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Effects of a moderate-intensity static magnetic field (SMF) on the early-stage development of
endothelial capillary tubule formation were examined during the initial cell growth periods using co-
cultured human umbilical vein endothelial cells and human diploid fibroblasts. The co-cultured cells
within a well (16 mm in diameter) were exposed to SMF intensity up to 120 mT (Bmax) with the
maximum spatial gradient of 21 mT/mm using a disc-shaped permanent magnet (16 mm in diameter
and 2.5 mm in height) for up to 10 days. Control exposure was performed without magnet. Some
vascular endothelial cells were treated with vascular endothelial growth factor (VEGF)-A (10 ng/ml)
to promote the tubule formation every 2–3 days. Four experimental protocols were performed:
(1) non-exposure (control); (2) SMF exposure alone; (3) non-exposure with VEGF-A; (4) SMF
exposure with VEGF-A. Photomicrographs of tubule cells immunostained with an anti-platelet-
endothelial cell adhesionmolecule-1 (PECAM-1 [CD31]) antibody as a pan-endothelial marker, were
analyzed after culture at 37 8C for 4, 7, and 10 days. Themeanvalues of the area density and the length
of tubules (related mainly to arteriogenesis) as well as the number of bifurcations (related mainly to
angiogenesis) were determined as parameters of tubule formation and were compared between the
groups. After a 10 day incubation, in the peripheral part of the culture wells, SMF alone significantly
promoted the tubule formation in terms of the area density and the length of tubules, compared with
control group. In the central part of the wells, however, SMF did not cause any significant changes in
the parameters of tubule formation. After a 7 day incubation, VEGF-A significantly promoted all the
parameters of tubule formation in any part of the wells, compared with control group. With regard to
the synergistic effects of SMF and VEGF-A on tubule formation, after a 10 day incubation, SMF
significantly promoted the VEGF-A-increased area density and length of tubules in the peripheral part
of the wells, compared with the VEGF-A treatment alone. However, SMF did not induce any
significant changes in the VEGF-A-increased number of bifurcations in any part of the wells. The
tubule cells observed in the wells had elongated, spindle-like shapes, and the direction of cell
elongation was random, irrespective of the presence and direction of SMF. These findings suggest that
the application of SMF to intact or VEGF-A-stimulated vascular endothelial cells leads mainly to
promote or enhance arteriogenesis in the peripheral part of the wells, where the spatial gradient
increases relative to the central part. The effects of SMF on the VEGF-A-enhanced tubule formation
appear to be synergistic or additive in arteriogenesis but not in angiogenesis. Bioelectromagnetics
27:628–640, 2006. � 2006 Wiley-Liss, Inc.
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INTRODUCTION

Moderate-intensity static magnetic fields (SMF)
ranging from 1 mT to 1 T have been shown to influence

a wide variety of biological systems. Particularly, in the
past decade, significant circulatory system responses to
the moderate-intensity SMF have been reported in
experimental animals in vivo [Saunders, 2005]: SMF
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exposure between 1 and 350 mT for anywhere between
10 min and 12 weeks influences cutaneous micro-
circulation and/or arterial blood pressure (BP) [Ohkubo
and Xu, 1997; Xu et al., 1998, 2000; Okano et al., 1999,
2005a,b; Okano and Ohkubo, 2001, 2003a,b, 2005a,b;
Gmitrov et al., 2002; Morris and Skalak, 2005],
baroreflex sensitivity (BRS) [Gmitrov and Ohkubo,
2002a,b; Okano and Ohkubo, 2005a,b], heart rate
[Veliks et al., 2004] and angiogenic response [Ruggiero
et al., 2004].

Angiogenesis, the sprouting of new blood vessels,
has become an important area of scientific research due
to its involvement in various physiological and
pathological processes [Ingber et al., 1990; Folkman,
1990, 1992; Folkman and Ingber, 1992; Leunig et al.,
1992; Reynolds et al., 1992, 2002; Battegay, 1995;
Arbiser, 1996; Boucher et al., 1996; Jain et al., 1996;
Melder et al., 1996;Winet, 1996; Fukumura et al., 1998,
2001; Reynolds and Redmer, 1998; Carmeliet and Jain,
2000; Szekanecz and Koch, 2001; Jain, 2002, 2005;
Szekanecz et al., 2005]. Angiogenesis is also critical for
successful bone fracture healing [Donski et al., 1979;
Steinbrech et al., 2000], but the effects of different kinds
of magnetic fields on angiogenesis through vascular
growth factors are inconsistent and contradictory. Prior
to the studies of SMF, the effects of pulsed electro-
magnetic fields (PEMF) or electromagnetic fields
(EMF) on angiogenesis have been studied in vitro
and/or in vivo [Roland et al., 2000; Williams et al.,
2001; Tepper et al., 2004]. One of the studies suggested
that the application of PEMF (10–200 mT, 27.12 MHz,
for 4–12 weeks) to a microsurgically-created arterial
loop model increased the amount of neovascularization
in vivo [Roland et al., 2000]. Another study suggested
that PEMF (1.2mT, 15Hz, for 24 h invitro; 8 h daily for
3–14 days in vivo) augmented in vitro and in vivo
angiogenesis, primarily by stimulating endothelial
release of fibroblast growth factor 2 (FGF-2) [Tepper
et al., 2004]. In contrast, EMF (10–20 mT, 120 Hz,
10 min daily for 12 days) showed opposite, inhibitory
effects on angiogenesis in different animal model
systems [Williams et al., 2001]. With regard to the
effects of SMF on angiogenesis, a moderate-intensity
SMF (200 mT, for 3 h) inhibited prostaglandin E1
(PGE1)- or fetal calf serum-stimulated angiogenesis in
chick embryo chorioallantoic membrane in vivo,
whereas SMF did not affect the basal pattern of
vascularization or chick embryo viability [Ruggiero
et al., 2004].

There are several vascular growth factors,
such as vascular endothelial growth factor (VEGF)
family, FGF, platelet-derived growth factor (PDGF),
transforming growth factor b (TGF-b) and prosta-
glandin E (PGE) family. Of these, VEGF-A has

been most carefully and extensively studied for its
capacity to develop new blood vessels and plays
a predominant role in angiogenesis [Leung et al.,
1989; Shweiki et al., 1992] and arteriogenesis [Banai
et al., 1994; Couffinhal et al., 1999]. Therefore,
in choosing to examine the effects of SMF on
endothelial capillary tubule formation in combination
with one of the vascular growth factors, we chose
VEGF-A.

The present study evaluates the effects of SMF on
tubule formation and examines whether the spatial
gradient of SMF can accelerate tubule formation. In
addition, this investigation is designed to investigate the
synergistic effect of SMFandVEGF-A on angiogenesis
and/or arteriogenesis.

MATERIALS AND METHODS

Cell Culture

Endothelial capillary tubule formation was eval-
uated by using an angiogenesis kit (KZ-1000; Kurabo,
Osaka, Japan) [Bishop et al., 1999; Donovan et al.,
2001; Iba et al., 2002] in which human umbilical vein
endothelial cells (HUVEC) and human diploid fibro-
blasts (HDF) were mixed and seeded into endothelial
culture medium in each individual culture well (16 mm
diameter) of a 24-well plate made of polystyrene
(Falcon,Oxnard, CA,USA) in the optimal condition for
the tubule formation. Co-culture of HUVEC and HDF
takes advantages of secretion of the necessary matrix
components by fibroblasts to act as a scaffold for tubule
formation [Bishop et al., 1999]. These co-culture
conditions take longer to perform (12–14 days) than
the most common in vitro tubule formation assay using
HUVEC alone, that is, the Matrigel assay (Matrigel
HUVEC tube formation assay) involving a matrix
derived from murine tumors, as co-culture assay
involves the formation of the extracellular matrix by
fibroblasts and then the migration, proliferation, and
differentiation of endothelial cells into tubules [Dono-
van et al., 2001]. Of particular benefit is that the
morphology of tubules in the co-culture assay appears
more representative of capillary formation relative to
the conventional Matrigel assay [Donovan et al., 2001].
The quasi-two-dimensional co-cultured cells were
incubated for up to 10 days (240 h) at 37 8C in 5%
CO2 in humidified air and the culture medium was
exchanged every 2–3 days. Both cell types proliferated
until the culture reached confluence. Endothelial cells
became organized among the fibroblasts as corded
structures, usually by day 7 [Bishop et al., 1999].

For the experiments on effects of VEGF on tu-
bule formation, the endothelial cells were treated with
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recombinant human VEGF-A (R&D Systems, Abing-
don, UK) at a concentration of 10 ng/ml. This
concentration of VEGF has been used previously
to promote tubule formation in co-culture [Bishop
et al., 1999; Donovan et al., 2001]. The VEGF-A
was added four times to the culture medium from the
start of co-culture and the medium was changed with
fresh compound in every 2–3 days (0, 3, 6, and 8 day
incubation periods) for up to the 10 day (240 h)
incubation period.

Static Magnetic Fields (SMF)

The cells of each individual culture well (16 mm
in diameter) in a 24-well plate were cultured in the
presence or absence of SMF. SMF exposure was
carried out using a disc-shaped neodymium magnet
(NdFeB, Bmax¼ 320 mT at the central position on the
surface, 16 mm in diameter and 2.5 mm in height,
Magna, Tokyo, Japan). A magnet was attached
horizontally to the back side of each well and the
north (N) side of the magnet was oriented towards the
well (Fig. 1A). The maximum magnetic flux density
Bmax was measured to be approximately 120 mTat the
bottom center of the well, and the detected field
distribution pattern was determined up to 30 mm from

the center of the magnet (Fig. 1B) using a gaussmeter
(Model 4048, Hall probe A-4048-002; Bell Technol-
ogies, Orlando, FL, USA) and a Lab VIEW image
analysis software (National Instruments, Austin, TX,
USA). Since cells were growing in thin layers at the
bottom of the well, the value of Bmax was obtained on
the bottom center of the well at 3 mm above the
magnet. This distance is fixed by the space between
the magnet and the bottom wall of the well.

As every well on a culture plate was populated
with cells, SMF exposure or non-exposure was carried
out using a different plate to eliminate the SMF
generated by permanent magnets. A 24-well plate had
24 disc magnets applied to each cell-populated well. A
similar field distribution pattern was observed within
each well. This is because there is adequate spacing
between wells (the least distance is 4 mm), eliminating
interference of adjacent SMF; 12 wells are shown in
Figure 1C. By contrast, non-exposure was performed
without magnets. The measured intensity in the non-
exposed plate was�50 mT, which was almost the same
as the background geomagnetic field intensity in our
laboratory.

The regional spatial magnetic gradient values (G)
were calculated on the basis of measured field strengths

Fig. 1. A: A disc-shaped neodymium magnet attached horizontally to the back side of each well.
B:Spatialdistributionofthemagnetic fluxdensityonthecellsinawell (C:centralpart [4mminradius],
P: peripheralpart [area 4^8mmfromthe centerof thewell]).C:Spatialdistributionof themagnetic
fluxdensityonthecellsin12wells.Thesmallestdistancebetweencell-populatedwellsis4mm.There
isasimilar fielddistributionpatternwithineachwell.
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and were estimated in cylindrical coordinates (r, y, z)
using Equation (1):

jGj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where axial symmetry gives @By/@y¼ 0 and the thin
layers (less than 30 mm-thick) of cells gives @Bz/@zffi 0,
and consequently jGj ¼ @Br/@r.

The calculations indicate that the maximum
spatial magnetic gradient value (Gmax) within a well is
21 mT/mm at the bottom peripheral part of the well
(Fig. 2). Themagnetic gradient values fall to near 0mT/
mm at the bottom center of the well (Fig. 2).

Experimental Procedures

Four experimental protocols were performed: (1)
non-exposure alone (control); (2) SMF exposure alone;
(3) non-exposure with VEGF-A; (4) SMF exposure
with VEGF-A. The SMF or non-exposure was carried
out for up to 10 days. Photomicrographs of tubule cells
immunostained with an anti-CD31 (PECAM-1) anti-
body were analyzed after culture at 37 8C for 4, 7, and
10 days. Each plate of cellswith orwithoutmagnetswas
always placed apart from others on the same shelf in a
tissue culture incubator where the ambient 60 Hz
magnetic field is under 1 mT.

Immunostaining

On days 4, 7, and 10, cells were fixed at room
temperature in 70% ice-cold ethanol stored at �20 8C.
Platelet endothelial cell adhesion molecule-1

(PECAM-1), also called CD31 (clone JC70; Dako,
Denmark), a 100 kDa glycoprotein that participates in
the adhesion between platelets and endothelial cells
[Newman et al., 1990]. The PECAM-1 (CD31) was
visualized as a pan-endothelial marker [Parums et al.,
1990] by staining with a tubule staining kit (Kurabo,
Osaka, Japan) [Bishop et al., 1999; Donovan et al.,
2001; Iba et al., 2002] including the primary antibody, a
monoclonal mouse anti-human PECAM-1 antibody
and the secondary antibody, a polyclonal goat anti-
mouse IgG alkaline phosphatase-conjugated antibody.
Briefly, tubules were visualized by staining for
PECAM-1 by washing cells with PBS containing 1%
BSA and incubated with the primary antibody for 1 h at
37 8C. Cells were washed and incubated with the
secondary antibody for 1 h at 37 8C.Color detectionwas
performed using 5-bromo-4-chloro-3-indolyl-phos-
phate/nitro blue tetrazolium (BCIP/NBT; Sigma,
St. Louis, MO) as substrate (purple precipitate with
light microscopy) according to the manufacturer’s
recommendation.

Image Analysis

The whole area of each well was immunostained
with an anti-CD31 antibody and was captured with a
digital camera (C-5050 Zoom; Olympus, Tokyo) and
saved as TIFF images. The photomicrographs were
quantified by using Scion software (Scion Image;
Scion, Frederick, MD, USA). Images of tubule cells
were imported into Scion Image and converted to binary
format. The binary threshold function was adjusted to
obtain the best contrast of tubules with background and

Fig. 2. The magnetic gradient values within a well peak at 21mT/mm, as shown by arrows, at the
bottomperipheralpart ofthewelland fallnear to 0mT/mmat thebottomcenterof thewell (C, central
part [4mminradius]; P, peripheralpart [area 4^8mmfromthe centerof thewell]).
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was set constant for all the groups. The luminal areawas
calculated as the total number of pixels in the threshold
images. The unit of the area density is expressed as area
rate (luminal area/whole area; %).

As parameters of tubule formation, the mean
values of the area density and the length of tubules as
well as the number of bifurcations were determined and
compared between the groups. The measurement area
of each well (8 mm in radius) was divided into two
parts: the central part (4 mm in radius) and peripheral
part (area 4–8 mm from the center of the well), that is,
the whole area without the central area.

Statistical Analysis

Two-way analysis of variance (ANOVA)was used
to evaluate the effects of exposure (exposure vs. non-
exposure) and gradient (center vs. peripheral portion)
and all combinations there of using the SAS GLM
procedure (SAS 9.1; SAS Institute, Cary, NC, USA).
Dunnett’s multiple comparison test and Wilcoxon rank
sum test were used as post hoc tests if significant
different means were detected. All values are expressed
asmean� SEM.Adifference ofP<.05was considered
statistically significant.

RESULTS

Tubule Formation in Baseline Control

To assess the distribution of the intact tubule
formation in wells, the mean values of the area density,
the length of tubules and the number of bifurcations in
controls were compared between the peripheral and
central part of the wells. All the parameters of tubule

formation in the peripheral part were two to four times
higher than those in the central part. During the
incubation period investigated, the ratios of differences
in the area density between peripheral/central (P/C)
decreased in time: day 4, 3.77; day 7, 3.02; day 10, 2.83.
Those in the length were relatively stable: day 4, 2.08;
day 7, 2.29; day 10, 2.29 while, those in the number of
bifurcations increased: day 4, 1.81; day 7, 2.48; day 10,
2.73 (Tables 1–3).

Effects of SMF Alone on Tubule Formation

After a 10 day incubation, SMF alone induced a
significant increase in the mean values of the area
density and the length of tubules in the peripheral part
of the wells (SMF [P]), compared with the corres-
ponding control group (CTL [P]), whereas SMF by
itself did not induce any significant changes in those
values in the central part of the wells (SMF [C] vs. CTL
[C]) (Tables 1–3, Figs. 3, 5 and 6). On day 10, the ratios
of peripheral/central (P/C) differences in the area
density were higher in SMF (3.28) relative to CTL
(2.83) (Table 3). On day 10, the mean values of the area
density (%) and the length of tubules (mm/mm2) are
6.95% and 0.49 mm/mm2 in SMF [P] and 5.07% and
0.39 mm/mm2 in CTL [P], respectively (Table 3).
The mean values of the area density and the length
of tubules in the SMF-exposed peripheral part of the
wells (SMF [P]) were significantly higher than those in
the SMF-exposed central part of the wells (SMF
[C]) following the 4–10 day incubation periods
(Tables 1–3). However, SMF did not induce any
significant changes in the mean values of the number
of bifurcations in any part of the wells, compared with
the corresponding control group (SMF [C] and [P] vs.

TABLE 1. Parameters of Tubule Formation Measured in the Central and Peripheral Area of Each Well After Culture at 37 8C
for 4 Days

Parameter [part] (unit) CTL (n¼ 10) SMF (n¼ 10) VG (n¼ 10) SMFþVG (n¼ 10)

Area density [C] (%) 0.75� 0.12 0.82� 0.09 1.15� 0.09 1.20� 0.05
Area density [P] (%) 2.83� 0.15{,b 3.08� 0.35{,b 3.85� 0.20*,a,{,b 4.16� 0.36{,b

Area density [P/C] (ratio) 3.77 3.75 3.35 3.47
Length [C] (mm/mm2) 0.12� 0.01 0.13� 0.01 0.16� 0.02 0.18� 0.02
Length [P] (mm/mm2) 0.25� 0.02{,b 0.27� 0.02{,b 0.38� 0.05**,a,{,b 0.41� 0.04{,b

Length [P/C] (ratio) 2.08 2.08 2.38 2.28
No. of bifurcations [C] (points/mm2) 0.16� 0.02 0.17� 0.02 0.19� 0.02 0.21� 0.02
No. of bifurcations [P] (points/mm2) 0.29� 0.03{,b 0.31� 0.03{,b 0.39� 0.03*,a,{,b 0.43� 0.03{,b

No. of bifurcations [P/C] (ratio) 1.81 1.82 2.05 2.05

CTL, control; SMF, staticmagnetic field; VG,VEGF-A; C, central area; P, peripheral area. Values represent mean� SEM. n, no. of samples
measured per group.
*P<.01; **P<.001; VG versus the corresponding CTL.
{P<.001; C versus the corresponding P.
aSignificantly higher than the CTL.
bSignificantly higher than the C.

632 Okano et al.

traceydiner
Highlight

traceydiner
Highlight



CTL [C] and [P]) (Tables 1–3, Figs. 3 and 7). The tubule
cells in thewells had elongated, spindle-like shapes and
the direction of cell elongation was random, irrespec-
tive of the presence and direction of SMF (Fig. 3).

Effects of VEGF-A Alone on Tubule Formation

VEGF-A significantly promoted all the parame-
ters of tubule formation in the peripheral part of the
wells (VG [P]) following the 4–10 day incubation
periods, compared with the corresponding control
group (CTL [P]) (Tables 1–3, Figs. 4–7). In addition,
in the central part of the wells, VEGF-A significantly
increased all the parameters of tubule formation (VG

[C]) following the 7–10 day incubation periods,
compared with the corresponding control group (CTL
[C]; Tables 1–3, Figs. 4–7). In particular, the ratios of
peripheral/central (P/C) differences in the area density
were lower in VG relative to CTL during the 7–10 day
incubation periods (Tables 2 and 3).

Synergistic Effects of SMF
and VEGF-A on Tubule Formation

With regard to the combined effects of SMF and
VEGF-A on tubule formation, SMF significantly
promoted the VEGF-A-increased mean values of the
area density and the length of tubules in the peripheral

TABLE 3. Parameters of Tubule Formation Measured in the Central and Peripheral Area of Each Well After Culture at 37 8C
for 10 Days

Parameter [part] (unit) CTL (n¼ 25) SMF (n¼ 25) VG (n¼ 25) SMFþVG (n¼ 25)

Area density [C] (%) 1.79� 0.21 2.12� 0.30 3.71� 0.27*,a 4.01� 0.29
Area density [P] (%) 5.07� 0.42{,b 6.95� 0.46{,b,{,c 7.84� 0.44*,a,{,b 9.75� 0.40{,b,{,c

Area density [P/C] (ratio) 2.83 3.28 2.11 2.43
Length [C] (mm/mm2) 0.17� 0.02 0.20� 0.02 0.33� 0.02*,a 0.36� 0.02
Length [P] (mm/mm2) 0.39� 0.02{,b 0.49� 0.02{,b,{,c 0.69� 0.04*,a,{,b 0.80� 0.05{,b,{,c

Length [P/C] (ratio) 2.29 2.45 2.09 2.22
No. of bifurcations [C] (points/mm2) 0.22� 0.02 0.25� 0.03 0.38� 0.02*,a 0.40� 0.02
No. of bifurcations [P] (points/mm2) 0.60� 0.03{,b 0.63� 0.03{,b 0.93� 0.05*,a,{,b 0.97� 0.05{,b

No. of bifurcations [P/C] (ratio) 2.73 2.52 2.45 2.43

CTL, control; SMF, staticmagnetic field; VG,VEGF-A; C, central area; P, peripheral area. Values represent mean� SEM. n, no. of samples
measured per group.
*P<.001; VG versus the corresponding CTL.
{P<.001; C versus the corresponding P.
{P<.01; SMF versus the corresponding CTL, SMFþVG versus the corresponding VG.
aSignificantly higher than the CTL.
bSignificantly higher than the C.
cSignificantly higher than the CTL or VG.

TABLE 2. Parameters of Tubule Formation Measured in the Central and Peripheral Area of Each Well After Culture at 37 8C
for 7 Days

Parameter [part] (unit) CTL (n¼ 10) SMF (n¼ 10) VG (n¼ 10) SMFþVG (n¼ 10)

Area density [C] (%) 1.40� 0.15 1.66� 0.12 2.76� 0.14*,a 2.97� 0.18
Area density [P] (%) 4.23� 0.25{,b 5.14� 0.42{,b 5.93� 0.47*,a,{,b 6.86� 0.32{,b

Area density [P/C] (ratio) 3.02 3.10 2.15 2.31
Length [C] (mm/mm2) 0.14� 0.02 0.17� 0.02 0.28� 0.03*,a 0.30� 0.03
Length [P] (mm/mm2) 0.32� 0.03{,b 0.39� 0.03{,b 0.56� 0.03*,a,{,b 0.61� 0.04{,b

Length [P/C] (ratio) 2.29 2.29 2.00 2.03
No. of bifurcations [C] (points/mm2) 0.21� 0.02 0.23� 0.02 0.32� 0.03*,a 0.33� 0.03
No. of bifurcations [P] (points/mm2) 0.52� 0.05{,b 0.55� 0.05{,b 0.75� 0.07*,a,{,b 0.78� 0.07{,b

No. of bifurcations [P/C] (ratio) 2.48 2.39 2.34 2.36

CTL, control; SMF, staticmagnetic field; VG,VEGF-A; C, central area; P, peripheral area. Values represent mean� SEM. n, no. of samples
measured per group.
*P<.001; VG versus the corresponding CTL.
{P<.001; C versus the corresponding P.
aSignificantly higher than the CTL.
bSignificantly higher than the C.
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part of the wells (SMFþVG [P]) following the 10 day
incubation period, compared with VEGF-A treatment
alone (VG [P]) (Tables 1–3, Figs. 4–7). In the central
part of the wells, however, SMF did not induce any
significant changes in any parameter of tubule for-
mation (SMFþVG [C]) during the 4–10 day incuba-

tion periods, compared with VEGF-A treatment alone
(VG [C]) (Tables 1–3, Figs. 4–7). In particular, on day
10, the ratios of peripheral/central (P/C) differences in
the area density were higher in the combination of SMF
and VEGF-A treatment (SMFþVG, 2.43) relative to
VEGF-A treatment alone (VG, 2.11; Table 3).

Fig. 3. Day10 of co-culture of human umbilical vein endothelial cells (HUVEC) and human diploid
fibroblasts (HDF) inthecentralpart (insidethedottedline)andtheperipheralpart (outsidethedotted
line) of awell.A:Day10 culturewithout exposure to SMF (control), showingmicrovessel-like struc-
turesin confluent quasi-monolayers.B:Day10 culturewith continuousexposure to SMF for10 days,
showingSMFinducedincreasesinthedensityandthelengthoftubulesspecificallyintheperipheral
partofaculturewell (seealsoTable3).Thedirectionofcellelongationwasrandom, irrespectiveofthe
presenceanddirectionof SMF.

Fig. 4. Day10ofco-cultureofHUVECandHDF, inwhichVEGF-A(10ng/ml)waspresent fromday0, in
thecentralpart (insidethedottedline)andtheperipheralpart (outsidethedottedline)ofawell.A:Day
10culturewithoutexposuretoSMF,showingVEGF-A-inducedincreasesinthedensityandthelength
of tubules aswell as the numberof bifurcations (see alsoTable 3).B:Day10 culturewith continuous
exposure to SMF for 10 days, showing synergistic effects of SMF on VEGF-A-enhanced tubule
formationin termsof thedensityand the lengthof tubules (seealsoTable 3).
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DISCUSSION

The P/C differences in all the parameters of tubule
formation were seen in all experimental conditions,
including baseline controls, throughout the experimen-
tal period of 10 days: in particular, the SMF had its
largest apparent effects on the tubule formation in the
peripheral areas on day 10. These dense peripheral
changes of the tubule formation manifested in co-
culture of HUVEC and HDF as highly concentrated
filaments. As for the reason of P/C differences, the
rounded bottom edge or corner walls of wells might act
as a physical scaffold for tubule formation: these
geographical effects are called ‘‘corner effects’’ (they
would not be technical errors in incubation).

To evaluate the influences of SMF on the tubule
formation, it is important to distinguish the effects of
SMF on between angiogenesis and arteriogenesis.
Angiogenesis results in an increase in the number of
capillaries [Yang et al., 1994;Wagner, 2000] and occurs
by the processes of sprouting (a capillary branch
emerges out from an existing capillary) and intussus-
ception (a single capillary splits into two capillaries by
the formation of a longitudinal divide on the luminal
side of the capillary) [Prior et al., 2004]. On the other
hand, arteriogenesis involves the enlargement and
elongation of existing blood vessels and is accom-

plished by both endothelial and smooth muscle cell
proliferation [van Royen et al., 2001]. Briefly, an
increase in angiogenesis affects the number of bifurca-
tions (new capillaries sprouting off from existing
vessels and bridging between existing blood vessels),
whereas an increase in density and/or length without a
corresponding increase in the number of bifurcations
would generally suggest the enlargement and elonga-
tion of existing blood vessels, that is, arteriogenesis.

The present study demonstrates that a moderate-
intensity SMF with spatial gradient alone significantly
promoted arteriogenic parameters, the area density
and the length of tubules in the peripheral part of
the culture wells, whereas the SMF by itself did not
cause significant changes in an angiogenic parameter,
the number of bifurcations, in any part of the wells.
While VEGF-A is the most ubiquitousmediator of both
angiogenesis and arteriogenesis, the synergistic effects
of SMF and VEGF-A on arteriogenesis but not angio-
genesis appear to be found exclusively in the peripheral
part of the wells. Therefore, these results suggest that
SMF leads mainly to augmentation of arteriogenesis in
the peripheral part of the wells, where the spatial
gradient increases relative to the central part. The
gradient portion of SMF could be responsible for the
observed biological responses. These findings might
assert the same effects of inhomogeneous SMF on

Fig. 5. Temporal development of the area density in tubule formation.A:Peripheralarea.B:Central
area. SMFþVG, SMF exposure with VEGF-A; VG, control exposure with VEGF-A; CTL, control.
Values represent mean�SEM (n¼10 in each group after 4- and 7-day incubation periods, n¼ 25
in each group after a10-day incubation period). {{P<.01, {{{P<.001;VG versus the corresponding
CTL. **P<.01; SMFversusthe correspondingCTL,SMFþVGversusthe correspondingVG.
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Fig. 6. Temporal development of the tubule length. A: Peripheral area.B: Central area. SMFþVG,
SMF exposure with VEGF-A; VG, control exposure with VEGF-A; CTL, control. Values represent
mean�SEM (n¼10 ineachgroupafter 4- and7-dayincubationperiods, n¼ 25 ineachgroupafter
a10-day incubation period). {{{P<.001;VG versus the corresponding CTL. **P < .01; SMF versus
the correspondingCTL,SMFþVGversusthe correspondingVG.

Fig. 7. Temporal development of the numberof bifurcations in tubule formation.A:Peripheral area.
B: Central area. SMFþVG, SMF exposure with VEGF-A; VG, control exposure with VEGF-A;
CTL, control. Values represent mean�SEM (n¼10 in each group after 4- and 7-day incubation
periods, n¼ 25 in each group after a 10-day incubation period). {{P < .01, {{{P<.001; VG versus the
correspondingCTL.
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action potential generation [Cavopol et al., 1995;
McLean et al., 1995] and myosin phosphorylation
[Engström et al., 2002].

We have been investigating the effects of SMF on
bone fracture healing in vivo and the results revealed
that SMF exposure (Bmax 180 mT, for 12 weeks)
significantly prevented the reduction in bone mineral
density (BMD) of rats caused by surgical invasion or
implantation of a small piece of tapered magnetic rod
(6 mm in length, 1.5 mm in maximum diameter, 45 mg
in weight) to the femur [Yan et al., 1998]. In addition,
the enhanced effect of SMF exposure (Bmax 180mT, for
3 weeks) on BMD of rats was observed in rats with
reduced blood flow (ischemia) created by surgically
ligating rat arteries, and suggested that itmight be due to
the improved blood circulation [Xu et al., 2001]. Based
on the results obtained in this study showing the
enhanced effects of SMF by itself on tubule formation,
the ability of SMF to augment the bone repair process
might be, at least in part, related to the increased
arteriogenesis, which could result in promotion of bone
formation by improving blood circulation.

Other studies revealed that SMF values in the
range of Bmax¼ 8–180 mT can promote bone fracture
healing or bone formation in vitro [Yamamoto et al.,
2003; Yuge et al., 2003; Shimizu et al., 2004; Huang
et al., 2006] and in vivo [Bruce et al., 1987; Mevissen
et al., 1994; Darendeliler et al., 1997; Qin et al., 2004].
In particular, SMF in the range of 100–180mT, average
160 mT, for 8–20 days, are able to affect osteogenesis
by promoting osteoblast differentiation and/or activa-
tion via the increased calcium content, alkaline
phosphatase and osteocalcin, without affecting osteo-
blast proliferation [Yamamoto et al., 2003]. In addition,
SMF (Bmax¼ 30 or 80 mT, for 24 h) can also promote
osteogenesis by enhancing bone sialoprotein (BSP)
expression through fibroblast growth factor-2 (FGF-2)
response element and pituitary-specific transcription
factor-1 motif [Shimizu et al., 2004].

In addition to measuring the intensities applied,
determining the spatial gradient properties of SMF is
important to explore the mechanism(s) responsible for
inducing the effects of SMF on biological systems
[Engström et al., 2005]. In most of these studies
investigating the effects of SMF, however, the values of
the spatial gradients of SMF have not been clearly
determined or documented. In our present study, the
maximum gradient value of SMF applied to intact or
VEGF-A-stimulated vascular endothelial cells was
calculated to be 21 mT/mm, which caused significant
increase in arteriogenetic parameters in tubule for-
mation. Moreover, as the magnetic forces are propor-
tional to magnetic flux densities� spatial gradients, the
magnetic force applied should be considered as a

mechanism of SMFon cellularmechanotransduction or
mechanical stress. For example, with regard to SMF-
induced cellular mechanotransduction, it is shown that
a moderate-intensity magnetic force, for example,
50 mT-induced force gradually accelerated osteoblast
differentiation from 10min to 21 days, primarily due to
the activation of p38 phosphorylation (the regional
magnetic force was not described) [Yuge et al., 2003].

The regional magnetic force Fm on 1 cm3 of
materials oriented along the r-axis is estimated accord-
ing to Equation (2).

Fm ¼ jBrj jGrj
wv
m0

����
���� ð2Þ

where Br¼ regional magnetic flux density oriented
along the þr-direction; Gr¼ regional magnetic gra-
dient oriented along the þr-axis; wv¼ volumetric
magnetic susceptibility; m0¼magnetic permeability
of free space (ffi 1 for air in cgs units). Almost all
human tissues have diamagnetic anisotropic properties
and the magnetic susceptibilities of most tissues
appear to be in a narrow range of about �20% from
that of water, which is �0.72� 10�6 cgs emu/cm3 at
physiological temperature (37 8C or 310 K) [Schenck,
1996].

The vector of the magnetic forces is proportional
to the calculated values of Br�Gr. In the present study,
the calculated value of Br�Gr is peaked at the
peripheral edge of the well, at which the value of Br

(0.052 T)�Gr (¼Gmax 21 T/m) is 1.09 T2/m. Using
Equation (2), the calculated maximum value of the
repellingmagnetic force on the diamagnetic anisotropic
biomaterials in the peripheral part of the wells is
0.8 mN/cm3. This diamagnetic force value would be
considered to be equivalent or higher than those of other
studies performed to investigate the modulating effe-
cts of relatively uniform SMF on in vivo angiogenesis
[Ruggiero et al., 2004] or in vitro osteogenesis
[Yamamoto et al., 2003; Yuge et al., 2003; Shimizu
et al., 2004; Huang et al., 2006], whereas the magnetic
force value did not induce cell orientation in relation to
the magnetic direction. The baseline P/C differences in
the co-culture cells, probably due to corner effects,
might be enhanced by the magnetic force acting as a
mechanical stress.

In our experiment, the controls were not a true
sham in that a similar metal material disc was not used
as a dummymagnet. Each plate of cells with or without
magnets was always placed apart on the same shelf
made of stainless steel in a tissue culture incubator. As
a measurable physical characteristic, the temperature
(37 8C during incubation) inside the wells of magnet
groups (SMF or SMFþVG) did not differ from the
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controls and, irrespective of the presence or absence of
magnets, uniform and stable distribution of temperature
inside each individual well was observed in every
experimental group using thermometer probes (data not
shown). These results suggest that the mere presence of
the metal of the magnet had no thermal effects on each
cell in any experimental group, at least not through
radiant heat transport.

By characterizing the parameters and factors of
the applied SMF, the effects of SMF on promoting
normal arteriogenesis in conjunction with osteogenesis
could be exploited to improve blood circulation and
promote bone fracture healing or prevent osteoporosis.
The mechanisms underlying these effects of the
magnetic forces produced by moderate-intensity gra-
dient SMF need to be clarified.

CONCLUSIONS

It was concluded that the application of a
moderate-intensity gradient SMF to intact or VEGF-A
stimulated vascular endothelial cells could lead mainly
to promote or enhance the arteriogenesis in the
peripheral part of the wells, where the spatial gradient
increased relative to the central part, without cell
orientation in relation to the magnetic direction. The
effects of SMF on the VEGF-A-enhanced tubule
formation appear to be synergistic or additive in
arteriogenesis but not in angiogenesis.
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