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1 | INTRODUCTION

Summary

Introduction: Sigma-1 receptors (Sig-1Rs) are unique endoplasmic reticulum proteins
that have been implicated in both neurodegenerative and ischemic diseases, such as
Alzheimer’s disease and stroke. Accumulating evidence has suggested that Sig-1R
plays a role in neuroprotection and axon outgrowth. The underlying mechanisms of
Sig-1R-mediated neuroprotection have been well elucidated. However, the mecha-
nisms underlying the effects of Sig-1R on axon outgrowth are not fully understood.
Methods: To clarify this issue, we utilized immunofluorescence to compare the axon
lengths of cultured naive hippocampal neurons before and after the application of the
Sig-1R agonist, SA4503. Then, electrophysiology and immunofluorescence were used
to examine voltage-gated calcium ion channel (VGCCs) currents in the cell membranes
and growth cones.

Results: We found that Sig-1R activation dramatically enhanced the axonal length of
the naive hippocampal neurons. Application of the Sig-1R antagonist NE100 and gene
knockdown techniques both demonstrated the effects of Sig-1R. The growth-
promoting effect of SA4503 was accompanied by the inhibition of voltage-gated Ca?
influx and was recapitulated by incubating the neurons with the L-type, N-type, and
P/Q-type VGCC blockers, nimodipine, MVIIA and w-agatoxin IVA, respectively. This
effect was unrelated to glial cells. The application of SA4503 transformed the growth
cone morphologies from complicated to simple, which favored axon outgrowth.
Conclusion: Sig-1R activation can enhance axon outgrowth and may have a substan-

tial influence on neurogenesis and neurodegenerative diseases.

KEYWORDS
axon outgrowth, growth cone, hippocampal neurons, sigma-1 receptor, voltage-gated calcium
ions channels

pig liver? and was originally identified as one of the subtypes of
opioid receptors, but further studies identified it as a novel ligand-

operated molecular chaperone.3 Sig-1R is expressed in various

Sigma receptors consist of two subtypes, Sigma-1 and Sigma-2
receptors (Sig-1R and Sig-2R).! Sig-2R has not yet been cloned
due to insufficient affinity. Sig-1R was first cloned from guinea

The first two authors contributed equally to this work.

types of peripheral and central organs, including liver, kidney, heart,
and brain. Among these organs, Sig-1R expression is highest in
the brain® and is especially concentrated in specific areas involved

in memory, emotion and sensory and motor functions, such as
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the hypothalamus, olfactory bulb, several cortical layers, and the
hippocampus. Sig-1R is an endoplasmic reticulum chaperone that
is implicated in neuronal survival, protection, axon outgrowth, and
neurodegenerative disorders.>® The molecular mechanisms under-
lying the neuroprotective effect of Sig-1R remain uncharacterized.
The neuroprotective effects of Sig-1R include attenuation of hy-
poxia/hypoglycemia-mediated neurotoxicity,” preservation of an-
tiapoptotic protein by regulating Bcl-2 expression® and reduction
in intracellular Ca?". Although some data have demonstrated that
Sig-1R is associated with axon elongation, the exact mechanism is
not well characterized.

Axons are structurally and functionally distinct protrusions of
neurons that modulate neurotransmitter release and neural func-
tion. Axonal malfunction can contribute to neurodegenerative dis-
eases, such as Alzheimer’s disease (AD), Parkinson'’s disease, stroke,
and multiple sclerosis.” A large body of evidence has indicated that
axonal growth is closely related to cytosolic Ca?" levels. One theory
suggests that Ca2* serves as a negative regulator of process extension.
For example, reductions in cytosolic Ca?* have been found to promote
axon outgrowth.'® On the other hand, when Ca?" is elevated in growth
cones, they typically slow down, stop or retract in a Caz+—dependent
manner.'%2 Some studies have proposed that the calcium transients
in neurons are primarily mediated primarily by L-type VGCCs, and si-
lencing them with channel blockers can promote axon outgrowth.*®
Other researchers have demonstrated that incubating superior mes-
enteric ganglia neurons with Interleukin-17 significantly potentiated
neurite length by inhibiting N-type VGCCs because the addition of an
N-type VGCC blocker, w-conotoxin GVIA, completely mimicked this
effect.!* Many studies have previously reported that Sig-1R ligands
regulate the activity of VGCCs. For example, Sig-1R ligands have been
suggested to block multiple subtypes of VGCC currents in primary hip-
pocampal neurons.’® In addition, sigma receptors have been demon-
strated to inhibit L-, N-, P/Q-, and R-type VGCC subtypes present
in neurons of both autonomic ganglia with high efficacy.16 Recently,
another research group suggested that Sig-1R stimulation attenuates
calcium influx through activated L-type VGCCs in purified retinal gan-
glion cells.'’

Therefore, we hypothesize that Sig-1R enhances axon outgrowth
by regulating VGCCs. Here, we used immunostaining and electro-
physiological methods to demonstrate that treatment with SA4503; a
selective Sig-1R agonist, promotes axonal outgrowth in cultured hip-
pocampal neurons by blocking VGCCs, primarily L-type, N-type, and
P/Q-type VGCCs.

2 | MATERIALS AND METHODS

All experimental procedures were approved by the Committee of
Animal Use for Research and Education of the Laboratory Animals
Center of Beijing Institute of Pharmacology and Toxicology (Beijing,
China) and consistent with the ethical guidelines recommended by the
International Association for the Study of Pain in conscious animals.
Efforts were made to minimize the animals’ suffering.
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2.1 | Preparation of hippocampal neurons and
lentivirus transduction

t.18 Simply

Primary neuronal cultures were prepared as previous repor:
speaking, hippocampal explants isolated from postnatal 6 hours SD
rats were digested with 0.25% trypsin for 30 minutes at 37°C, fol-
lowed by trituration with pipette in plating medium (DMEM with 10%
fetal bovine serum plus 10% horse serum). Dissociated neurons were
plated onto 24-well plates coated with poly-D-lysine or 6-well plates
(Corning, USA) at a density of 1 x 10° cells per well. After culturing for
3 hours, media were changed to neurobasal medium (Gibco, Grand
Island, NY, USA) supplemented with 2% B27, and different concen-
trations of SA4503 and (or) sigma-1R antagonist NE100 were added
simultaneously. Sig-1R-specific or scrambled small interfering RNA
oligonucleotides sequences were 5’-ggcuugagcucaccaccua-3'Y and
5'-uagcgacuaaacacaucaauu-3’, respectively. They were packaged into
lentiviral vectors (Genomeditech, Shanghai, China). Transduction of
neurons was performed with lentiviral vectors (MOI: 20) for an ad-
ditional 48 hours both for immunofluorescence and Western blot as

soon as they attached to the dishes.

2.2 | Immunofluorescence

Neurons grown on coverslip were washed with PBS three times. They
were fixed with 4% paraformaldehyde for 20 minutes, which were
subsequently washed with PBS (3 x 5 minutes). Thereafter, they were
permeabilized and blocked with 0.3% Triton X-100 plus 3% BSA for
40 minutes at room temperature. And then, neurons were incubated
with primary mouse monoclonal anti-plll tubulin antibody (1:100,
Millipore) and (or) rhodamine phalloidin (1:250, Invitrogen) overnight
at 4°C and washed with PBS (3 x 5 minutes). Goat anti-mouse FITC
conjugated secondary antibody (1:200) was put on for 1 hour at
room temperature followed by repeated washing in PBS (3 x 5 min-
utes). Finally, the cells were mounted on slides, and the stained sec-
tions were observed with Olympus fluorescent microscope (Olympus
BX51, Tokyo, Japan).

2.3 | Protein preparations and Western blot

Neurons were collected and lysed in RIPA lysis buffer. Protein con-
centration was determined by Bio-Rad Protein Assay (Pierce™ BCA
Protein Assay Kit; Thermo, Rockford, IL, USA). Lysates (10 pg) were
resolved by denaturing 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred to polyvinylidene difluoride mem-
branes and then blocked with 5% (w/v) skim milk in TBST (20 mmol/L
Tris-HCI (pH 7.4), 0.15 mol/L NaCl, 0.05% Tween 20) for 1 hour at
room temperature. The blocked membranes were subsequently
probed with antisigma-1R (1:200, Proteintech) or p-actin (1:1000;
Invitrogen) antibodies at 4°C overnight. After the membrane had been
washed three times with TBST, it was incubated for 1 hour at room
temperature with IRDye 800CW goat anti-rabbit secondary antibody
(1:15 000). After the membrane had been washed with TBST, bands
of protein on the membrane were visualized using the enhanced
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chemiluminescence detection (Li-Con, Odyssey, Hongkong, China).
Densitometry of imaged bands was performed in Imagel) software
(Bethesda, MD, USA).

2.4 | Assessment of neurite outgrowth

Primary cultured hippocampal neurons were prepared as above.
After treatment with different concentrations of SA4503 for 48 or
72 hours, axons were assessed. Neurons were labeled by primary
anti-plll tubulin antibody and an FITC conjugated secondary antibody.
Axon outgrowth was quantified using the ImageJ software.?° Cells
with neuritis shorter than the diameter of their somas were excluded

from the analysis.

2.5 | Patch-clamp recording

Rats (15 days old) of either sex were anesthetized with pento-
barbital (50 mg/kg, i.p.) and decapitated. The brain was quickly
removed, and the hippocampus was transferred into a chilled oxy-
genated cutting solution containing (in mmol/L) 234 sucrose, 11
glucose, 24 NaHCO,, 2.5 KCl, 1.25 NaH,PO,, 10 MgSO,,, and 0.5
CaCl,, and gassed with 95% O,/ 5% CO2 at 4°C. Hipocampal slices
(300 pm) were cut using a vibratome (MA752, Campden Company,
USA) and then incubated in standard artificial cerebrospinal fluid
(ACSF) bubbled with 95% O,/5% CO,. Brain slices were placed into
warm (32 + 0.5°C) bubbled cutting solution for 30 minutes and
then transferred to room temperature (22-24°C) for an additional
30 minutes before being placed into a submersion recording cham-
ber containing ACSF. The whole-cell patch-clamp recordings were
performed at room temperature. Currents were measured with an
Axopatch-200B (Molecular Device, Sunnyvale, CA, USA) and re-
corded with p500 and over Hospital Bed Capacity lamp 10.1 soft-
ware (Molecular Device). The output was digitized with a Digidata
1440 converter (Molecular Device). Patch pipettes were made by
a two-step vertical puller (Model P-97, Sutter Instrument) from
borosilicate glass and had resistances between 5 and 8 MQ after
perfusion of internal solution through the pipette. Brain slices were
placed in a recording chamber and visualized with an infrared video
microscopy (ECLIPSE FN1; Nikon, Tokyo, Japan). Experiments
were performed at a holding potential of =70 mV for VGCCs. After
gigaohm seal formation and membrane disruption, the whole-cell
capacitance was canceled, and series resistance was compen-
sated for (>80%). Data were low-pass-filtered at 2 kHz, sampled
at 10 kHz, and acquired with the pulse protocol. The liquid junc-
tion potential between internal and external solutions was -5 mV
on average and was used to correct for the recorded membrane
potential.?! The pipette solution was composed of the following
(in mM): 80 Cs-gluconate, 30 CsCl, 40 HEPES, 10 TEA-CI, 5 EGTA,
12 Na, phosphocreatine, 1 MgCIZ, 2 Mg-ATP, and 0.5 Na-GTP (ad-
justed to pH 7.3 with CsOH). VGCCs were recorded in an external
solution that contained (mmol/L): 105 NaCl, 20 tetraethylammo-
nium chloride (TEA-CI), 2 CaCl,, 6 MgCl,, 2.5 KCI, 26 NaHCO,, 10
glucose, 3 myo-inositol, 2 sodium pyruvate, 0.5 ascorbic acid, 1.25

NaH,PO,, and 0.0005 TTX (pH 7.4, when saturated with 95% 0,
/5% CO,).22

2.6 | Data analysis

The data were analyzed using the pCLAMP 10.0 software (Molecular
Device) and Origin 8.0 (Microcal Software, USA) software programs.
All data were presented as mean + SEM. Statistical significance was
assessed using Prism5.0 software. The Student’s t test analysis was
used to assess the differences between the means of two groups.
One-way ANOVA followed by Dunnett’s posttesting was performed
to assess differences among more than two groups. Two-way ANOVA
Bonferroni’s posttest was used to evaluate time-dependence rela-
tionship of SA4503 treatment. P value < 0.05 was considered to be

significant.

3 | RESULTS

3.1 | Sig-1R agonists evoke axon elongation in a
dose- and time-dependent manner

To investigate the in vitro effects of the Sig-1R agonist SA4503
on the growth of neurites in hippocampal neurons, we first bath
applied SA4503 to dissociated neuronal cultures as soon as the
neurons attached for 3 hours. The hippocampal neurons were
cultured for an additional 48 hours in either the presence or
absence of SA4503 and then immunostained with an anti-p 11l
tubulin antibody. After exposing the cultures to SA4503 at dif-
ferent concentrations (1-20 pmol/L), we measured the treated
neurite lengths and compared them with the control neurites,
which were exposed to vehicle. After 48 hours of treatment,
we found that SA4503 significantly increased neurite lengths
in a dose-dependent manner (Figure 1A, P < 0.01 in Dunnett’s
test). The control neurites averaged 128 um, whereas the neu-
rites exposed to SA4503 averaged 202 pum and reached lengths
of >250 pm (Figure 1A). As the 5, 10, and 20 pmol/L doses of
SA4503 did not induce significantly different effects on neurite
lengths (P > 0.05), 10 pmol/L SA4503 was selected for use in the
subsequent experiments. Next, to determine whether the neur-
ites enhanced by SA4503 were axons, an anti-Tau-1 antibody (an
axon-specific marker) and an anti-MAP2 antibody (a dendritic-
specific marker) were utilized to immunostain the hippocampal
neurons (Figure 1B). As we expected, the neurites elongated by
SA4503 were definitely axons. SA4503 induced hippocampal
neuron axon outgrowth in a time-dependent manner. There was
no difference between the SA4503 group and the control group
after 24 hours. However, axon length was notably enhanced after
48 and 72 hours (Figure 1C, P < 0.01 in two-way ANOVA). The
mean length of the SA4503-treated axons increased by 300 pm
after 72 hours, while the mean length of the control neurons
remained at only 175 pm after 72 hours. In addition, incubation
with SA4503 for 72 hours did not have any effect on neuronal
survival, which was indicated by a Pl test (data not shown). In
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conclusion, hippocampal axon outgrowth was enhanced by
SA4503 in a dose- and time-dependent manner, which validated

previous reports.*’

3.2 | Sig-1R agonists increase axon outgrowth via
sig-1R

In addition to SA4503, another Sig-1R-specific agonist, Pre084, was
used to examine the influence of Sig-1R on axon length. We ob-
served that 10 pmol/L Pre084 also notably enhanced axon length,
as shown in Figure 2A. These results demonstrate that Sig-1R
agonists can induce the axon outgrowth of cultured hippocampal
neurons. To test whether Sig-1R participated in the effect on axon
elongation, the dissociated hippocampal neurons were incubated
with the Sig-1R-specific antagonist, NE-100, 30 minutes before
the SA4503 treatment, which lasted for an additional 48 hours. We
observed that the axon elongation effect was abrogated when the
neurons were cultured with both NE-100 and SA4503 (Figure 2B).
Treatment with NE-100 alone did not cause any significant change
in axon length when compared to that of the control cells. A len-
tiviral vector expressing shRNA targeting Sig-1R significantly
decreased Sig-1R protein levels to about 78% compared to a scram-
bled shRNA sequence (Figure 2C). Previous research has shown
that Sig-1R knockdown causes the degeneration of hippocampal
neurons.?® We obtained the same results in this study. We observed
that Sig-1R knockdown in primary hippocampal neurons caused de-

creased survival and counteracted the axon outgrowth enhanced
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by SA4503. Thus, these results provide strong evidence that Sig-1R
activation promotes axon outgrowth in primary cultured hippocam-

pal neurons.

3.3 | Enhanced axon outgrowth does not depend on
glial cells

To test whether the glial cells present in the hippocampal neuronal
cultures may mediate the effect of SA4503 on hippocampal neurite
outgrowth, the cultures were simultaneously incubated with 5 pmol/L
cytosine arabinoside (Ara-C) and SA4503. There was no difference
between the cultures cotreated with SA4503 and Ara-C and the cul-
tures treated with SA4503 at 24 hours as shown in Figure 3. However,
at 48 and 72 hours, the SA4503 and Ara-C cotreatment significantly
increased axon length, but this effect was not different from that of
the SA3405 treatment alone. Approximately 10%-20% of the cells in
the primary culture were glia, as evidenced by immunoreactivity with
an anti-GFAP antibody. In the presence of Ara-C, the primary culture
was in a poor condition due to the loss of nutritional support from glia.
Despite the loss of glia, there were still elongated axons present in the
hippocampal neuron cultures. Therefore, we concluded that the axon

growth enhanced by SA4503 did not depend on glial cells.

3.4 | Inhibiting VGCCs causes enhanced axon length

Calcium has been shown to be an important regulator of axon

outgrowth.24’25 Axon extension occurs within optimal levels of
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FIGURE 1 Sig-1R agonist SA4503 enhances axon outgrowth of cultured hippocampal neurons. (A) Cultured hippocampal neurons are
treated with vehicle (control) and with SA4503 (1-20 pmol/L) for 48 hours. The axon is immunostained with anti-p Il tubulin antibody

(left panel). The right panel is statistics from the left. Data are means + SEM, *P < 0.05 and **P < 0.01 vs control group, Dunnett’s test. (B)
Neurons are treated with vehicle (control, left panel) and with 10 pmol/L SA4503 (right panel) followed by double immunostaining, anti-
MAP2 antibody (green) and anti-Tau-1 antibody (red), respectively. The yellow one is merged with green and red. (C) Effects of vehicle
(control, circles) and 10 pmol/L SA4503 (squares) treatment on axon outgrowth in hippocampal cultures. Data are means + SEM from three
separate experiments including 3-4 wells performed on different time points (**P < 0.01, two-way ANOVA with Bonferroni’s posttest). The

bar represents 50 pm
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intracellular calcium but slows or ceases when calcium is above or
below these levels, which are called set points.26 Previous studies
have shown that activating Sig-1R can block or enhance VGCCs
under different experimental conditions, such as neuron types and
experimental methods. In this paper, we proposed that SA4503
may increase axon length via blocking VGCCs. Hence, we first used
electrophysiological methods to examine this hypothesis. It is dif-
ficult to record currents in immature neurons due to the fragile cell
membranes. Thus, hippocampal brain slices from 13DIV rats were
used to record calcium channel currents that mimicked those of the
young cultured hippocampal neurons. We observed that 10 pmol/L
SA4503 reversibly blocked 30% of the whole-cell Ca%* currents as

shown in Figure 4B.

If Ca®* current inhibition is involved in the axon outgrowth induced
by SA4503, then the effects of SA4503 on axon outgrowth should be
replicated by calcium channel blockers. Previous studies have demon-
strated that blocking L-type and N-type calcium channels on devel-
oping neurons can increase axon length.?®* Consequently, we added
specific L-type and N-type VGCC blockers, 10 pmol/L nimodipine and
3 pmol/L MVIIA, respectively, to the culture after 2 hours once the
neurons were attached. After 48 hours, treatment with both nimodip-
ine and MVIIA resulted in longer axons than treatment with vehicle
(control), and the treatment with nimodipine and MVIIA was resulted
in the same effect that was induced by SA4503 (Figure 4B,C). In addi-
tion, we tested the effect of the specific P/Q-type VGCC antagonist,
w-agatoxin IVA. To our surprise, 0.5 pmol/L o-agatoxin IVA notably
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FIGURE 3 The effects of SA4503 do not depend on glial cells.
The glial cell population was depleted with Ara-C (5 umol/L), SA4503
significantly enhanced the axon lengths after 48 and 72 hours. Data
are means + SEM, separate experiments including 2 wells, n 2 15
neurons, **P < 0.01 SA4503 vs control, ##P < 0.01 Ara-C + SA4503
vs control, two-way ANOVA with Bonferroni's posttest

increased axon length. Our experiments suggested that blocking L-
type, N-type, and P/Q-type VGCCs, which are expressed on young
cultured hippocampal neurons,?’
Then, we tested the add-on effect of SA4503 on the outgrowth-
promoting effect of nimodipine, MVIIA, or GIVA. SA4503 did not fur-

ther potentiate axon outgrowth in the presence of these Ca?* blockers

can induce increased axon length.

(Figure 4A). We confirmed our speculation that SA4503 enhanced

axon outgrowth by blocking the VGCCs expressed on neurons.

3.5 | SA4503 changes growth cone morphologies

Growth cones located at the tip of developing or regenerated
axons regulate neuronal axon elongation, retraction, and turning.
Hippocampal growth cone morphologies are well correlated closely
with their rates of extension. Small, simple, bullet-shaped growth
cones usually extend rapidly, whereas large and complex growth
cones with expanded lamellipodia and numerous filopodia pause for
many hours. Consequently, we used immunofluorescence methods
to detect the effects of SA4503 on growth cone morphologies. As
shown in Figure 5, growth cones were double immunostained with a
primary phalloidin antibody (F-actin, red) and an anti-p Ill tubulin anti-
body (tubulin, green). We found that the control cultures treated with
vehicle had many large growth cones and fewer long axons as men-
tioned above. In the 50 examined growth cones, approximately 38%
exhibited simple morphologies. In contrast, after SA4503 application
for 48 hours after plating, the neurons exhibited long axons with
mostly simple growth cones. Approximately 73% of the 45 examined
growth cones at the tips of long axons were small and simple. The
small and simple cytoskeletal structures of growth cones usually in-
cluded bundles of microtubules (MTs), loss of actin arc structure and
reduction in F-actin levels. MT extension into the growth cone pe-
riphery is an essential process for axon growth.?® We observed that,
in approximately half of the hippocampal neuronal growth cones, the
MTs spread out as they entered the growth cone, whereas in the
other half, the MTs remained bundled (Figure 5A,D). In contrast, after
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treatment with SA4503 for 48 hours, the ratio of bundled MTs that

were in tight arrays in growth cones increased to 80%. In the control

growth cones, actin arc structures in the transitional zone actively
inhibit MT extension. However, after application of SA4503, the
actin arcs were reduced, which allowed the MTs to extend into the
growth cone periphery as shown in Figure 5. Phalloidin is a specific
label for F-actin (red). We found that, compared to vehicle treatment,
SA4503 treatment markedly reduced F-actin content in the growth
cones. In conclusion, these results demonstrated that the Sig-1R ago-
nist SA4503 likely increases axon outgrowth by transforming growth
cone morphologies from complex to simple.

4 | DISCUSSION

Sig-1R has been reported to play a role in neurodegenerative disor-
ders, including AD, Parkinson’s disease and ischemic diseases, such as
stroke. As a molecular chaperone, Sig-1R participates in many physi-
ological and pathological processes. Previous studies have reported
that several versatile actions of Sig-1R may affect cellular survival as
mentioned above.?’3! Although Sig-1R is known to promote neurite
elongation, the underlying molecular mechanisms are not completely
understood. Kimura et al?® demonstrated that Sig-1R activation pro-
motes neurite elongation through activation of tropomyosin receptor

1*! demonstrated

kinase (Trk) in cerebellar granule neurons. Tsai et a
that Sig-1Rs regulate the turnover of the short-lived cyclin-dependent
kinase (cdk) activator p35 via myristic acid and thus play important
roles in the maintenance of axon elongation in the brain. In the present
study, we suggested that Sig-1R increases axon outgrowth through
regulation of VGCC activity in cultured naive hippocampal neurons.
Three pieces of evidence supported our opinion. First, Sig-1R acti-
vation blocks VGCC currents; moreover, bath application of VGCC
antagonists completely imitated the axon elongation caused by the
Sig-1R agonist SA4503. Second, the growth cone cytoskeletal struc-
ture changes induced by SA4503 were the same as those induced by
VGCC antagonists.*® Third, SA4503 no longer potentiated axon out-
growth in the presence of VGCC blockers.

Different types of VGCCs are expressed in cultured hippo-
campal neurons, including L-type, N-type, and P/Q-type, which
contribute to ~32%, ~38%, and ~21%, respectively, of the highly
expressed VGCCs.%? Pravettoni et al?’ discovered that L-type and
N-type VGCCs have distinct patterns of expression and distribution
and play different functional roles during hippocampal neuron dif-
ferentiation. L-type channels are involved in the early stages of neu-
rite outgrowth, whereas at later stages (3-4 DIV), axonal growth is
primarily associated with N-type channels. This finding is consistent
with our result showing that blocking L-type and N-type VGCCs
enhances axon outgrowth during the first 72 hours once the neu-
rons were attached to the petri dish. In addition, in our experiment,
we discovered that inhibiting P/Q-type VGCCs also increases axon
length. To the best of our knowledge, this finding has not been re-
ported by other laboratories. Application of specific L-type, N-type,
and P/Q-type VGCC inhibitors, nimodipine, MVIIA, and n-agatoxin
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FIGURE 4 Application of VGCCs antagonists induces axon outgrowth and SA4503 blocks VGCCs expressed on hippocampal neurons.

(A) Representative images of hippocampal neurons applied by different treat groups (top). The bottom is statistic result. Data are means + SEM,
separate experiments including 3-4 wells, n = 30 neurons, **P < 0.01 vs control group, Dunnett’s posttest. The bar represents 50 um. (B) SA4503
inhibits VGCCs expressed on hippocampal brain slice reversibly using whole-cell patch-clamp method. Left, the protocol to elicit VGCCs starting
from a holding potential of -70 mV to the voltage of +50 mV in increments of +10 mV. Top, representative recordings of the VGCCs elicited

by a series of voltage steps and inverse inhibition by SA4503. Right, Current/voltage (1/V) curve of VGCCs inhibition by SA4503. Each point is

normalized to the maximal VGCCs (n = 5)

IVA, respectively, produced similar axon lengths. Although nimodip-
ine treatment appears to induce slightly longer axon lengths than
those of MVIIA and w-agatoxin IVA treatments (Figure 4), there
were no significant differences among the treatments. Moreover, L-
type, N-type, and P/Q-type VGCCs that occupy similar proportions
of neurons are the main calcium channel types in hippocampal neu-
rons. In addition, 10 pmol/L SA4503 blocked approximately 30% of
the whole Ca®* currents in neurons as shown in Figure 4C. Thus,
SA4503 may inhibit several types of calcium channels, because its
effect on axon length resembled the effects of nimodipine, MVIIA,
and w-agatoxin IVA. Some studies have already reported that
Sig-1R activation may block L-type and N-type VGCCs.*® However,
whether Sig-1R activation can block P/Q-type VGCCs needs to be
addressed with further studies.

We demonstrated that Sig-1R activation promotes axon outgrowth
that is accompanied by morphological changes in growth cones.

FIGURE 5 SA4503 activation induces
change in growth cone cytoskeletal
structures. The cultured naive hippocampal
neurons in the presence of vehicle (A) or (€)
SA4503 (B) were stained with phalloidin
and anti-p 11l tubulin antibodies. Note that
the actin arc structure is very obvious in
the first, third, and last picture (exception
for the second one) of A group. The arc
structure is lost by application of SA4503
(B). F-actin content (red) of SA4503
treatment (B) is much less than vehicle
treatment (A). Representative images (A
and B) and quantification of growth cone
morphology (C) and MT structures (D) are
shown. Data are means + SEM, separate S
experiments including 3-4 wells, n 2 40 .@Q
neurons, **P < 0.01 and ***P < 0.001 vs O
control group, Dunnett’s posttest. The bar
represents 20 pm
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Hayashi et al®® suggested that Sig-1R may cause structural alterations
in NG-108 cells by affecting the dynamics and rearrangement of cy-
toskeletal proteins. In the current study, Sig-1R was first observed to
change the growth cone morphology of primary cultured hippocampal
neurons from big and complex to small and simple. Changes in the
growth cone cytoskeleton have a direct impact on the rate of axon
extension. Tang et al'® demonstrated that silencing L-type voltage-
gated calcium channels always produced small and simple growth
cones that promoted axon outgrowth. Sig-1R activation induced by
SA4503 achieves the same results. However, questions remain con-
cerning the molecular mechanisms involved in this process. For exam-
ple, Ca®* channel blocking is an upstream effect, and the downstream
signal transduction pathway is unknown. Additionally, the key treat-
ment dose that leads to cytoskeletal protein rearrangement needs to
be identified. Alternatively, in addition to the Ca%* channel expressed
on plasma membrane, Sig-1R may also play a role in the regulation

Growth cone %
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of ER-mitochondrion Ca®* signaling. These lingering questions could
be the focus of a follow-up study. Nevertheless, our results showed
that Sig-1R activation can drive axon elongation by blocking VGCCs to
alter the growth cone cytoskeletal structure.

In conclusion, the Sig-1R agonist SA4503 promotes axon out-
growth. In addition, this effect disappeared with the addition of the
Sig-1R antagonist NE100 or downregulation of Sig-1R protein. The
observed effect on axon length is independent of glia but closely re-
lated to VGCCs. Inhibiting VGCCs caused growth cone structure re-
modeling from complex to simple that led to axon elongation. Axon
outgrowth induced by Sig-1R may shape new synapses and build new
neural circuits, which could help restore neurological function lost due

to neurodegenerative diseases.
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