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Abstract The mechanisms underlying autonomic inner-

vation to its targets involve various chemical factors, but

have not yet been elucidated in detail. We constructed a co-

culture system of neuronal cells and vascular smooth muscle

cells to investigate the mechanisms underlying innervation

of the vasculature. A co-culture with the vascular smooth

muscle cell line, SM-3 significantly promoted cell viability,

neurite extension, and neuropilin-1 (Nrp-1) mRNA expres-

sion in the cholinergic neuronal cell line, NG108-15. Fur-

thermore, immunocytochemistry with or without a detergent

treatment revealed that a co-culture with SM-3 cells or cul-

turing with the conditioned medium of SM-3 cells translo-

cated Nrp-1 onto the cell surface of growth cones rather than

varicosities of NG108-15 cells. Immunofluorescent

microscopy combined with a cold detergent treatment or

cholesterol depletion revealed that Nrp-1 accumulated in

putative raft domains in the plasma membrane of NG108-15

cells co-cultured with SM-3 cells. The results of the present

study suggest that some soluble factors from smooth muscle

cells may affect the localization of Nrp-1 in cholinergic

neuronal cells, which may, in turn, be involved in the auto-

nomic innervation of blood vessels.

Keywords Co-culture � Autonomic vascular innervation �
Axon repellent � Lipid raft � Membrane protein extraction

Introduction

The autonomic nervous system controls the heart, endo-

crine, and exocrine glands as well as the smooth muscle cells

of these glands, blood vessels, and other internal organs. The

autonomic postganglionic innervation of blood vessels is an

important determinant of cardiovascular function. Auto-

nomic nerves have been proposed to follow vascular smooth

muscle, the endothelium, or basal laminae. Although the

mechanisms underlying autonomic innervation to its targets

are known to involve artemin, endothelin-3, nerve growth

factor, neurotrophin-3, netrin-1, semaphorin 3A (Sema3A),

and vascular endothelial growth factors (VEGFs), they have

not yet been elucidated in detail (Bates et al. 2003; Brunet

et al. 2014; Enomoto et al. 2001; Honma et al. 2002;

Kuruvilla et al. 2004; Long et al. 2009; Makita et al. 2008;

Marko and Damon 2008). Previous studies reported that

axon guidance was mediated by extracellular attractive and

repulsive cues through membrane microdomains, the so-

called lipid rafts, on growth cones, which are enriched with

cholesterol and sphingolipids and are resistant to cold

detergent extraction (Grider et al. 2009; Guirland and Zheng

2007; Hooper 1999; Kamiguchi 2006; Simons and Ikonen

1997). The repulsion of neurites may involve Sema3A and

neuropilin-1 (Nrp-1), one of its receptors.

Nrp-1 is a membrane-spanning co-receptor to one of the

plexins or VEGF receptors for both VEGF and semaphorin

family members. Nrp-1 has been shown to play a wide

range of roles in angiogenesis, axon guidance, cell survival,

invasion, and migration (Fujisawa et al. 1997; He and

Tessier-Lavigne 1997; Kitsukawa et al. 1997; Kolodkin

et al. 1997; Marko and Damon 2008).

Lipid rafts are cholesterol-rich glycolipoprotein micro-

domains in the plasma membrane. These specialized mem-

brane microdomains mediate cellular processes by serving as
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gathering sites for the condensation of signaling molecules,

restricting membrane fluidity and membrane protein traf-

ficking, and regulating neurotransmission and receptor sig-

nal transduction (Foster et al. 2003; Pike and Miller 1998;

Simons and Ikonen 1997; Verkade and Simons 1997).

Cold Triton X-100 (TX-100) treatments have been used to

extract membrane proteins at sites except for lipid rafts,

whereas cholesterol depletion by methyl-beta-cyclodextrin

(MBCD) perturbs cholesterol-rich rafts and allows proteins

anchored to these domains to diffuse. Therefore, raft-per-

turbing manipulations have been shown to alter Sema3A-

induced growth cone repulsion, inhibition, and collapse

(Guirland et al. 2004).

We have been attempting to construct an in vitro system to

investigate the mechanisms underlying innervation of the

vasculature using a co-culture system of neuronal cells and

vascular smooth muscle cells. We previously demonstrated

that catecholaminergic neuronal PC12 cells formed synapse-

like contacts with the vascular smooth muscle cell line, SM-3

(Endo et al. 1991). The neurites of the cholinergic neuronal

cell line, NG108-15 were found to extend more in co-cul-

tures with SM-3 cells than in monocultures. We identified a

repulsive axon guidance molecule, the receptor Nrp-1,

among several genes enhanced in NG108-15 cells co-cul-

tured with SM-3 cells (Endo et al. 2004; Kyuka et al. 2008;

Kyuka et al. 2006). In the present study, we examined the

interaction between NG108-15 cells and SM-3 cells, and

investigated changes in the expression and localization of

Nrp-1 at the neuronal cell membrane in order to clarify the

involvement of Nrp-1 in the innervation and repulsion of

cholinergic neuronal cells to their target cells.

Materials and Methods

Cell Lines

NG108-15 a hybrid formed by the Sendai virus-induced

fusion of the mouse neuroblastoma clone N18TG-2 and rat

glioma clone C6BU-1 (Kato et al. 1981; Nelson et al. 1976;

Puro and Nirenberg, 1976).

SM-3 vascular smooth muscle cells from rabbit aortic

media (Migas et al. 1997; Sasaki et al. 1989), donated by

Dr Sasaki, Kitasato University School of Pharmaceutical

Sciences, Tokyo, Japan.

Cell Culture

NG108-15 was maintained in HAT medium (100 lM

hypoxanthine, 0.4 lM aminopterin, 16 lM thymidine

(Sigma-Aldrich Co. LLC., Tokyo, Japan), and Dulbecco’s

modified Eagle’s medium (DMEM; Life Technologies

Japan, Tokyo, Japan) supplemented with 10 % heat-

inactivated fetal bovine serum (FBS; Life Technologies)).

SM-3 was subcultured in DMEM supplemented with 10 %

heat-inactivated FBS. Co-cultures of NG108-15 and SM-3

were performed in serum-free DMEM.

NG108-15 and SM-3 at 2.0 9 104 cells/cm2, respec-

tively, were monocultured or simply mixed cultured for

5 days with DMEM on collagen type IV-coated coverslips

in plastic culture plates for morphological measurements.

NG108-15 (3.0 9 103 cells/cm2) and SM-3 (1.6 9 103

(LowSM) or 4.0 9 103 (HighSM) cells/cm2, respectively)

were co-cultured for 3 days in DMEM for RT-PCR. NG108-15

cells were monocultured for 3 days in DMEM, 1 mM N6,20-O-

Dibutyryladenosine 30,50-cyclic monophosphate (dbcAMP;

SigmaSigma-Aldrich) in DMEM, or 10 % FBS in DMEM.

SM-3 cells were solely cultured for 3 days in DMEM.

Regarding colorimetric Nrp-1 immunocytochemistry,

NG108-15 (2.0 9 104 cells/cm2) was monocultured for

3 days in DMEM or in the conditioned media of SM-3, in

which SM-3 (initial concentration of 2.0 9 104 cells/cm2) had

been cultured before for 3 days. NG108-15 and SM-3 (1 9

104 cells/cm2, each) were co-cultured for 3 days in DMEM.

NG108-15 and SM-3 were co-cultured together for

2 days in DMEM at 2.5 9 104 cells/cm2 each or cultured

solely as the control for in situ membrane protein extrac-

tion followed by fluorescent cytochemistry.

Synaptophysin Immunostaining, Cell Counting,

and Neurite Length Measurements

After fixation with 4 % paraformaldehyde in 0.1 M PBS,

cells were permeabilized for 1 h with 0.3 % TX-

100 (Nacalai Tesque, Inc, Kyoto, Japan) in PBS, and im-

munoblocked for 1 h with 1 % skim milk in PBS. Cells

were incubated overnight at 4 �C with mouse anti-synap-

tophysin (1:200, clone SY38, Merck Millipore, Bille-

rica, MA) as the primary antibody. After rinsing, the slices

were incubated for 1 h with a biotinylated goat anti-mouse

IgG antibody (1:200; Vector Laboratories, Inc., Burlingame,

CA) as the secondary antibody, followed by the avidin–

biotinylated horseradish peroxidase complex (Vectastain

Elite ABC Kit; Vector Laboratories) for 1 h. Immunoreac-

tivity was visualized with 0.2 mg/ml 3,3’-diaminobenzidine

tetrahydrochloride and 0.005 % dihydroperoxide in 0.05 M

Tris–HCl buffer (pH 7.6). Cells were dehydrated and ana-

lyzed after photomicrography. The number of neuronal

cells, neuronal cells with extending neurites, and the length

of neurites per cell were measured on photomicrographs.

Neuropilin-1 mRNA Quantification

After a brief rinse with Ca2?, Mg2?-free phosphate-buf-

fered saline (PBS), NG108-15 was harvested by repeated

flushing with PBS. The remaining SM-3 was harvested
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using a treatment with 0.25 % trypsin and 0.02 % ethylene-

diaminetetraacetic acid (EDTA) in PBS. Cells were collected

and total RNA was purified using the High Pure RNA Isola-

tion Kit (Roche Diagnostics K.K., Tokyo, Japan). cDNAs

were synthesized by the Transcriptor First Strand cDNA

Synthesis Kit using poly-A primer (Roche Diagnostics) and

PCR was performed on the GeneAmp� PCR System 2400

(Life Technologies) using the Platinum PCR SuperMix (Life

Technologies). Specific primers were designed using Primer-

BLAST (NCBI web site, http://www.ncbi.nlm.nih.gov/tools/

primer-blast/). Primers were purchased from Japan Bio Ser-

vices Co., Ltd., Saitama, Japan. The primer set for Nrp-1

common to the mouse and rat was as follows: GCT-GCA-

CAA-ATC-TCT-GAA-AC (Forward), ACA-GCA-CAA-

CTC-CAC-AGA-CT (Reverse); mouse GAPDH: GGT-TGT-

CTC-CTG-CGA-CTT-CA (Forward), TAG-GGC-CTC-

TCT-TGC-TCA-GT (Reverse). PCR products were separated

on 1 % agarose gels and stained with ethidium bromide.

Fluorescent images of the bands were captured and analyzed

by Image J software (NIH, http://imagej.nih.gov/ij/).

Immunohistochemical Detection of Neuripilin-1

at the Cell Surface Without Membrane

Permeabilization by a Detergent Treatment

After fixation with 4 % paraformaldehyde in 0.1 M PBS,

cells were permeabilized for 1 h with 0.3 % TX-100 in

PBS (?) or without (-), and immunoblocked for 1 h with

1 % skim milk in PBS. These cells were then incubated

overnight at 4 �C with a rabbit anti-Nrp-1 (H-286) anti-

body (Santa Cruz Biotechnology, Inc, CA: sc-5541) as the

primary antibody. After rinsing, the slices were incubated

for 1 h with a biotinylated horse anti-rabbit IgG antibody

(1:200; Vector Laboratories) as the secondary antibody,

followed by the avidin-biotinylated horseradish peroxidase

complex (Vectastain Elite ABC Kit; Vector Laboratories)

for 1 h. Immunoreactivity was visualized and photo-

graphed as described previously for synaptophysin stain-

ing. The numbers of Nrp-1-immunopositive growth cones

and varicosities were counted on photomicrographs.

Cold Triton X-100 Treatment

In situ protein extraction with cold detergent was performed as

described previously (Guirland et al. 2004) with some modi-

fications. Membrane proteins, except for those located on lipid

raft domains, were extracted for 4 min at 4 �C with 0.1 % TX-

100 in extraction buffer (0.1 M PIPES, 1 mM MgSO4, 2 mM

EGTA, 0.1 mM EDTA, 2 M glycerol, pH 6.8).

Methyl-Beta-Cyclodextrin Treatment

Cholesterol depletion was performed as described previously

(Ilangumaran and Hoessli 1998). Membrane cholesterol was

Fig. 1 Effects of a co-culture with SM-3 cells on the viability and

neurite extension of NG108-15 cells. a Bar graphs showing the

survival rate of NG108-15 cells in a monoculture (open bar CNT;

n = 5) or co-culture with SM-3 cells (solid bar SM-3; n = 5). b Bar

graphs showing the frequency of NG108-15 cells with neurites in a

monoculture (open bar CNT; n = 6) or co-culture with SM-3 cells

(solid bar SM-3; n = 6). c Bar graphs showing the total length of

neurites extending from NG108-15 cells in a monoculture (open bar

CNT; n = 6) or co-culture with SM-3 cells (solid bar SM-3; n = 6).

Data are represented as the mean ± standard error of the mean.

*p \ 0.05, **p \ 0.01, ***p \ 0.001, significantly different from the

corresponding CNT, respectively; t test. CNT control, SM-3 co-

cultures with SM-3 cells. d A representative image showing the

extension and repulsion-like behavior of neurites in a simple co-

culture of NG108-15 cells with SM-3 cells. Cells were immuno-

stained using anti-synaptophysin. Bar 50 lm
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extracted for 30 min with 10 mM MBCD (a water-soluble

cyclic oligomer that extracts cholesterol from the plasma

membrane; Wako Pure Chemical Industries, Ltd., Osaka,

Japan) in DMEM.

Fluorescent Immunocytochemistry

After fixation with 4 % paraformaldehyde, Nrp-1 was

detected using a rabbit anti-Nrp-1 (H-286) antibody (Santa

Cruz Biotechnology) and Alexa Fluor 488-conjugated goat

anti-rabbit IgG antibody (Life Technologies). Ganglioside

has been shown to accumulate in lipid rafts on the cell

membrane and regulates the transduction of signals (Harder

et al. 1998; Orlandi and Fishman 1998). Ganglioside

GM1 (GM1) was detected using 1 lg/ml biotinylated

cholera toxin B subunit (List Biological Laboratories Inc.,

Campbell, CA) and Alexa Fluor 594-conjugated streptavidin

(Life Technologies). Fluorescent signals were captured on

laser confocal microscopy (Fluoview FV10i, Olympus,

Tokyo, Japan). Pixels (2-pixel thick) at the cell fringe of

digital images were extracted (Fig. 4f, h, j, Fig. 5f, h, j) using

Adobe Photoshop Elements 6.0 software for Mac (Adobe

Systems Inc., San Jose, CA). An RGB histogram of each

extracted pixel was obtained using Image J software, and the

ratio of the green signal (Nrp-1) to the red signal (GM1) (G/R

signal ratio) was then calculated at each pixel.

Statistical Analysis

Differences between the mean values of experimental

groups were statistically analyzed using the t test or Tu-

key–Kramer multiple comparisons test using InStat soft-

ware (GraphPad Software, Inc., San Diego, CA).

Results

The viability (Fig. 1a) and number of NG108-15 cells with

extending neurites (Fig. 1b) were more than 1.5-fold higher in

mixed-cultures with SM-3 cells than in monocultures. The total

length of neurites emerging from NG108-15 cells was twofold

longer in mixed-cultures than in monocultures (Fig. 1c).

Regarding synaptophysin immunostaining, NG108-15 cell

bodies and neurites, especially varicosities and growth cones,

were intensely immunopositive. Faint non-specific staining was

observed in SM-3 cells. NG108-15 cells co-cultured with SM-3

cells frequently extended their neurites; however, several neu-

rites were repelled from SM-3 cells (Fig. 1d).

RT-PCR revealed that mouse and rat Nrp-1 mRNA

expression levels (standardized by mouse GAPDH mRNA

expression) were approximately 2-fold higher in NG108-15

cells co-cultured with SM-3 cells than in monocultures

(Fig. 2a–c).

Regarding Nrp-1 immunocytochemistry, TX100 per-

meabilization showed Nrp-1 immunoreactivities in

approximately 70–80 % of the growth cones and varicos-

ities of NG108-15 cells in monocultures (NG), cultures

with the conditioned media of SM-3 cells (NG ? CM), and

co-cultures with SM-3 cells (NG ? SM) (Fig. 3a–c, g (?),

h (?)). Furthermore, Nrp-1 immunocytochemistry without

TX100 permeabilization showed immunoreactivities in

only approximately 15–50 % of the growth cones and

varicosities of NG108-15 cells in these groups (Fig. 3d–f, g

(-), h (-)). The number of Nrp-1-immunopositive growth

cones was significantly larger in the NG ? SM group or

NG ? CM group than that in the NG group (Fig. 3g (-)),

whereas no significant differences were observed in the

number of Nrp-1-immunopositive varicosities between the

three groups (Fig. 3h (-)).

Cell cultures were subjected to the extraction of proteins

soluble to cold TX100 or cholesterol depletion by the

MBCD treatment in situ. In monocultures, neither the

Fig. 2 Neuropilin-1 mRNA expression in NG108-15 cells (and SM-3

cells) under several culture conditions. a Fluorescent image showing

representative bands of the RT-PCR products for mouse and rat Nrp-1

mRNA, electrophoresed on a 1 % agarose gel. b Bands of the PCR

products for mouse GAPDH mRNA. c Bar graphs showing the

relative expression of Nrp-1 mRNA normalized by GAPDH. Nrp-1

neuropilin-1, GAPDH glyceraldehyde-3-phosphate dehydrogenase.

dbcAMP 1 mM N6,20-O-Dibutyryladenosine 30,50-cyclic monophos-

phate in DMEM, 0 %FBS monoculture in serum-free DMEM,

HighSM co-culture with SM-3 (4.0 9 103 cells/cm2) in DMEM,

LowSM co-culture with SM-3 (1.6 9 103 cells/cm2) in DMEM,

10 %FBS monoculture in DMEM supplemented with 10 %FBS
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treatment of cells with cold TX100 nor the treatment with

MBCD altered the ratio of fluorescent signals for Nrp-1 and

GM1 at the cell surface of NG108-15 cells (Fig. 4a–k). In

co-cultures with SM-3, the surface Nrp-1/GM1 ratio in non-

treated NG108-15 cells was higher than that in monocul-

tures, and the MBCD treatment significantly decreased the

Nrp-1/GM1 ratio at the cell surface of NG108-15 cells,

whereas the cold TX100 treatment did not (Fig. 4a’–k’).

Discussion

We have examined here the interaction between choliner-

gic neuronal cells and vascular smooth muscle cells, and

identified changes in the expression and localization of

Nrp-1 in the neuronal cells co-cultured with smooth muscle

cells.

We demonstrated that cell viability, neurites extension

from NG108-15 cells, and Nrp-1 mRNA expression were

significantly promoted in co-cultures with SM-3, which

must produce unidentified growth factors and axon guid-

ance factors.

TX-100 permeabilization allowed the distribution of

target molecules at the cell surface and intracellularly to be

visualized simultaneously, whereas extracellular epitope-

recognizing antibody-using immunocytochemistry with no

permeabilizing treatment enabled the cell surface locali-

zation to be visualized. The conditioned medium of SM-3

Fig. 3 Whole cell or cell surface detection of neuropilin-1 in NG108-

15 cells. a–c Photomicrographs showing the whole cellular distribu-

tion of Nrp-1 with TX-100 permeabilization (TX-100 (?)). d–

f Photomicrographs showing the cell surface distribution of Nrp-1

without TX-100 permeabilization (TX-100 (-)). Solid arrowheads

Nrp-1-immunopositive growth cones. Open arrowheads Nrp-1-im-

munonegative growth cones. Bars 50 lm. g, h Bar graphs showing

the frequencies of Nrp-1-immunopositive growth cones (g) and

varicosities (h), as assessed by immunocytochemistry combined with

(?) or without (-) TX-100 permeabilization. In all groups, n = 3.

Data are represented as the mean ± standard error of the mean.

**p \ 0.01, ***p \ 0.001 versus Cont or TX100; Tukey–Kramer

multiple comparisons test. NG NG108-15 monocultures, NG ? CM

NG108-15 cells cultured with the conditioned media of SM-3 cells,

NG ? SM NG108-15 cells co-cultured with SM-3 cells
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cells as well as co-cultures with SM-3 cells increased Nrp-

1 on the surface of the growth cones, but not on the vari-

cosities of neuronal NG108-15 cells, indicating that

NG108-15 cells can respond to some soluble factors

secreted from SM-3 cells in order to translocate Nrp-1 to

the surface of growth cones, suggesting a specific role of

Nrp-1 in axon guidance (Nangle and Keast 2011; Shelly

et al. 2011; Zylbersztejn et al. 2012).

In co-cultures with SM-3 cells, the signal ratio of Nrp-1/

GM1 at the cell surface of NG108-15 cells was higher than

that in monocultures. The MBCD treatment significantly

decreased the Nrp-1/GM1 ratio at the cell surface of

NG108-15 cells, whereas the cold TX100 treatment did

not. The results suggest that Nrp-1 have shifted its locali-

zation onto lipid rafts within the plasma membrane when

NG108-15 cells were co-cultured with SM-3 cells. There-

fore, reductions in the amount of cholesterol affected Nrp-1

in the plasma membrane, suggesting that most Nrp-1

translocated have been incorporated into the lipid raft. The

translocation of Nrp-1 to the lipid raft domains may play a

role in the extension of NG108-15 neurites and repulsion-

like behavior against SM-3 cells or may indicate the

functional enhancement of Nrp-1 (Guirland et al. 2004;

Guirland and Zheng 2007; Kamiguchi 2006).

In most vasculature, varicose axons pass through or ter-

minate at the adventitial medial border and nerve fibers rarely

enter into the medial smooth muscle layer (Burnstock 2008).

The chemorepulsive system using Nrp-1 may be essentially

involved in the autonomic vascular innervation process, and

may also characterize the differences between sympathetic

and parasympathetic vascular innervations (Amiya et al.

2014; Bevan and Brayden 1987; Burnstock 2008).

The dynamics of Nrp-1 on growth cones or varicosities

need to be examined in more detail in order confirm

Fig. 4 Neuropilin-1 and ganglioside GM1 in NG108-15 monocul-

tures and co-cultures with SM-3 cells. a–d, a’–d’ Confocal photo-

micrographs showing Nrp-1 (green) and GM1 (red) fluorescence in

NG108-15 cells with no treatment (Control). a, a’ Phase contrast

image. b, b’ Localization of Nrp-1. c, c’ Localization of GM1. d, d’
Merged image. e–j, e’–j’ Confocal photomicrographs showing Nrp-1

and GM1 in vertical sections (e, g, i, e’, g’, i’), and extracted pixels at

the cell surface (f, h, j, f’, h’, j’). e, f, e’, f’ Non-treated control. g, h,

g’, h’ Treated with cold TX-100. i, j, i’, j’ Treated with MBCD. k, k’
Bar graphs showing the ratio of fluorescence for Nrp-1 (green) to

GM1 (red) in the pixels at the cell surface of NG108-15. Data are

represented as the mean ± standard deviation. No significant differ-

ences were observed in the mean values among the three groups

(n = 6, 11, 14, respectively; p [ 0.05, ANOVA) in K. The mean

value of the MBCD group (n = 10) was significantly lower than that

of Cont (n = 7) or the TX100 group (n = 10) in K’. **p \ 0.01

versus Cont or TX100, Tukey–Kramer multiple comparisons test.

Cont Control, TX100 Triton X-100, MBCD methyl-beta-cyclodextrin

(Color figure online)
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whether the disruption of Nrp-1 expression or lipid rafts

affects the neurite repulsion of NG108-15 cells in co-cul-

tures with SM-3 cells. The critical soluble factors in this

system also need to be identified. VSMCs have been sug-

gested to secrete activins, angiotensins, endothelins,

fibroblast growth factors (FGFs), hepatocyte growth factor

(HGF), insulin-like growth factors (IGFs), interleukins,

platelet-derived growth factors (PDGFs), VEGFs, and

reactive oxygen species (Berk 2001; Chen et al. 2008;

Marko and Damon 2008).

In conclusion, vascular smooth muscle cells may pro-

mote cell viability, neurite extension, and Nrp-1 mRNA

expression in cholinergic neurons via some soluble factors,

but may also induce a contact-repulsive effect to cholin-

ergic neurites, but not catecholaminergic neurites. Fur-

thermore, Nrp-1 shifted its localization onto the cell

surface of growth cones, particularly putative raft domains

in the plasma membrane. Thus, our simplified co-culture

system using vascular smooth muscle cells and the cho-

linergic neuronal cell line as well as catecholaminergic cell

line will be useful for further investigations on the cyto-

logical, molecular biological, and physiological bases of

the mechanisms underlying autonomic innervations.
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