarity, such as NRXN2 and NRXN3 [90].

Potential future directions
To study the variants’ pathogenicity using animal models, it
may be beneﬁcial to attempt to replicate the associated
human transcriptomic changes rather than aiming to study
the total-LOF condition and/or focusing on replicating the
human DNA mutations. Indeed, although the genomic

Neurexins in autism and schizophrenia—a review of patient mutations, mouse models and potential future. . .
Fig. 4 NRXN mutations
generated in mouse models.
The numbers 1–15 represent
studies detailed in Table 1. a
Nrxn1 (exons 1–22 and splicing
sites marked by orange arrows
illustrated on top) Nrxn1α;
ENSMUST160844.9, Nrxn1β;
ENSMUST159778.7 from
Ensembl release 101 [110].
TMR transmembrane region,
that is encoded by exon 22. b
Nrxn2 (exons 1–23 and splicing
sites marked by orange arrows
illustrated on top) Nrxn2α;
ENSMUST77182.12, Nrxn2β;
ENSMUST113458.7 from
Ensembl release 101 [110].
TMR transmembrane region,
that is encoded by exon 23. c
Nrxn3 (exons 1–20 and splicing
sites marked by orange arrows
illustrated on top) Nrxn3α;
ENSMUST163134.7 and
Nrxn3β; ENSMUST110130.3
from Ensembl release 101 [110].
Idiograms are taken from the
UCSC genome browser [109]
showing chromosomes 17, 19
and 12 from GRCm38/mm10
assembly. TMR transmembrane
region, that is encoded by exon
20. Non-coding sequences
(empty boxes), coding
sequences (ﬁlled boxes).

organisation of NRXNs (including their major splicing sites,
Fig. 1) are very well conserved across vertebrates, there is
no guarantee that trying to replicate the human variants in
those organisms would trigger similar transcriptomic
changes and/or genetic compensatory mechanisms, such as
the generation of speciﬁc de novo isoforms. Currently, too
little is known about the complex NRXN neurodevelopmental transcriptional dynamics and about genetic compensatory mechanisms in general. Learning more about the
normal and pathologic expression of this gene family might
then be key to help conceptualise novel research approaches
in the future. In this regard, further investigation into the
transcriptomic effects of the known causative variants

versus healthy carriers may represent a valuable approach.
As recently demonstrated, one could generate iPSCs from
patients to conduct in-depth transcriptomic studies on differentiated cells [80]. These studies should not be limited to
the particular gene associated with the variant but to all
NRXNs, thereby enabling the monitoring/unveiling of
potential toxic genetic compensatory mechanisms. It would
be interesting to study all known variants and compare their
individual transcriptome ﬁngerprints. Post-mortem brain
tissue could also be utilised to complement these studies. It
may also be informative to compare these data to (i) iPSCs
from healthy carriers and (ii) “wild-type” laboratory human
cell lines in which we would genetically replicate the

See Fig. 2 for location of patient mutations.

↑ Levels of critical synaptic scaffolding protein (CASK)

↓ Astrocyte marker GFAP correlating with NRXN1
reduction.
shRNAmir mediated knockdown targeting α NRXN1.
NRXN1
Zeng et al. [97]

_

Two in vitro models—(1) hiPSCs from skin ﬁbroblasts
differentiated into neural stem cells, (2) human
embryonic stem cells. NRXN1 knockdown via
shRNAmir based knockdown.

Approximately twofold ↓ miniature excitatory
postsynaptic currents (mEPSC) frequency.

No changes in neuronal differentiation and synapse
numbers
Conditional deletion of exon 19 that genocopies a SCZ
patient described in [25].
Converted mutant embryonic stem (ES) cells into
cortical neurons.
NRXN1
Pak et al. [96]

_

Compound heterozygote for NRXN1α inherited 1 allele
with a paternal deletion of ~0.4 Kb and maternal
deletion of 0.18 Kb both in exons 1–5 [11].
Neuroepithelial stem cells (NCS) differentiated to
neurons (28, 49 and 70–75 days).
NRXN1
Lam et al. [95]

One ASD patient carrying a bi-allelic mutation in
NRXN1α and four healthy controls.

Patients 3 and 4: monozygotic twins [31, 52] with 136
Kb deletions in 3ʹ end of NRXN1 impacting both αβ.

Calcium activity, impaired neuronal maturation and ↓
emergence of excitatory neurons. Enrichment in
astroglia in differentiated cells (↑ glial ﬁbrillary acidic
protein—GFAP).

↓ Neuronal activity, perturbation of neuronal maturation
and identiﬁcation of mutant isoforms.
Patients 1 and 2: Mother and son carrying 5ʹ deletions
(~115 Kb) in NRXN1 [53].
hiPSC - neural progenitor cells, hiPSC - neurons and
NGN2-neurons
Skin biopsies obtained from four cases with a diagnosis
ranging from childhood onset schizophrenia, bipolar
disorder with psychosis and adult onset schizoaffective
disorder. Total of ﬁve controls (four unrelated controls
+ one related non-carrier control).
NRXN1
Flaherty et al. [80]

Patient 3—mutation spanning chr2:5098318651471321.

Altered ion transportation and transporter activity
leading to ↑ of voltage-gated calcium channels.
Patient 2—deletions in NRXN1α exon 1–5.

Seven control and six NRXN1α +/− hiPSCs
differentiated into cortical excitatory neurons (day 100)
using dual SMAD inhibition.
NRXN1
Avazzadeh et al. [94]

Skin biopsies obtained from ﬁve healthy controls and
three ASD patients with NRXN1α heterozygous
deletions.

Patient 1—deletion in NRXN1α in exon 6–15.

Cellular phenotypes
Genotypes
iPSCs and ESC model generation
Donor information and sample size
Target neurexin
References

variants, using genome editing technology such as CRISPR/
Cas9. This may unveil a potentially important role of the
genetic background inﬂuencing the virulence/pathogenicity
of each variant. Table 2 exempliﬁes the experimental range
of cellular models [80, 94–97], especially human iPSCs.
Generally, human cells may be more appropriate to study
the splicing dynamics and the genetic effect of variants as
well as the basic neural function of NRXNs. For these
questions, cells lines are cheaper, easier to manipulate and
allow one to work with a human genomic background. By
contrast, animal models still play a crucial role in the
exploration of mechanisms underlying mental disorders,
most of which are considered neurodevelopmental in origin.
It thus seems essential to study the pathogenic role of
NRXNs during the formation of the brain and how these
early alterations could trigger later aberrant nervous
functions.
In this regard, despite incomplete knowledge of the
effects of underlying human genetic variation, animal
models should still play a crucial role in understanding the
functions of NRXN in both the normal and pathogenic brain.
Together with robust gene editing tools (such as CRISPR/
Cas9 [98]) and relatively inexpensive transcriptomic
approaches to analyse/control their effects, there has never
been a better time to manipulate these genes in model
organisms. In parallel, considering the suspected happloinsufﬁcient pathogenicity, one could deploy an RNAi
(RNA interference gene silencing) approach, in an effort to
target all NRXN isoforms simultaneously, avoiding the risk
of triggering uncontrolled genetic compensatory mechanisms [90]. This approach would, moreover, offer the
advantage to further control NRXN expression spatio-temporally, allowing independent interrogation of speciﬁc
neurocircuitries. Interestingly, a versatile gene-silencing
technology has been recently developed for the zebraﬁsh
animal model which has been used to study the role of the
SCZ risk gene miR-137 and NAPRT1 [99–102]. Furthermore, the zebraﬁsh is an attractive model to study the effect
of NRXNs on brain development and function. This
organism can be easily leveraged to observe, in vivo and in
real time, the transition from neuronal progenitors to a fully
wired brain including the formation and dynamics (such as
pruning) of the synapses. In synergy, optogenetics approaches are relatively well established for this organism,
allowing the functionality of speciﬁc connections and circuits to be tested [103–106] thereby providing clues to
mechanisms involved in these complex diseases.
Although cellular and animal models are critical for the
study of NRXN pathogenicity, one should not neglect
detailed studies of patients with NRXN1 mutations. These
clinical studies continue to provide insights such as (i)
pleiotropy: SCZ, intellectual disability, autism, and seizures
have all been demonstrated to harbour NRXN1 mutations

Table 2 Summary of hiPSC and ES based studies on NRXN1 from ASD and SCZ patients outlining details of patient information, model generation, genotypes such as mutation sites and the
emerging cellular phenotypes.
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[107] and (ii) the possible combined effect of mutations in
more than one NRXN homologue as exempliﬁed in a
reported case of severe epilepsy with digenic mutations of
NRXN1 and NRXN2 [108]. Observations such as these
further enrich our knowledge of the potential mechanisms
linking NRXN mutations to disease.
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