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Abstract 

Background: NRXN1 deletions are identified as one of major rare risk factors for autism spectrum disorder (ASD) and 
other neurodevelopmental disorders. ASD has 30% co-morbidity with epilepsy, and the latter is associated with exces-
sive neuronal firing. NRXN1 encodes hundreds of presynaptic neuro-adhesion proteins categorized as NRXN1α/β/γ. 
Previous studies on cultured cells show that the short NRXN1β primarily exerts excitation effect, whereas the long 
NRXN1α which is more commonly deleted in patients involves in both excitation and inhibition. However, patient-
derived models are essential for understanding functional consequences of NRXN1α deletions in human neurons. We 
recently derived induced pluripotent stem cells (iPSCs) from five controls and three ASD patients carrying NRXN1α+/- 
and showed increased calcium transients in patient neurons.

Methods: In this study we investigated the electrophysiological properties of iPSC-derived cortical neurons in con-
trol and ASD patients carrying NRXN1α+/- using patch clamping. Whole genome RNA sequencing was carried out to 
further understand the potential underlying molecular mechanism.

Results: NRXN1α+/- cortical neurons were shown to display larger sodium currents, higher AP amplitude and acceler-
ated depolarization time. RNASeq analyses revealed transcriptomic changes with significant upregulation gluta-
matergic synapse and ion channels/transporter activity including voltage-gated potassium channels (GRIN1, GRIN3B, 
SLC17A6, CACNG3, CACNA1A, SHANK1), which are likely to couple with the increased excitability in NRXN1α+/- cortical 
neurons.

Conclusions: Together with recent evidence of increased calcium transients, our results showed that human 
NRXN1α+/- isoform deletions altered neuronal excitability and non-synaptic function, and NRXN1α+/- patient iPSCs 
may be used as an ASD model for therapeutic development with calcium transients and excitability as readouts.
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Background
Autism spectrum disorder (ASD) is a lifelong neu-
rodevelopmental disease characterized by social 
interaction impairment, communication deficits and 
repetitive behaviors. Clinically, ASD is frequently comor-
bid with epilepsy, intellectual disability, language delay, 
severe hyperactivity [1] and premature mortality [2]. 

Open Access

BMC Neuroscience

*Correspondence:  sanbing.shen@nuigalway.ie
1 School of Medicine, Regenerative Medicine Institute, Biomedical 
Science Building BMS-1021, National University of Ireland Galway, 
Dangan, Ireland
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12868-021-00661-0&domain=pdf


Page 2 of 14Avazzadeh et al. BMC Neurosci           (2021) 22:56 

Genetically, heterozygous deletion of NRXN1 is com-
monly identified as a major rare risk among ASD [3–8], 
epilepsy [7, 9–12], mental retardation [13], ADHD [14] 
and schizophrenia [15–18].

NRXN signaling is complex. Human NRXN1 encodes 
numerous presynaptic Neurexins by 24 exons over 
1.1  Mb genomic DNA, with 3.5  Mb intergenic regions 
which are highly conserved during evolution. Neu-
rexin proteins were categorized into the long NRXN1α 
encoded by exons 1–24 and short NRXN1β by exons 
18–24. Recently, a third promoter was described to tran-
scribe the shortest Nrxn1γ lacking all extracellular EGF 
repeats and LNS domains [19, 20]. Whereas the function 
of NRXN1γ is largely unknown, the NRXN1β is thought 
to exert primarily excitation effect, and the NRXN1α 
involves in both excitation and inhibition. They differ-
entially bind to post-synaptic Neuroligins and play key 
roles in localizing a network of postsynaptic proteins and 
soluble adaptors to the synapse [21]. Furthermore, three 
NRXN1-3 genes are identified to generate thousands 
of splicing variants [22]. Neurexin proteins were found 
to form discrete nanoclusters at the excitatory synapse 
containing > 4 Neurexin-1 molecules together with Neu-
rexin-2 and/or Neurexin-3 isoforms, [23], thus dramati-
cally increasing the complexity and importance of NRXN 
signaling.

However, Nrxn1a−/− mice were initially found to dis-
play only subtle behavioral deficits in nest building, oth-
erwise viable, fertile and indistinguishable from wildtype 
littermates [24]. Further studies revealed discrete impair-
ments in synaptic transmission, with a reduced mEPSC 
frequency in Nrxn1α−/− CA1 neurons detected by elec-
trophysiological recording [25]. However, there was 
neither an alteration in neurotransmitter release from 
a report a decade ago [25], nor a significant phenotype 
detected in cultured Nrxn1a+/- or Nrxn1a−/− mouse cor-
tical neurons from a recent study [26]. This raises a ques-
tion if the Nrxn1a−/− mouse can adequately recapitulate 
human NRXN1+/- phenotypes.

In contrast, human H1 embryonic stem cells (ESC) 
were engineered to create NRXN1+/- by deleting exon 19 
or 24, and the derived mutant cortical neurons showed 
severe impairments in neurotransmitter release [26]. 
It shall be noted that based on the exon usage, exon 
19 deletion lines are NRXN1a+/-/NRXN1β+/- whereas 
exon 24 truncation lines are NRXN1a+/-/NRXN1β+/-

/NRXN1γ+/-. They may be applicable to a minority of 
patients with deletions at 3′ of the NRXN1 gene. How-
ever, most patients harbor heterozygous deletions in the 
5′ region of NRXN1 and therefore impact the NRXN1α+/- 
isoforms only. In addition, the mutation was created 
on one genomic background of H1 ESCs (assumingly 
healthy), and consequently, the model is unlikely to 

address variable expressivity and pleiotropy of clinical 
outcomes which may be associated with additional rare/
common variants in patients’ genome. Patient-derived 
cell models are crucial to address as yet unexplained phe-
nomena of variable expressivity and pleiotropy associated 
with NRXN1 deletions [8, 27, 28].

A recent study using iPSCs derived from psychiatric 
patients carrying a deletion at 5′ or 3′ of NRXN1 gene 
showed that patient derived cells express dozens of novel 
isoforms from the deletion allele, in addition to > twofold 
reduction of long NRXN1α isoforms. Neuronal activ-
ity in mutant neurons is ameliorated by overexpression 
of wildtype isoforms, whereas novel mutant isoforms 
decreased control neuronal activity [29]. This data high-
lights the complexity of NRXN1 splicing, and underpins 
the importance of human-derived studies, as not only 
haploinsufficiency of the wildtype NRXN1 isoforms, but 
also gain-of-function of mutant isoforms may contribute 
to pathogenesis and to the observed clinical diversity.

Previously we reported on generating iPSCs from three 
ASD patients with NRXN1α+/- deletions, and showed 
that ASD NRXN1α+/- display increased calcium signal-
ling activity that was sensitive to voltage gated sodium 
(TTX) and voltage gated calcium (nifedipine,agatoxin) 
channel blockers [30]. These data were supported by 
whole genome RNASeq analysis. In this current study, we 
explore the electrophysiological basis underlying the cal-
cium signalling activity of NRXN1α+/- in cultured cortical 
neurons, derived from iPSCs in three ASD patients com-
pared to five control lines. In addition, a detailed quan-
titative analysis of the original whole genome RNASeq 
dataset is stringently applied, to compare transcriptomes 
between control and patient lines to reveal differentially 
expressed genes (DEGs) and relevant pathways. Con-
sistent with the ASD hypothesis of excitatory/inhibitory 
(E/I) imbalance [31][32, 33], we find specific defects in 
non-synaptic properties of neurons, with significantly 
increased excitability, upregulated voltage-gated ion 
channels and glutamatergic signaling, which aligns well 
with our previously identified phenotype of increased 
calcium transients in NRXN1α+/- neurons [30].

Results
Differentiation of the iPSCs into electrically excitable 
cortical neurons
The iPSCs were generated from 5 controls and 3 
NRXN1α+/- patients with ASD as described previously 
[30]. The proliferation potential of the iPSCs was deter-
mined using Ki67 and phosphohistone 3, and no sig-
nificant difference was found between the two groups 
(Additional file 1: Fig. S1). The iPSCs were differentiated 
into electrically excitable cortical neurons using dual 
SMAD inhibition [34, 35]. The iPSCs were treated with 
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LDN193189/SB431542 to induce neural rosettes, at day 
20 of differentiation, 82% of cells were stained positive 
for anti-PAX6 and 87% were positive for anti-NESTIN 
among the total cells stained by Hoechst [30]. Abun-
dant transcripts of neural progenitor and anterior cor-
tex markers (PAX6, NES, FOXG1 and NEUROG2) were 
also detected by qRT-PCR, showing that the majority of 
day 20 cells were cortical progenitors [30]. The differenti-
ated cultures were evaluated at day 30 by immunocyto-
chemistry using PAX6/NES (neural progenitor markers), 
Ki67 (proliferative marker) and DCX (newborn neuronal 
marker), TUJ1 (pan-neuronal marker) and GFAP (astro-
cyte marker). NRXN1 haploinsufficiency exhibited no 
significant effect at the early stages of neuronal differen-
tiation (Additional file 1: Fig. S2 ).

The cultures were differentiated to day 100, and 
most cells were shown to be  MAP2+ mature (Con-
trol 38 ± 1.53; NRXN1α+/- 28.67 ± 1.20  mm/mm2)neu-
rons with few  GFAP+ astrocytes (Control 15 ± 4.73; 
NRXN1α+/- 26.67 ± 5.84 mm/mm2) detected [35]. Again 
there was no significant difference in proportions of 
 TUJ1+/GFAP+ cells between the two groups [35]. Neu-
ronal maturity was confirmed by positive immunostain-
ing of MAP2/SYN1/TUJ1 (Additional file 1: Fig. S3A–C) 
and by qRT-PCR [30], which did not show gross differ-
ence in expression of synaptic density markers. The cul-
tures were shown to contain 23.4% of  TBR1+ layer VI 
cortical neurons and 36.2% of  CTIP2+ layer V-VI cells 
(Additional file 1: Fig. S3D). The synapse formation was 
previously evaluated by immunocytochemistry and 
immunoblotting in the parallel study [30]. High expres-
sion levels of voltage-gated sodium channels (VGSCs), 
voltage-gated potassium channels (VGKCs), voltage-
gated calcium channels (VGCCs) and postsynaptic 
excitatory genes in day-100 cultures were also systemati-
cally revealed by RNASeq in the control group (Fig. 1A), 
which demonstrated the cortical excitatory nature of cells 
in day 100 cultures.

NRXN1α +/‑ alters voltage‑gated ion currents
The two groups of day-100 cultures were subsequently 
compared for their electrophysiology (Additional file  1: 
Fig.  S5). Whole cell recording of iPSC-derived neurons 
(Fig.  1B) showed no significant difference in the input 
resistance between control (688.00 ± 46.36 MΩ) and 
NRXN1α+/- neurons (852.00 ± 96.64 MΩ, p = 0.21) or 
resting membrane potential (control − 34.11 ± 0.90  mV; 
NRXN1α+/- − 35.95 ± 0.84 mV, p = 0.24), suggesting that 
there was no significant difference in their passive mem-
brane properties (Fig.  1C, D). Spontaneous APs were 
detected under current clamp mode with zero current 
applied (Additional file 1: Fig. S5A–C). The spontaneous 

EPSCs were also recorded as a measure of synaptic prop-
erty (Additional file  1: Fig.  S5 D–L), and no significant 
difference was observed between two groups of neurons.

The majority (96%) of patched cells in 100-day cul-
tures produced voltage-dependent current, which 
were increased with the voltage step applied (− 70  mV 
to + 20 mV, Fig. 2A, B), and abolished by  Na+ (TTX) or 
 K+ (TEA) channel blockers, respectively (Additional 
file  1: Fig.  S6). There was no significant difference in 
capacitance between the control (12.50 ± 1.55 pF) and 
NRXN1α+/- (10.77 ± 1.47 pF) neurons (Fig. 1E).

The voltage-gated  Na+ currents in NRXN1α+/- lines 
(Fig.  2C) were however significantly increased. A 
repeated measure ANOVA showed that the inward 
 Na+ currents of NRXN1α+/-  neurons were significantly 
increased in comparison to the voltage change in the 
control neurons (p = 0.026). The normalized  Na+ con-
ductance (I/Imax, Fig.  2E) were significantly higher in 
NRXN1α+/- cells (p = 0.002) at − 30 mV with no change 
at  Na+ maximum conductance (G/Gmax, Fig.  2D, E). 
These data suggest that NRXN1α+/- deletions are associ-
ated with increased neuronal excitability.

NRXN1α+/‑ alters neuronal excitability
VGSCs and VGKCs are known to drive spatial and 
temporal dynamics of APs in neurons. The effects of 
NRXN1α+/- in voltage-gated  Na+ and  K+ currents 
were subsequently investigated in evoked AP kinetics 
(Fig.  3A). There was no change in AP threshold volt-
age between control and NRXN1α+/- neurons (Fig.  3B, 
p = 0.44). The average AP amplitude was 43.01 ± 2.93 mV 
in controls and increased by 21.47% in NRXN1α+/- neu-
rons (51.14 ± 3.15 mV, p = 0.03, Fig. 3C). There was also a 
significant difference in AP rise time with 3.12 ± 0.60 ms 
in controls and 1.80 ± 0.10  ms in NRXN1α+/- neu-
rons (p = 0.01, Fig.  3D). However, there was a trend 
but insignificant decrease in repolarization decay time 
(p = 0.07, Fig.  3E). The AP up slope was 6.10 ± 0.43  V/s 
in controls, and significantly higher in NRXN1α+/- neu-
rons (8.65 ± 0.58  V/s, p = 0.0004, Fig.  3F). The average 
repolarization slope was also significantly increased in 
NRXN1α+/- neurons with 4.88 ± 0.60  V/s in controls 
and 7.02 ± 0.255  V/s in NRXN1α+/- neurons (p = 0.02, 
Fig. 3G). Together these data demonstrated a character-
istic of increased excitability of NRXN1α+/- neurons in 
comparison to control neurons.

Altered VGKC activity and glutamatergic synapses 
in NRXN1α+/‑ neurons
We next performed RNA sequencing on day-100 
NRXN1α+/- and control neurons. A total of 27,163 
transcripts were quantitatively sequenced and 425 
DEGs (Additional file  1: Table  S1) were identified 
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with FDR < 0.05, TPM > 2, > 50% decrease or > two-
fold increase in NRXN1α+/- neurons (Fig.  4A). We 
validated expression of limited DEGs by qRT-PCR. 
Whereas GRIN3B expression was reduced to 0.33-fold 
in the ASD group, the GRM1, SHANK1, CACNA1A 
and SLC17A6 expression were upregulated by 1.86 
(p = 0.18), 2.28 (p = 0.05), 1.93 (p = 0.05) and 3.47-fold 
(p = 0.01), respectively in 100-day neurons derived 
from ASD iPSCs (Fig. 4B).

STRING analyses of the 269 upregulated and 156 
downregulated DEGs identified significant disrupted 
pathways of synapses and ion channels, which included 
Voltage-gated cation channel activity (GO: 0022843, 
FDR = 5.42E−4) and Ligand-gated ion channel activity 

(GO:0015276, FDR = 0.025) in the “Molecular Function 
(GO)” analyses, and Ion channel complex (GO:0034702, 
FDR = 8.17E−6) and Voltage-gated potassium channel 
complex (GO:0008076, FDR = 0.004) in the “Cellular 
Component (GO)”. Among the 14 gated ion channels, 
KCNK6 (2.2x), KCNK9 (2.3x), KCNK12 (2.2x), KCNF1 
(2.1x), KCNB2 (2.1x), KCNJ5 (2.9x) and KCNMB2 
(2.4x) were significantly upregulated (Fig. 5A, B).

Meanwhile, “Synaptic transmission” was identified 
as the most significant pathway in “Biological Processes 
(GO)” with 40 DEGs involved (FDR = 4.05E-09). Simi-
larly, 27 genes were involved in altered “Synapse” in “Cel-
lular Processes (GO)” (FDR = 0.003). The glutamatergic 
synapse (FDR = 0.003) was a significant “KEGG” pathway 
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(Fig.  5C), and the eleven DEGs in the glutamatergic 
synapse pathway included glutamatergic receptors and 
vesicular transporters (GRIN3B (0.47x), GRM1 (2.4x), 
SHANK1 (2.0x), SLC17A6 (3.6x), CACNA1A (0.2.0x), 
ITPR2 (0.42x) and PLA2G4 (0.21x) (Fig. 5D). There was 
also a significant disruption of Ionotropic glutamate 
receptor complex including SHANK1 (2.0x), GRIN3B 
(0.47x), CACNG2 (2.1x) and CACNG3 (3.3x) in “Cellular 
Processes (GO)”. In addition, SCN8A, ANK1 and ANK3 
related to AP initiation and propagation at the distal axon 
initial segment (AIS) were upregulated by 1.5-, 2.4- and 
1.5-fold, respectively. The transcriptome analyses thus 
revealed molecular processes that are accountable for 
alterations in AP depolarization, accelerated repolariza-
tion and hyper-excitability in NRXN1α+/- ASD neurons.

Discussion
NRXN1+/- deletions are associated with neurode-
velopmental disorders including ASD and epilepsy. 
Despite its importance and diverse clinical symptoms, 
how NRXN1α deletions affect human neuronal func-
tion are largely unknown. As a first step to address 
this, we derived iPSCs from controls and ASD patients 
with NRXN1α+/-, and differentiated them into day-100 
cortical neurons. The NRXN1α+/- neurons exhibited 
increased  Na+ current, higher amplitude of evoked 
AP, shortened AP rise time, and accelerated depolari-
zation and repolarization slope. Consistent with the 
electrophysiological changes, there was a significant 
upregulation of ion channels and glutamatergic syn-
apse genes (GRM1, SHANK1, SLC17A6, CACNA1A) 
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in the NRXN1α+/- transcriptome, which supports 
an increased excitability in the ASD neurons. The 
observed phenotype could be resulted from haplo-
insufficiency of NRXN1α+/-. However, our current 
RNASeq was unable to reveal isoform alterations and 
we could not rule out the possibility of gain-of-function 
as recently suggested [29].

The hyper-excitability phenotype is consistent with the 
clinical observation of the subjects in the current study, 

and two of three ASD probands have a history of seizures. 
In fact, ASD is known to have 30% comorbidity with epi-
lepsy or vice versa, and altered cortical neuronal excit-
ability has been proposed as an important neurological 
hallmark for ASD [36]. The observed phenotype also fits 
with the role of NRXN1α in both excitation/inhibition, and 
deletion of NRXN1α may lead to net reduction of inhibi-
tion. Furthermore, compound NRXN1α deletions were 
reported in patients with more complicated presentations, 
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such as Pitt-Hopkins-like Syndrome displaying severe 
mental retardation, autistic behavior, epilepsy and breath-
ing anomalies [37], and in patients with ASD, mental 

retardation and epilepsy [38]. Compound deletions affect-
ing NRXN1α on one allele and both NRXN1α/NRXN1β on 
the second allele were identified in two sisters with severe 
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early onset epilepsy, profound developmental delay, gas-
troesophageal reflux disease, constipation and early onset 
puberty [39]. Although the cases are limited, these studies 
suggest that mutations on both NRXN1α alleles are likely 
associated with greater severity, and ASD/epilepsy are 
common phenotype in these patients.

In line with increased excitability phenotype, our tran-
scriptome analysis also uncovered a significant upregu-
lation of GRM1, SHANK1, SLC17A6, CACNA1A and 
downregulation of GRIN3B, ITPR2, and PLA2G4A in 
the NRXN1α+/- neurons. The majority of these genes are 
involved in excitatory synapses. For example, SLC17A6 
encodes VGLU2 for presynaptic glutamate uptake, and 
dysregulation in ionotropic glutamatergic receptor 
complex including CACGN2, CACGN3, SHANK1 and 
GRIN3B further supports a disruption in excitatory glu-
tamatergic signalling. In addition, the mean expression 
levels of sodium voltage-gated channels SCN2A, SCN2B, 
SCN3A and SCN3B were upregulated by 1.64, 1.45, 2.00 
and 1.58-fold, respectively, in the patient group. Although 
they did not reach the stringent shortlisting criteria indi-
vidually, they might contribute to the increased action 
potential collectively.

Interestingly, the transcriptome data also showed 1.5-
fold increase (FDR = 1.23E−03) of SCN8A (encoding 
the channel Nav1.6) in NRXN1α+/- neurons. This fits 
with gain-of-function of SCN8A previously reported in 
patients with ASD and early infantile epileptic encepha-
lopathies [40], and six SCN8A variants with disrupted 
channel inactivation were also identified from 277 
patients with ASD, epilepsy, intellectual disability and 
neuromuscular disorders [41]. Nav1.6 is the main VGSC 
clustered at the distal AP initiation site (AIS) and plays 
a major role in the initiation and propagation of cortical 
pyramidal neurons [42, 43]. In mice, Scn8a was upregu-
lated in the hippocampus following epilepticus, whereas 
Scn8a knockdown prevented the induction of sponta-
neous seizures [44]. An increase in the available pool of 
sodium channels may therefore partially explain a more 
rapid rise of AP in NRXN1α+/- neurons.

At the AIS subdomain and nodes of Ranvier, Nav1.6 
interacts with ankyrins [45]. Ankyrin mutations were pre-
viously reported in neurodevelopmental and psychiatric 
disorders, and ankyrin-G knockout mice displayed severe 
deficits in AP [46, 47]. In this study, ANK3 (1.5-fold, 
FDR = 4.24E−02) and ANK1 (2.4-fold, FDR = 1.37E−05) 
were upregulated in NRXN1α+/- neurons, and increased 
abundance of SCN8A-ANK3 complex might contrib-
ute to the alteration in AP depolarization dynamics and 
increased excitability in the NRXN1α+/- neurons.

Additionally, a number of VGKCs including KCNB2, 
KCNF1, KCNK6, KCNK9 and KCNJ5 are significantly 
upregulated in the NRXN1α+/- transcriptome, and gain 

of function of VGKCs has been identified in neurodevel-
opmental disorders including epilepsy [48–50]. VGKC 
channels are known as major contributing factors to 
neuronal membrane potential and stabilization of excit-
ability. This correlates with the accelerated repolarization 
slope in NRXN1α+/- neurons, as accelerated slope may 
reflect the increased driving force affecting the move-
ment of  K+ (to stabilize membrane potential), which 
arises from the higher level of membrane depolariza-
tion due to the increased  Na+ current. However, it is not 
clear at this stage how NRXN1α deletions lead to elevated 
VGKC expression. In relation to this, a neurexin fam-
ily member, CASPR2, is essential for AP propagation by 
controlling the localization of Kv1.1, Kv1.2 and TAG-1 
complex [51]. It remains to be explored if NRXN1α can 
directly modulate these VGKCs by physical interactions.

It is worth to note that the current hyper-excitability 
phenotype of NRXN1α+/- ASD neurons appears to differ 
from the phenotype reported for Nrxn1+/- or Nrxn1−/− 
mouse neurons (which showed no significant pheno-
type) or for human H1 ESC-derived NRXN1+/- cortical 
neurons (which displayed reduced mEPSCs) [26]. This 
could arise from genetic differences as the mutant ESCs 
were NRXN1α+/-/NRXN1β+/- or NRXN1α+/-/NRXN1β+/-

/NRXN1γ+/- [26], whereas the ASD subjects in the 
current study were NRXN1α+/-. There could also be 
unknown secondary factors in the patient genome which 
might not be present in H1 ESC genome. The difference 
to mouse phenotype could partially be due to species 
difference in sensitivity to NRXN1 deficiency as previ-
ously suggested [26]. Furthermore, NRXN signalling 
was  shown to be complex, and the same Nrxn1α lesion 
in mouse produced different phenotypes in different neu-
rons or different synapses [52, 53].

The current study demonstrates that ASD patient-
derived neurons with NRXN1α+/- showed impairment in 
non-synaptic neuronal properties. The hyper-excitability 
could result in an increase in  Ca2+ influx at the synap-
tic terminals, and an increased spontaneous calcium 
transients was indeed observed in the previous study 
[30]. This is supported by similar phenotype in iPSC-
derived excitatory neurons from ASD probands carry-
ing CNTN5+/- and EHMT2+/- [54]. While research on 
patient-derived samples enables a good understanding 
of NRXN1 function in human neurons for pleiotropic 
clinical presentations, there are limitations of the study. 
Although NRXN1α haploinsufficiency is shown to have 
no significant effect on iPSC proliferation, early neuronal 
differentiation, or 100-day neuronal maturity, this does 
not completely eliminate potential effect on developmen-
tal pace. In 100-day cultures, not all neurons have the 
same maturity or are same neuronal subtype. Neurons 
may therefore be subtyped before/after patch clamping, 
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and RNAseq may be carried out at single cell level to eval-
uate contribution of neuronal subtype to the observed 
phenotype in the future studies. It is also important to 
create multiple isogenic lines carrying NRXN1 isoform 
lesions on the same genetic background and to validate 
their influence on neuronal excitation/inhibition in the 
follow-up studies, although it is challenging to precisely 
rescue the genetic defects in patients’ iPSC lines due to 
hundreds of kilobase pair DNA are deleted.

Conclusions
NRXN1 deletion is a major rare risk factor in ASD. In this 
study NRXN1α+/- neurons derived from iPSCs of three 
ASD patients were shown to display an increase in excita-
bility, which was well co-related with our recent evidence 
of increased calcium transients [51]. This is the first dem-
onstration that human ASD NRXN1α+/- deletions can 
lead to neuronal hyper-excitability. The future therapeu-
tic development in neurodevelopmental disorders will 
require a personalized medicine approach targeting dif-
ferent underlying mechanisms of many underlying vari-
ants. The NRXN1α+/- iPSCs such provide a human cell 
model for our further understanding of molecular/cel-
lular mechanisms and NRXN1 signalling pathways which 
are associated with ASD.

Methods
Participants
Five NRXN1α+/- iPSC lines from three ASD patients 
(ND1, ND2, ND4-1) were investigated in this study [28]. 
All patients were diagnosed with ASD by the Autism 
Diagnostic Interview-Revised and the Autism Diag-
nostic Observational Schedule. ND1 carries de novo 
NRXN1α+/- deletion on exons 6–15 (chr2:50711687–
51044633, 332,946  bp, hg19). At the time of biopsy, 
ND1 was an 8-year-old non-verbal ASD male with a 
history of infantile seizures, severe intellectual disabil-
ity, developmental delay, self-injurious and aggressive 
behavior. ND2 harbors NRXN1α+/- deletion in exon 1–5 
(Chr2:51120335–51360666, 240,331 bp, hg19). He was a 
20-year ASD male with language delay and an IQ of 78 
at age 11 but attended mainstream education. He has a 
reported family history of ASD affecting a grandfather 
and a cousin, and a history of language delay in one par-
ent. ND4-1 carries a paternally inherited NRXN1α+/- 
deletion on exon 1–5 (chr2:50983186–51471321, 
488,135 bp, hg19). She was an 18-year female with a diag-
nosis of Asperger’s Syndrome, a history of seizures, social 
anxiety, psychosis and mild intellectual disability with an 
IQ of 69. Her father and paternal aunt had adult-onset 
seizures, and her paternal grandmother was institutional-
ized. She has a brother who carries the same paternally 

inherited deletion with oppositional behavior and sub-
clinical ASD symptoms.

Six control iPSC lines from five healthy donors were 
used in the study. 1C was from a 4-year-old healthy sib-
ling of ND1, 4C was from a 19-year-old male sibling of 
ND2, 2V was from a 20-year-old female undergradu-
ate, the 3V was from a 21-year-old male undergraduate, 
and the NCRM-1 was an iPSC line from NIH which was 
derived from a newborn boy. The study was carried out 
with full ethical approval granted by Galway University 
Hospital and St. James’s/Tallaght University Hospital 
Clinical Research Ethics Committees.

iPSC derivation
Volunteers were recruited with consent for the study and 
skin biopsies (3 mm) were obtained by named clinicians 
with local anesthesia. Individual punch was minced, 
adhered to scratched surface of 6-well plates and cul-
tured at 37 °C with 5%  CO2 in high glucose DMEM sup-
plemented with 10% FCS, 1% penicillin/streptomycin and 
1% NEAA. The medium was renewed every 2–3  days. 
Low passage fibroblasts were reprogrammed under 
manufacturer’s instructions (Merck-Millipore, SCR510; 
ThermoFisher Scientific, A15960). The iPSCs were char-
acterized for the pluripotency markers of alkaline phos-
phatase, NANOG, OCT4, SOX2, SSEA4, TRA-1–60, 
TRA-1–81, and markers for tri-germ layer differentia-
tion, TUJ1/ASM/AFP, and SNP karyotyping.

Confirmation of CNVs
Genomic DNA was isolated from the fibroblasts and 
derived iPSC lines using Qiagen DNeasy Blood & Tis-
sue kit (69,504, Qiagen). Genotype was performed on an 
Illumina 1M SNP array at UCD. Quality control analy-
sis showed that all samples had call rates > 99%. CNV 
analysis was undertaken using PennCNV. Short CNVs 
(i.e. containing < 10 SNPs and/or < 50 kb in length) were 
excluded to prevent false positive CNVs. The NRXN1α+/- 
deletions in patients were confirmed by the SNP array.

Neuronal differentiation
The iPSCs were seeded in 6-well plates at 45,000–50,000 
cells/cm2, grown to ~ 80% confluency in E8 medium 
(ThermoFisher Scientific, A1517001), and differentiated 
into neural rosettes for 10–12  days in N2B27 medium 
(ThermoFisher Scientific) with 100  nM LDN193189 
(Stem Cell technologies, #72,102) and 10  nM SB431542 
(Sigma, S4317). Half of the medium was renewed daily 
with fresh SB431542/LDN193189 added. Neural rosettes 
were passaged with half of the medium changed every 
2nd day for 10  days and then passaged onto Poly-D-
Lysine/laminin-coated 12-well plates, or 15-mm round 
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coverslips (ThermoFisher Scientific, 12362138), or ibidi 
8-well chambers for terminal differentiation. Cells were 
fed with N2B27 (w/o vitamin A), every 2–3  days for 
6 days and then in N2B27 Plus vitamin A until day 100. 
They were finally processed for patch clamping, immu-
nocytochemistry, immunoblotting or RNA sequencing, 
respectively.

Electrophysiology
Whole cell patch clamp configuration was used to record 
from day-100 neurons (control n = 54, patient n = 39, 
and median of 10 cells recorded per line for both con-
trol and patients). All recordings were performed in 
warm extracellular bath solution, containing 140  mM 
NaCl (Sigma-Aldrich 71,387), 5 mM KCl (Sigma-Aldrich 
P9333), 2  mM  CaCl2 (Sigma-Aldrich C5670), 2  mM 
 MgCl2 (Sigma-Aldrich M8266), 10  mM HEPES sodium 
salt (Sigma-Aldrich H7006) and 10  mM glucose at pH 
7.4. Single cells were selected for recordings based on a 
pyramidal morphology, bright/clear cell body and each 
with > 3 neurites. Images were taken under Zeiss Axio-
vert 200 (40X).

Patch pipettes were pulled on borosilicate glass capil-
laries (Harvard apparatus GC150TF-7.5) using a Zeitz 
DMZ puller (Werner Zeitz, Germany), and filled with 
intracellular solution containing 123  mM  K-gluconate, 
10  mM KCL, 1  mM MgCl2, 10  mM HEPES potassium 
salt (Sigma-Aldrich H0527), 1  mM EGTA, 0.1  mM 
CaCl2, 1.5  mM ATP magnesium salt (Sigma-Aldrich 
A9187), 0.2  mM GTP sodium salt hydrate (Sigma-
Aldrich 51,120) and 4 mM glucose with resistance of 4.0–
5.5 MΩ. Recordings were made using the EPC10 patch 
clamp amplifier from HEKA. Voltage-dependent  Na+ 
and  K+ currents were recorded in voltage clamp mode 
from a holding potential of − 70 mV; voltage step depo-
larization was applied up to + 20  mV in 10  mV incre-
ments and recorded for 200 mSec. Additional recordings 
were performed in the presence of 1 µM TTX (Alomone 
labs, T-550) or 10  mM TEA (Sigma Aldrich, 140,023) 
to block  Na+ and  K+ currents, respectively. All data 
were recorded unfiltered for voltage and current clamp 
recording at 50.0 kHz and 20.0 kHz, respectively. Series 
resistance was 90% compensated for using the built-in 
circuitry of the amplifier and monitored throughout, only 
recordings that had a stable series resistance of < 20MΩ 
were included for analysis (control n = 45, patient n = 27, 
and median of 6 cells recorded per line for both control 
and patients).

Intrinsic firing properties of neurons were recorded 
in current clamp mode, with step current injections in 
10 pA increments from a holding value of − 5 pA up 
to + 45 pA, for 500 mSec. Spontaneous AP was recorded 
in current clamp mode at zero current injection (resting 

membrane potential) just after whole cell configuration 
achieved. Data were analysed using patchmaster and fit-
master (HEKA). The AP threshold was measured in Igor-
pro as a change in slope on each AP. AP amplitude was 
measured as the peak voltage from the point of threshold 
in patchmaster. Rise time of AP during depolarization 
was measured as the time between 20 and 80% of the ris-
ing edges of the AP. Depolarization up slope defines as 
slope between the two levels on the rising edges of the AP 
depolarization. Repolarization down slope was measured 
as a slope between the two levels of the falling edges of 
the AP repolarization. Currents were normalized to max-
imum conductance  (Gmax = I/(V-Vr) and plotted against 
each voltage step. The conductance (G) was calculated by 
dividing each voltage with the reversal potential  (Vr).

Immunocytochemistry
Cells were washed with PBS and fixed in 4% paraform-
aldehyde (Santa Cruz 30,525–89-4) for 20  min at room 
temperature (RT). They were then washed 3 times in PSB 
for 5 min before blocking for 1 h at RT in PBS with 0.2% 
BSA (Sigma Aldrich A2153) and 0.1% triton-X100. Cells 
were then incubated at 4º C overnight with primary anti-
body anti-MAP2 (Abcam Ab32454, 1:200), SYN1 (Abcam 
Ab8, 1:1000), TUJ1 (Abcam Ab78078, 1:1000), CTIP2 
(Abcam Ab18465, 1:400) or TBR1 (Abcam Ab183032, 
1:400) in blocking solution. Next day cells were washed 
3 times in PBS and incubated for 1 h at RT with appro-
priate fluorophore conjugated secondary antibodies (Cell 
Signaling, 4409S, or 4412S, 1:1000). Cells were washed 
3 times in PBS and then imaged using Andor confocal 
microscope. Image J was used to quantify the images 
which were normalized by DAPI-positive nuclei.

Quantitative RT‑PCR
Media were aspirated, cells washed and RNA extracted 
using RNeasy Mini kit (Qiagen 74,104) following the 
manufacturer’s instructions. RNA concentration and 
purity were measured using Nanodrop. 1  µg RNA 
reversely transcribed into cDNA (Qiagen QuantiTect 
Reverse Transcription kit 205,311), and qRT-PCR was 
carried out in triplicates with 10  ng cDNA template 
per reaction. The resulted cycle threshold (Ct) value 
were normalized to that of GAPDH. The relative mRNA 
expressions were calculated as 2 –dCt to GAPDH or 2 –ddCt 
using the average dCt of a fibroblast or an iPSC line.

Transcriptomic analysis
Quantitative RNA sequencing was performed by BGI as 
described previously [55, 56] on iPSC-derived cortical 
neurons from 6 control lines (2VC1, 3VCX1, 3VC2, 4C3, 
4CX1, NCRM-1) of 4 healthy donors and 4 NRXN1α+/- 
lines (ND1C1, ND2C11, ND2CX1, ND4-1C2) from 3 
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ASD patients. A total of 27,163 transcripts were mapped 
to GRCH37/hg19. Transcript abundance was quantified 
from the FASTQ files in Kallisto (v0.43.1) and presented 
as Transcripts Per Million (TPM). The control and patient 
groups were analyzed with false discovery rate (FDR) and 
adjusted multiple P value using the DESeq2 package in 
R. Using FDR < 0.05, 1175 DEGs was identified, and fil-
tered with TPM > 2, > twofold increase or > 50% decrease, 
which resulted in 269 significantly down-regulated and 
156 upregulated genes. The 425 DEGs were analyzed by 
STRING and Gene Set Enrichment Analysis (GSEA) for 
NRXN1α+/- pathways. The KEGG pathway analysis were 
obtained via KEGG enrichment results from STRING 
[57, 58]. The qRT-PCR was carried out to validate the 
expression of GRM1, SHANK1, GRIN3B, CACNA1A and 
SLC17A6 genes with mRNA extracted from 100-day neu-
rons of five control (02VC1, 3VC2, 3VCX1, 4C3, 4CX1) 
and three ASD (ND1C1, ND2C11, ND4-1C1) iPSC lines. 
The PCR primers included GRM1For (5′-AGT GAG CTG 
CTG CTG GAT TTG-3′), GRM1Rev (5′-TGC TCC ACT 
CAA GAT AGC GCA-3′,149  bp), SHANK1For (5′-TTT 
GCC ACT GAG TCG AGC TTC-3′), SHANK1Rev (5′-ACA 
TCT TCT GCC GCA CCG ATA-3′, 125  bp), GRIN3BFor 
(5′-CAA CCT GTC CGA GTT CAT CAG-3′), GRIN3BRev 
(5′-CGA AGT GGT AGA TGC TCA TCTG-3′, 140  bp), 
CACNA1AFor (5′-AAG GAT CGG AAG CAT CGA CAG-3′), 
CACNA1ARev (5′-CTT CCA CTT ACG GAA CTA CTGC-
3′, 197  bp), SLC17A6For (5′-TTT GGC ATG GAA GCC 
ACA CTG-3′), SLC17A6Rev (5′-TCC TGA CAA TGT GCC 
AAC ACC-3′, 195  bp), GAPDHFor (5′-CAC CAG GTG 
GTC TCC TCT GA-3′) and GAPDHRev (5′-GGT GGT CCA 
GGG GTC TTA CT-3′, 189 bp).

Statistics
All data were expressed as mean ± SEM. All data were 
tested for normality using Shapiro–Wilk normality test. 
Statistical analysis was performed using student t-test, 
Mann Whitney U and repeated measure ANOVA test 
with a p < 0.05.
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