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Abstract: The growth of neurites underlies the axonal pathfinding and synaptic formation during neuronal develop-
ment and regeneration. Neurite growth is regulated by specific interactions between growth cone receptors and 
their ligands that function as molecular cues existing in microenvironments. Neurexins (NRXNs) are concentrated 
on growth cones and they may function to constrain axonal branches of invertebrate neurons. The present study ex-
plored the role of NRXN-1α in regulating neurite growth of mammalian neurons. Results showed that transfecting an 
effective NRXN-1α siRNA to cultured rat hippocampal neurons significantly increased neurite length. Adding NRXN-
1α ligands including neuroligin (NLGN) peptide and/or α-latrotoxin (α-LTX) to the culture media largely decreased 
neurite growth of naïve neurons in a Ca2+-dependent manner, but had no effect on neurite growth of neurons 
transfected with NRXN-1α siRNA. Our results suggest that NRXN-1α regulates neurite development of mammalian 
neurons. 

Keywords: Neurexin, neuroligin, neurite growth, cultured neuron

Introduction

Neurite growth underlies the axonal pathfind-
ing and synaptic formation during neuronal 
development and regeneration [1, 2]. The gr- 
owth of neuritic structures is directed and dr- 
iven by its growth cone, a specialized sensory 
and motor structure that is composed of a cen-
tral core, lamellipodia and peripheral fillopodia 
[3]. The filopodia of growth cones contain re- 
ceptors that encounter specific molecular cues 
in extracellular microenvironments [4], activate 
intracellular cytoskeletal dynamics and steer 
the growth cone advance, retract, or turn, thus 
regulating the neurite elongation [5, 6]. 

One of such receptors concentrated in growth 
cones is neurexins (NRXNs) [7, 8]. Mammalian 
NRXNs are transmembrane synaptic adhesion 
proteins encoded by three different NRXN 
genes: Nrxn1, Nrxn2 and Nrxn3. The three 
Nrxn genes have separate promoters for 
α-NRXNs and β-NRXNs. In addition, there is 
extensive alternative splicing at five canonical 
positions, generating thousands of different 

NRXN isoforms [9-12], which are the central 
molecular components coding for the logic of 
neural circuits [13]. The α- and β-NRXNs con-
tain different extracellular sequences but iden-
tical transmembrane regions and cytoplasmic 
tails. Extracellularly, α-NRXNs have six laminin/
neurexin/sex hormone binding globulin (LNS) 
domains, and three intercalated EGF-like do- 
mains, whereas β-NRXNs have a single LNS 
domain [9-12]. 

A group of known endogenous ligands for NR- 
XNs is neuroligins (NLGNs) [13]. NLGNs are 
transmembrane adhesion proteins that are 
located primarily on postsynaptic surfaces and 
interact with presynaptic α- and β-NRXNs th- 
rough their extracellular acetylcholinesterase-
like fold [14, 15]. More specifically, NLGNs can 
bind to the sixth LNS-domain of α-NRXNs or to 
the only LNS-domain of β-NRXNs with nanomo-
lar affinities [16]. The assembly of NLGN-NRXN 
complex induces presynaptic specializations [7, 
14, 17]. NRXNs were also reported to be the 
receptors for α-latrotoxin (α-LTX), a neurotoxin 
found in the venom of black-widow spiders [18]. 
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The binding of α-LTX to NRXNs at the presynap-
tic terminal induces a massive release of neu-
rotransmitters [19, 20], reflecting the critical 
role of NRXNs in the regulation of presynaptic 
functions. 

Although triple knockout (tKO) α-NRXNs does 
not cause a major impairment of synapse for-
mation [21], conditional tKO of NRXNs causes 
diverse and synapse-specific deficiencies ra- 
nging from synapse numbers to synaptic Ca2+ 
dynamics [22], indicating that NRXNs are es- 
sential for development of precise neuronal cir-
cuits. However, the role of NRXNs in the regula-
tion of neurite outgrowth of mammalian neu-
rons remains elusive. It has been reported that 
BAM-2, a NRXN-1α related protein in C. eleg- 
ans, functions specifically to terminate axonal 
branches [23]. In addition, homolog of α-ne- 
urexin (DNRX) in drosophila L4 neurons restr- 
ains the L4 axons branching into neighboring 
columns [24]. These data suggest that NRXNs 
function to constrain neurite growth. Moreover, 
a recent study reports that the effect of NRXNs 
on neurite growth of GABAergic DVB neuron in 
C. elegans is antagonized by NLGNs [25]. 
Enlighted by these findings, the present study 
sought to investigate the roles of NRXN-1α and 
its ligands in regulating neurite outgrowth of 
rodent hippocampal neurons.

Materials and methods

Creation of NRXN1α siRNA

In order to study the role of NRXN1α in neurite 
growth, we designed small interfering RNA tar-
geting rat NRXN-1α (Nrxn-1α siRNA). Specifi- 
cally, a 19-nucleotide sequence (GGAGATCCTA- 
AGATGAAGA) that matches with nucleotides 
2458-2476 (GGAGATCCTAAGATGAAGA) and an- 
other sequence (AGCTAACCGTGGATGATCA) th- 
at matches with nucleotides 3548-3546 (AG- 
CTAACCGTGGATGATCA) of the rat Nrxn1 tran-
script was inserted into the pSuper vector, 
which expresses enhanced green fluorescent 
protein (eGFP). The correct construct inserts 
was confirmed by DNA sequencing.

Transfection of rat NRXN1α siRNA to INS-1 
cells

NRXNs, like many other protein constituents of 
the neurotransmitter exocytotic machinery, are 
expressed in pancreatic β cells [26]. As per-

formed previously [27, 28], a line of rat pancre-
atic β-cells INS-1 that was originally purchased 
from American Type Culture Collection (ATCC), 
was cultured in a 6-well plate with PRMI 1640 
medium (ThermoFisher Scientific) supplement-
ed with 10 mM/L HEPES, 10% FBS, 100 u/mL 
penicillin and streptomycin, 1 mM/L sodium 
pyryvate, 100 µg/L sodium hydroxide and 50 
µM 2-mercaptoethanol. The dishes were incu-
bated at 37°C in an incubator containing 5% 
CO2, 95% air atmosphere. INS-1 cells were 
seeded at a density of 4 × 105 cells/mL and 
grown for 40 hours, reaching 50-60% of con- 
fluence. To examine the efficiency of the mou- 
se NRXN-1α siRNA, cultured INS-1 cells were 
transfected with vector encoding either eGFP 
alone or eGFP with NRXN-1α siRNA (3 µg/well), 
using 6 µL of Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s instruction. To 
examine the transfection efficiency, INS-1 cells 
were cultured on poly-D-lysine coated glass 
coverslips. Twenty four hours after, the trans-
fected INS-1 cells were prepared for immuno-
histochemistry and confocal microscopy, and 
for immunoblot analyses. Immunocytochemistry 
was performed as previously described [29-
31]. Briefly, INS-1 cells were incubated with 
anti-insulin monoclonal antibody (Sigma Aldri- 
ch, #I2018). As described previously [32, 33], 
lysates of the transfected INS-1 cells were 
immunoblotted using rabbit anti-NRXN1 anti-
body (#175103, Synaptic System, Goettingen, 
Germany) and the same membrane was re-
probed with anti-β-actin antibody (Sigma-Al- 
drich). Blot band intensities were calculated 
using the Quantity One program (Bio-Rad) and 
normalised to that of β-actin.

Cultures hippocampal neurons

Following the guideline of Canadian Council on 
Animal Care, the procedure of culturing rodent 
hippocampal neurons was performed as de- 
scribed previously [29, 30, 34]. Specifically, the 
cell culture related animal use protocol (AUP# 
2010-033) was approved by the Animal Care 
Committee of The University of Western On- 
tario. Briefly, timed-pregnant Sprague Dawley 
rat (Charles River Labs) at embryonic day-18 
were euthanized by cervical dislocation under 
isoflurane anesthesia. The rat fetuses were 
decapitated, and their hippocampi were isolat-
ed. Rat hippocampi were dissected and the 
neurons dissociated using mechanical tritura-
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tion in HBSS containing 0.5% glucose, 2% 
sucrose, 1.0 mM sodium pyruvate, and 15 mM 
HEPES, was suspended in B27-supplemented 
Neurobasal medium (Invitrogen, Carlsbad, CA), 
with 0.5 mM L-glutamine, 25 µM glutamic acid, 
0.5 mM sodium pyruvate, and 0.5% FBS. The 
dissociated neurons were plated on 18-mm-
diameter round glass coverslips within 6-well 
plates. The glass coverslips were cleaned in 
ethanol, dried by vacuum and then coated with 
poly-D-lysine (at 0.1 mg/ml concentration). The 
embryonic neurons were plated in low density 
(4 × 104 cells/ml) coverslips [35]. For naïve 
neuronal cell cultures, three hours after plat-
ing, the plating medium was replaced with 
maintenance medium made up of Neurobasal 
medium, which contained 1.8 mM Ca2+), 1:50 
B27 supplement, 0.5 mM L-glutamine, penicil-
lin/streptomycin, and amphotericin B for 24 
and 72 hours at 37°C in a humidified atmo-
sphere of 5% CO2.

Transfection of hippocampal neurons

In order to down-regulate NRXN-1α expression, 
some cultured neurons were transfected with 
the eGFP-Nrxn-1α siRNA constructs. Briefly, 0.5 
µg vector that only expresses eGFP (control) or 
0.5 µg vector encoding eGFP-Nrxn-1α siRNA, as 
well as 3 µL Lipofectamine LTX (Invitrogen) 
were added to cell cultures right after replacing 
the maintenance medium. Three hours after 
the transfection reagents were washed out 
using fresh maintenance media. Twenty four to 
forty-eight hours after transfection procedures, 
transfected neurons, which were identified by 
eGFP fluorescence, were imaged using a con- 
focal microscopy (Carl Zeiss, Gottingen, Ger- 
many). Under our experimental conditions, ab- 
out 1.2% of neurons were transfected with 
eGFP-expressing vectors (control) or with eGFP-
Nrxn-1α siRNA. Effects of eGFP-Nrxn-1α siRNA 
on neurite growth were examined in three dif-
ferent conditions. In the first condition (C1), 
neurons were transfected immediately after 
replacing the maintenance medium (3 hours 
after plating neurons). The lengths of neurite 
growth of transfected neurons were measured 
24 hours after transfection. In the second con-
dition (C2), neurons were transfected right after 
replacing the maintenance medium, and neu-
rite length was measured 48 hours after trans-
fection. In the third condion (C3), neurons were 
transfected 24 hours after plating and neurite 
length was measured 24 hours after transfec-

tion. Large numbers of images of transfected 
neurons taken at different time points were 
saved in computers. The length of neurite of 
control neurons (transfected with eGFP-expr- 
essing vector) and neurons transfected with 
eGFP-Nrxn-1α siRNA was manually measured 
one-by-one using conventional neurite analysis 
method using ImageJ program to track neurite 
as previously reported [36]. 

Patch-clamp recordings in cultured neurons

Transfected neurons were used for patch-cl- 
amp recordings 48 hours after treatment. The 
eGFP-expressing neurons were identified un- 
der fluorescence microscope, and randomly 
selected for recordings. The procedures for vo- 
ltage-clamp recording were as previously de- 
scribed [27]. Briefly, recordings were obtained 
by means of an Axopatch-1D amplifier (Axon 
Instruments, Foster City, CA) with holding po- 
tential of -70 mV. The extracellular solution con-
tained (in mM): 145 NaCl, 1.3 CaCl2, 5.4 KCl, 
25 HEPES and 28 glucose, with pH 7.4 and 
osmolarity about 315 mOsm. The patch elec-
trodes, made with thin-walled glass tubes, had 
a resistance of 3-4 MΩ when filled with an intra-
cellular solution containing (in mM) 140 CsF, 
10 HEPES, 11 EGTA, 2 tetraethylammonium 
chloride, 1.0 CaCl2, 2.0 MgCl2 and 4.0 MgATP, 
pH 7.3 (adjusted with CsOH), 290-300 mOsm 
adjusted with sucrose. At room temperature 
(22-24°C), transmembrane current mediated 
by voltage-aged Na+ channels were evoked by 
60ms voltage steps from -70 mV to 0 mV in 10 
mV increments, in the presence of the calcium 
channel blocker nifedipine (5 μM). The voltage-
aged Na+ channel mediated current was evi-
denced by tis disappearance in the presence of 
300 nM tetrodotoxin. Electrical signals were 
digitized, filtered (1 kHz) and acquired on-line 
by means of the data acquisition and analysis 
software Clampex (Axon Instruments). The 
peak amplitude of evoked currents was mea-
sured off-line using Clampfit software (Axon 
Instruments). 

Treatments of cultured hippocampal neurons

Right after replacing the plating media to the 
maintenance media, purified recombinant NL- 
GN-1 (R&D system, 4340-NL-050) at concen-
trations of 0.25, 2.0, and 8.0 nM; or α-latrotoxin 
(α-LTX, MW: ~130 kDa; Enzo Life Sciences, 
#ALX630-027-C040) at the concentrations of 
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Figure 1. Nrxn-1α siRNA significantly down-regulates NRXN-1α expression in INS-1 cells. A. Representative images 
of confocal microscopy of INS-1 cells that were transfected with eGFP and Nrxn-1α siRNA. The cells were immune-
stained for insulin. Scale bar = 10 μm. Note that about 59% of the cells were transfected. B. Immunoblots of NRXN-
1α and β-actin in lysates of INS-1 cells that were processed for transfection either using the vector or using the 
Nrxn-1α siRNA. C. Plots summarize the ratio of immunoblot densities of NRXN-1α and β-actin in the vector-treated 
cells was 0.37±0.02 while the ration of NRXN-1α/β-actin in the siRNA-treated cells was 0.15±0.01 (n = 3 batches of 
transfection on 7 cell cultures in each group); meaning about 59% reduction in NRXN-1α protein in total population 
of cells that were processed for Nrxn-1α siRNA transfection.

Figure 2. Down-regulation of NRXN-1α significantly increases the neurite 
length cultured hippocampal neurons. A. Representative images of neurons 
that were transfected with eGFP expressing vector (control, left) and with 
eGFP + Nrxn-1α siRNA (right). Scale bar = 20 μm. B. Plats summarize the 
neurite length of control neurons and Nrxn-1α siRNA transfected neurons 
under three conditions: in C1, control = 30±3 μm (n = 136 cells), siRNA = 
43±5 μm (n = 121 cells); in C2, control = 51±8 μm (n = 88 cells), siRNA = 
91±10 μm (n = 97 cells); in C3, control = 66±11 μm (n = 116 cells), siRNA = 
136±21 μm (n = 93 cells). *Indicates P<0.05. 

300 pM and 600 pM were fr- 
eshly resuspended in PBS and 
added separately to design- 
ated wells of cultured neuro- 
ns. In some tests 0.5 mM eth-
ylenediaminetetraacetic acid 
(EDTA) alone, or EDTA together 
with 2.0 nM NLGN-1 or toge- 
ther with 300 pM α-LTX was/
were added to the cultured ne- 
urons. Neurite growth of con-
trol and treated neurons were 
observed and measured at 
different time points as in- 
dicated. 

Immunocytochemistry and 
confocal microscopy of cul-
tured rat neurons

Immunocytochemical assays 
of cultured neurons were pe- 
rformed as previously descri- 
bed [15, 29, 30]. Briefly, neuro- 
ns in control and treated gr- 
oups were washed with phos-
phate-buffered saline (PBS), 
and then fixed with 3.7% para-
formaldehyde and 4% sucrose 
in PBS for 10 minutes. Cells 
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were permeabilized with 0.1% Triton X-100 for 
10 minutes, blocked in 5% normal donkey 
serum for 1hr and then incubated with anti-
MAP2 antibody (Santa Cruz Biotechnology, CA, 
1:100) at 4°C overnight. Following three gen- 
tle washes, cells were incubated with fluor- 
escein isothiocyanate-conjugated donkey anti-
goat secondary antibody (Jackson Immuno- 
Research Laboratories) for 1 hr. Visual fields 
under a confocal microscope (Carl Zeiss, Go- 
ttingen, Germany) were randomly selected by 
blindly moving the cell-culture coverslip. Dual 
immunofluorescence was captured in two-
channel mode, as previously described [15, 30, 
37]. Digital images were obtained with a 63X 
objective lens. Multiple electronic images of 
cells were obtained and saved in a computer 
for analysis. For both control and treated neu-
rons, the length of neurites was measured 
using Image J software (NIH Image, NIH, 
Bethesda, MD).

Statistical analysis

The values of immunoblot density, neurite le- 
ngth and neuronal cell capacitance and trans-

population of INS-1 cells that were processed 
for Nrxn-1α siRNA transfection (Figure 1B and 
1C).

Downregulating NRXN-1α increases neurite 
growth of hippocampal neurons

As previously reported [38], we found that 
10-12 hours after being plated in culture, sev-
eral minor neurites began to protrude out from 
the cell body of vector-transfected control neu-
rons. During the period between 24 and 48 
hours, one of the neurites begins to outgrow 
significantly being the major neurites. In com-
parison to controls, neurons transfected with 
the Nrxn-1α siRNA showed a significant incr- 
ease in growth of the major neurite compared 
to neurons transfected with the control vector 
(Figure 2A and 2B). Under the first condition 
(C1), in which neurons were processed for 
transfection 3 hours after plating and neurite 
length were measured 24 hours after, neurites 
of the siRNA-transfected neurons were 38% 
longer than that of neurons transfected with 
vector (control). In the second condition (C2), 
neurites of the siRNA-transfected neurons were 

Figure 3. Down-regulation of NRXN-1α significantly increases the capaci-
tance and the Na+-current of hippocampal neurons. A. Representative trac-
es of transmembrane mediated by voltage-gated Na+ channels in control 
(transfected with Vector) neurons, and in neurons transfected with Nrxn-1α 
siRNA. B. Plots summarizes the capacitance of control neurons and neurons 
transfected with Nrxn-1α siRNA. Control: n = 12 cells, siRNA: n = 13 cells. C. 
Plots show the density (pA/pF) of Na+ currents when the membrane poten-
tial of test neurons was held in a range from -60 mV to 0 mV. Two-way ANOVA, 
**means P<0.01.

membrane currents were ex- 
ported to the statistical pro-
gram Sigma Plot. Using spe-
cific functions, analytic graphs 
were plotted, and statistical 
analyses were performed by 
one-way and two-away ANOVA 
or t-test whenever appropria- 
te. P-value less than 0.05 was 
considered to be significant. 

Results

NRXN-1α siRNA downregu-
lates NRXN-1α in INS-1 cells

As shown in Figure 1A, immu-
nocytochemical analyses de- 
monstrated that 24 hours af- 
ter transfection, 58.9±1.8%  
of total INS-1 cell populations 
were transfected with vectors 
expressing eGFP (Vector), or 
with vectors expressing eGFP 
and Nrxn-1α siRNA (siRNA). 
Immunoblotting assays show- 
ed that in comparison to the 
vector processed INS-1 cells, 
the level of NRXN-1α protein 
dropped about 59% in total 
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about 68% longer than that of control neurons. 
In the third condition (C3), neurites of the siR-
NA-transfected neurons was two-fold longer 
than that of control neurons. These results 
demonstrated that downregulation of NRXN-1α 
in primary neurons enhances neurite growth. 

Downregulation of NRXN-1α increases Na+ 
channel activity in hippocampal neurons

Patch-clamp recording in the transfected cells 
revealed that the amplitude of tetrodotoxin-
sensitive voltage-gated Na+ currents signifi-
cantly increased (Figure 3A) along with a sub-
stantial increase in the capacitance (pF) (Figure 
3B) of neurons transfected with the Nrxn-1α 
siRNA, in comparison to neurons transfected 
with eGFP vector. Our analyses indicated that 
the Na+ currents intensity (pA/pF) was also aug-
mented in NRXN-1α siRNA transfected cells 
(Figure 3C). 

24th and 48th hour after application of α-LTX. As 
shown in Figure 5, α-LTX reduced the neurite 
growth by about 38% and 35%, respectively, at 
the 24th and 48th hour after treatments in com-
parison to neurons grown in control media.

Soluble α-LTX and NLGN peptide had no effect 
on neurite growth in neurons transfected with 
NRXN siRNA

Next we added either 2 nM NLGN peptide or 
300 pM α-LTX to culture media of the control 
neurons treated with eGFP-expressing vector 
and the neurons treated with Nrxn-1α siRNA. 
Our measurements showed that in comparison 
to control neurons grown in control media, 
treatment with Nrxn-1α siRNA resulted in sig-resulted in sig-
nificant increase in neurite growth 28 hours 
after transfection, while α-LTX or NLGN trea- 
tment caused a significant decrease in neuri- 
te growth 28 hours after treatment. However, 

Figure 4. Soluble NLGN peptide inhibits neurite growth of hippocampal neu-
rons. A. Representative images of naive neurons (MAP2-positive, left panel) 
and neurons treated with 0.25 nM NLGN peptides for 24 hours (right panel). 
Scale bar = 20 μm. B. Plots summarize the neurite length of naive neurons 
(n = 133 neurons) and neurons treated with 0.25 (n = 112 neurons), 2.0 (n 
= 97 neurons), and 8.0 nM (n = 108 neurons) of NLGN peptide for 24 and 
48 hours, respectively. *P<0.05. 

NLGN peptide reduces neu-
rite growth of hippocampal 
neurons

In C. elegans and drosophila 
NRXN-related proteins functi- 
on to restrain axonal branches 
[23, 24]. We proposed that 
NRXNs, as receptors on grow- 
th cones, curb neurite growth 
by interacting with their end- 
ogenous ligands. To test this 
notion, we added a soluble 
form of NLGN1 peptide, which 
readily interact with NRXN-1α 
[7], to the culture media at 
concentrations of 0.25 nM to 
12.5 nM. As shown in Figure 
4, neurite growth was signifi-
cantly reduced 24 and 48 ho- 
urs after treatment with NL- 
GN1 peptide. 

α-LTX reduces neurite growth 
of hippocampal neurons

We also tested whether exog-
enous NRXN-binding ligands 
would affect neurite growth. 
To this end, 300 pM or 600 
pM α-LTX was added to the 
media of cultured rat hippo-
campal neurons, and neurite 
growth was examined at the 
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α-LTX or NLGN treatment failed to inhibit the 
increased neurite growth in the Nrxn-1α siRNA-
transfected neurons (Figure 6). These results 
suggested that NLGN-1 peptide and α-LTX 
inhibit neurite growth through interacting with 
NRXN-1α.

Extracellular Ca2+ is required for the effect of 
cue peptides on neurite growth

The interactions between NRXN-1α and its 
ligands such as NLGN [39] and α-LTX [20] are 
Ca2+-dependent. To examine whether NLGN-1 
peptide and α-LTX inhibited neurite growth in a 
Ca2+-dependent manner, we added the Ca2+-
chelating agent EDTA (0.5 mM) alone, or togeth-
er with NLGN-1 peptide or with α-LTX, to the 
media of cultured neurons. Similar to previously 
reported [40], our assays showed that neurite 
grew in the presence of EDTA for 24 hours, but 
about 25% slower than the neurites of control 

networks becoming the central components of 
dynamic code for the logic of neural circuits 
[13]. 

The present study aimed to exam the role of 
NRXN-1α in the regulation of neurite growth of 
growing hippocampal neurons because NRXN-
1α highly concentrates in filopodia of growth 
cones [42]. Complexity and redundancy of 
NRXN genes pose a tremendous difficulty in 
understanding their function within the mam-
mal brains [43]. To reduce such difficulties, our 
tests were performed in cultured rat hippocam-
pal neurons. In order to examine the specificity 
and efficiency of Nrxn-1α siRNA we first trans-
fected the siRNA construct into INS-1 cells, in 
which NRXN-1α is highly expressed and func-
tions to regulate secretion [26]. Our results 
showed that approximately 59% of INS-1 cells 
were transfected with the Nrxn-1α siRNA and 
that NRXN-1α protein was reduced by approxi-

Figure 5. α-LTX inhibits neurite growth of hippocampal neurons. A. Represen- 
tative images of naïve/control neurons (red = MAP2+) and neurons treated 
with 300 pM and 600 pM α-LTX for 24 hours. Scale bar = 10 μm. B. Plots 
summarize the neurite length of naive neurons (n = 76 neurons) and neu-
rons treated with 300 pM (n = 122 neurons) and 600 pM (n = 83 neurons) 
of α-LTX for 24 and 48 hours, respectively. *P<0.05. 

neurons did (Figure 7). Notab- 
ly, NLGN-1 peptide or α-LTX 
had no additive effect on neu-
rite growth in the presence of 
EDTA (Figure 7).

Discussion

Developing neurites contain 
receptors detecting both posi-
tive and negative growth cues 
in the surrounding environ-
ments. Through these recep-
tors, the developing neurite 
sums all of these growth sig-
nals regulating its growth dir- 
ection and rate. Previous st- 
udies showed that NRXNs, ex- 
pressed in thousands of alte- 
rnatively spliced isoforms, act 
predominantly at the presyn-
aptic terminal in neurons, wh- 
ere they regulate synaptic pr- 
operties via differential bind-
ing to multifarious postsyna- 
ptic ligands, such as neuro- 
ligins, cerebellin/GluD compl- 
exes, and latrophilins, thereby 
shaping the input/output rela-
tions of their resident neural 
circuits [41]. In this regard, it is 
proposed that different iso-
forms of NRXNs nucleate di- 
verse trans-synaptic signaling 
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mately 59% from the total cell population, indi-
cating that the Nrxn-1α siRNA used in this stu- 
dy selectively targeted to Nrxn-1α mRNA and 
effectively downregulated NRXN-1α protein ex- 
pression in transfected cells.

We then examined the effect of transfecting 
Nrxn-1α siRNA into neurons on neurite growth. 
In line with findings from studies on C. elegans 
and drosophila in which NRXN-related proteins 
restrain axonal branches [23, 24], our tests 
showed that transfecting Nrxn-1α siRNA into 
rat neurons increased neurite growth. These 

in a Ca2+-dependent manner. These results 
implied that NRXN-1α ligands may functions as 
molecular cues to regulate neurite growth by 
Ca2+-dependent interaction with NRXN-1α. 

The precise role that NRXNs and NLGNs play in 
nervous system development has been broadly 
disputed [46]. Indeed, NRXNs in different neu-
rons interact with various endogenous ligands, 
such as NLGN, cerebellin, neurexophilin, dys-
troglycan, and latrophilins, in extracellular fluid 
or on the membrane of postsynaptic cells to 
organize specific synapses [13]. Results from 

Figure 6. NLGN peptide and α-LTX fail to inhibit neurite growth of neurons 
transfected with NRXN-1α siRNA. A. Representative images of vector-trans-
fected neurons (left column) and neurons transfected with Nrxn-1α siRNA 
in the absence (-) and presence (+) of NLGN peptide. Scale bar = 10 μm. B. 
Plots summarize the neurite length of control neurons, and neurons trans-
fected with Nrxn-1α siRNA (48 hours after transfection) in the absence and 
presence of α-LTX or NLGN peptide, respectively (n = 77-126 neurons in 
each group). #In comparison to vector control, P<0.05; *In comparison to 
vector, P<0.05.

results suggest that as a gr- 
owth cone receptor, NRXN-1α 
regulates neurite growth. Early 
studies reported that activity 
of Na+ channels is required for 
activity-dependent neurite gr- 
owth [44, 45]. Our analyses by 
patch-clamp recording revea- 
led that the Nrxn-1α siRNA 
transfected neurons displayed 
significantly larger cell mem-
brane capacitance and larger 
transmembrane current medi-
ated by tetrodotoxin-sensitive 
Na+-channels, suggesting that 
Nrxn-1α may regulate neurite 
growth with alterations in in- 
trinsic activity of the cell. 

A recent study showed that ne- 
urite outgrowth of GABAergic 
DVB neuron in C. elegans is 
antagonized by postsynaptic 
NLGNs [25], indicating that 
NRXNs regulate neurite grow- 
th via interactions with their 
ligands. We therefore examin- 
ed whether NRXN-1α regula- 
tes neurite growth by interact-
ing with its ligands. Our tests 
showed that adding a soluble 
NLGN1 peptide that interacts 
with NRXN-1α [39] into the 
culture medium significantly 
decreased the growth of neu-
rites in vector control neurons 
but not in neurons that were 
transfected with Nrxn-1α si- 
RNA. In addition, our tests sh- 
owed that α-LTX, an exogen-
ous ligand for NRXN-1α [20], 
also decreased neurite growth 
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the present study in cultured neurons support  
a notion that NRXN-1α on the growing neurites 
interacts with its ligands in the extracellular 
fluid or on the plasma membrane of neighbor-
ing (targeted) cells, hence signals to restrain 
neurite growth. On the contrary, once NRXN-1α 
expression is downregulated or its interaction 
with ligands is altered, then neurites extend 
beyond where they would normally target on. 
Yet, results from this study was obtained from 
an in vitro model. Thus the precise roles of 
NRXN-1α in the regulation of neurite growth of 
specific neurons await examinations under in 
vivo conditions. Moreover, the intracellular co- 
mponents with which NRXNs interact to regu-
late neurite growth remain unclear. In this 
regard, previous studies showed that Ca2+/
calmodulin-dependent serine protein kinase 
(CASK), an intracellular ligand for NRXNs [47], 
links to the F-actin cytoskeleton [48]. Whether 
CASK links to the NRXN-1α regulation of neurite 
growth should also be explored in future 
studies. 
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