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Scoliotic Spine

Diameter, Length, and Direction of Pedicle Screws for

Analysis by Multiplanar Reconstruction of Computed Tomography

Katsushi Takeshita, MD,* Toru Maruyama, MD,t Hirotaka Chikuda, MD,* Naoki Shoda, MD,*
Atsushi Seichi, MD,* Takashi Ono, MD,* and Kozo Nakamura, MD*

Study Design. A morphometric study of thoracic and
lumbar spine in scoliosis.

Objective. The purpose of the present study was to
evaluate the appropriate values of diameter, length, and
direction of pedicle screws with a straightforward trajec-
tory. in scoliosis.

Summary of Background Data. Several authors have
analyzed the pedicle shape and evaluated the feasibility
of pedicle screws in the scoliotic spine. To date, however,
none of them have reported analysis by multiplanar re-
construction of computed tomography.

Methods. Computed tomography with a thickness of
1.25 mm: was obtained before surgery in 41 Japanese
with scoliosis. A total of 1100 pedicles were evaluated by
simulating screw placement with the straightforward ap-
proach in a multiplanar reconstruction image. We chose
the optimal slice where the insertion point and direction
were determined to get the largest diameter of a screw in
every vertebra. Length from the insertion point to the tip
of the simulated screw was measured.

Results. Screws of L1 and L2 were significantly smaller
than those of T12 and L3 (P < 0.001). On the concave side,
37% of T3-T9 pedicles did not accept a 4-mm diameter
screw even with 25% expansion. Length on the convex side
was shorter at. T6 and T7-T9 than that on the concave side
(P.< 0.05). On the convex side, 11% at T4-T8 vertebrae did
not accept a 25-mm length screw. Average angle of screws
of T1, T2, and L5 was greater than 15° and 17% of the screws
at T7-110 were placed in the lateral direction.

Conclusion. In T3-T9 on the concave side, pedicle
screws with a straightforward trajectory are not held
within 37% of pedicles even with plastic deformation. We
recommend that surgeons consider combined use of var-
jous types of anchoring when preoperative evaluation
reveals narrow pedicles for screw placement.

Key words: scoliosis, pedicle screw, multiplanar
reconstruction, computed tomography. Spine 2009;34:
798-803

Pedicle screws are now the dominant anchorage in pos-
terior instrumentation. It is preferred that they are placed
inside vertebrae for the safety of vital tissues around the
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spine. Several authors analyzed the pedicle shape and evalu-
ated the feasibility of pedicle screws in the thoracic spine.”™

Tilting and rotation of the scoliotic spine hinder sur-
geons from understanding its precise shape. Computed
tomography (CT) scan is an ideal technique, but a gantry
can be aligned only in the sagittal plane and not in the
frontal plane. Therefore, all vertebrae except the apical
ones are transected obliquely. A tilt of over 10° in the
coronal plane resulted in the inaccurate measurement of
the pedicle diameter in scoliosis.® Acquisition volumes of
magnetic resonance imaging (MRI) can be adapted to an
individual spinal curvature and 2 investigators adopted
MRI to analyze the morphometry of pedicles in scoliosis. '
However, MRI depicts cortical structures with less clar-
ity and precision. CT with multiplanar reconstruction
enables investigators to set an arbitrary gantry in any
plane for each vertebra and to analyze a clear bony
shape. To date, however, no researcher has morpho-
metrically analyzed the scoliotic spine by multiplanar
reconstruction of CT.

Purpose
The purpose of the present study was to evaluate the
appropriate values of diameter, length, and direction
of pedicle screws with a straightforward technique in

scoliosis from analysis of multiplanar reconstruction
of CT.

= Materials and Methods

Forty-one Japanese with scoliosis were recruited: the condition
was idiopathic in 23 patients, Chiari malformation in §,
Noonan syndrome in 1, tuberous sclerosis in 1, and multiple
epiphyseal dysplasia in 1. There were 34 women and 7 men
with an average age of 17.4 years (10-29 years). The Cobb
angle of the main curve ranged 50° to 100° (average, 65.7°).
Curve classification by Lenke ef al” was type 1 in 13 patients,
type 2 in 11, type 3 in 2, type 4 in 4, type 5 in 4, and type 6 in
7. Proximal or cephalad fractional curves at the thoracic spine
were right-convex in 2 curves and left-convex in 26. Main
thoracic curves were right-convex in 33 and left-convex in S.
Thoracolumbar/lumbar or caudal fractional curves were right-
convex in 6 and left-convex in 34.

Preoperative CT with a slice thickness of 1.25 mm was ob-
tained for computer-assisted surgery. All CT files were trans-
ferred to a personal computer and analyzed by a DICOM
viewer program (ExaView LITE: Ziosoft, Tokyo, Japan). All
parameters were measured by the first author (K.T.) who ex-
clusively handles DICOM files for navigation surgery in scoli-
osis at the University of Tokyo Hospital. Window level and
diameter were optimized for the measurement of bony struc-
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Figure 1. Diameter (D), length (L), and angle (A} of simulated
pedicle screws in a transverse plane. The abscissa-axis is deter-
mined by connecting both of the middle points of the superior
facet base. Diameter is set to obtain the largest value among
multiple true-orthogonal axial images in individual vertebra.

ture. Among various techniques available for pedicle screw
placement, we chose the straightforward technique because of
its prevalence and its biomechanical superiority over the ana-
tomic technique.® Three parameters of diameter, length, and
angle on both sides of a pedicle were measured in a true-
orthogonal image of each vertebra. We chose the optimal slice
where an insertion point and direction were determined to get
the largest diameter of a screw in every vertebra. We measured
diameter in the transverse plane (Figure 1) as well as diameter
in the coronal plane at the outer cortex of a pedicle. Shorter one
was adopted. Length from the insertion point to the tip of the
simulated screw was measured. For description of the angle, we
defined a new Cartesian coordinate system. A line connecting
both sides of the middle of the superior facet base was defined
as the abscissa-axis. Angle was measured with reference to the
ordinate-axis, with a positive value when a screw was aimed at
the vertebral body.

We analyzed 1100 pedicles from T1 to LS vertebrae after
excluding those pedicles outside the curves. Each parameter at
1 side was compared with a value on the contralateral side. Sta-
tistic analysis was performed with unpaired # test. Difference was
regarded as significant when a value was below P = 0.05. Intraob-
server and interobserver interclass correlation coefficients (ICCs)
in 3 parameters were calculated in 30 vertebrae of 2 patients.

W Resuits

Diameter
All screws except a few in T1 and L5 had shorter diam-
eter in the axial image than in the coronal image (Table
1). Diameter of the screws decreased. in the middle tho-
racic spine. Screws of L1 and L2 were significantly
smaller than those of T12 and L3 (P < 0.001). The di-
ameter of T2-T10 on the concave side was significantly
shorter than that on the convex side (P < 0.01) (Figure
2). Sixty-two percent of the concave T3-T9 screws were
less than 4 mm and 37% did not hold a 4-mm diameter

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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Table 1. Diameter of Pedicle Screws (From the Outer
Cortex of Pedicles)

n T2 13 T 15 716 717 8 719

Concave
Mean 60 49 33 27 30 35 37 38 4.
SD 1.1 1.0 1.3 1.1 1.2 11 11 12 13

Min 4.1 33 05 08 06 14 16 14 18
Max 79 65 57 44 50 67 67 63 72

N 24 28 30 32 33 34 35 36 37
Convex

Mean 6.3 5.5 47 43 45 44 48 46 49

SD 09 0.9 0.9 0.9 0.8 1.0 0.8 0.8 1.0

Min 46 38 28 24 30 23 27 23 33
Max 88 70 62 60 72 70 61 59 82

TI00. ™ T2 L1 L2 L3 L4 L5

Concave
Mean 5.2 6.7 6.8 58 6.3 18 9.0 9.1
SD 1.2 14 15 20 1.7 13 1.3 1.0
Min 29 37 38 28 33 5.7 6.9 1.3
Max 78 89 100 109 115 108 115 105
N 39 40 40 4 36 32 22 [}
Convex
Mean 6.0 1.2 7.1 5.6 5.9 74 87 100
SD 1.2 1.8 1.6 1.5 14 1.3 1.8 15
Min 36 3.6 23 3.2 25 39 5.6 8.1
Max 84 1.0 100 9.8 86 1041 122 121

SD indicates standard deviation; min, minimum value; max, maximum value.

screw even with 25% expansion (4.0/1.25 = 3.2 mm)
(Figure 3). Our data indicates that pedicles of right
T3-TS5 in the proximal thoracic curve and those of left
T4-T9 in the main thoracic curve do not hold a 4-mm
diameter screw in a typical right thoracic curve. Diame-
ter of the screw at the main curve did not correlate with
the Cobb angle nor with a patient’s age (correlation co-
efficient, 0.039; P = 0.82, 0.13; P = 0.55).

Length
Length of screws decreased at the middle thoracic spine as
shown in Table 2. All but 1 vertebra accepted a 20-mm
length screw. Eleven percent of T4-T8 vertebrae on the
convex side required screws shorter than 25 mm. The
length required on the convex side were shorter at TS and
T7-T9 than that on the concave side (P < 0.05) (Figure 4).

Angle
Screws were aimed in the medial direction in the upper
thoracic and lower lumbar spine (Table 3) and the aver-
age angle of screws of T1, T2, and LS5 was greater than
15°. Seventeen percent of screws at T7-T10 were aimed
in the lateral direction (Figure 5). Angles on the concave
side did not significantly differ from those on the convex
side (P = 0.08).

ICC of diameter was 0.957 (2-sided 95% confidence
interval: 0.929-0.974) in the intraobserver measure-
ment and 0.929 (0.864~0.961) in the interobserver mea-
surement, ICCs of length and angle were 0.936 (0.895-
0.961) and 0.922 (0.972-0.952) in the intraobserver
measurement and 0.932 (0.889-0.959) and 0.896
(0.829-0.937) in the interobserver measurement,
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m Discussion

MRI Versus CT
Liljenqvist et al reported 2 fine analyses of pedicle mor-
phology with scoliosis and revealed smaller pedicles on
the concave side. In their CT study,? tilt of an individual
vertebra was partially resolved by sagittal tilting of gan-
try in 29 patients with idiopathic scoliosis. Liljengvist et al
did not adopt multiplanar reconstruction because the
3-mm interval was too large and reconstruction process-
ing would result in an inaccurate value. In the present
study, CT data were obtained with a diameter of 1.25
mm for the navigation surgery in which the accuracy and
measurement of MPR images are guaranteed. Second,
Liljenqvist et al analyzed a pedicle shape in 26 patients
using MRI which compensated the tilting in scoliosis.>
Concurrently, an inherent issue of analyzing bony struc-
tures by MRI emerged.

Both of the Liljenqvist’s studies measured the inner
cortical width of a pedicle; we chose to measure the outer
width for 2 reasons. One was ease of measurement be-
cause of the clearer border of the outer cortex. Especially
in a thin pedicle, the inner surface of the cortex was obscure

even in CT. That may be the reason for disagreement at the
upper thoracic spine between the present study and Liljen-
qvist’s MRI study, though the outer cortical diameter in the
present study largely agreed with the inner cortical diam-
eter in 2 reports of Liljenqvist. Second is an elastic char-
acteristic of a pedicle.>** We agree with O’Brien et als
suggestion® of measuring the outside pedicle dimension
by taking plastic deformation into account.

Diameter
Our present data suggested that a large proportion of
thoracic pedicles on the concave side were too small to
accept the 4-mm diameter screw. Even if a pedicle allows
25% enlargement as Rinella et al reported,” the outer
diameter should be over 3.2 (=4.0/1.25) mm. The
present data suggests that 37% (88/237) of concave
T3-T9 pedicles will be fractured if a screw for the tho-
racic spine is placed in them.

One possible solution may be to use the anatomic
trajectory, although a screw placed by the anatomic tra-
jectory is biomechanically weaker than one placed by the
straightforward trajectory.® Moreover, the screw-head
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Table 2. Length of Pedicle Screws

Table 3. Direction of Pedicle Screws

T T2 T T4 15 16 T7 T8 T9

T T2 T3 4 T5 T6 T T8 19

Concave
Mean 285 304 305 305 316 317 325 339 340
SD 33 35 38 42 43 35 35 47 48

Min 229 240 233 213 250 252 258 262 220

Max 350 374 428 413 403 408 409 516 4418
Convex

Mean 292 307 303 294 230 302 299 302 316

SD 29 28 34 32 37 40 50 43 43

Min 236 245 224 118 212 224 191 230 233

Max 347 372 371 387 367 409 433 388 401

e ™ T2 1 L2 L3 L4 L5

Concave
Mean 271 174 135 84 1711 40 43 48 40
SD 5.8 5.8 38 62 55 52 50 55 5.4

Min 176 70 70 -90 ~-70 —-100 -40 —-40 -—-100

Max 390 360 200 180 170 160 140 150 160
Convex

Mean 269 173 94 71 62 50 33 22 44

SD 48 41 41 40 438 51 49 48 6.1

Min 170 90 00 00 —-40 -80 -70 -90 -100

Max 360 270 170 150 140 160 130 90 130

T10 ™m T2 L L2 L3 L4 L5

Concave
Mean 35.1 352 372 426 446 456 448 435
SD 4.1 36 40 45 5.2 39 39 6.1

Min 26.4 28.7 294 328 333 38.2 374 34.1

Max 43.8 485 46.9 53.4 59.1 54.0 524 52.7
Convex

Mean 334 33.6 36.1 41.8 444 45.7 438 44,7

SD 38 5.6 46 48 5.1 38 35 49

Min 24.6 215 279 32.8 240 38.9 311 378

Max 416 51.7 505 54.9 54.5 53.2 49.9 51.5

Concave
Mean 58 6.3 46 79 106 131 151 245
SD 5.7 48 4.7 5.0 36 48 45 101
Min —-120 -50 ~-30 -50 30 40 40 110
Max 190 180 200 180 190 220 230 420
Convex
Mean 37 49 5.8 8.0 97 136 148 225
Sb 5.0 5.1 6.5 54 50 43 41 123
Min —100 -—-80 -—-150 —-50 —40 20 90 00
Max 130 150 170 210 180 200 250 380

needs to be tilted for rod settlement and a multiaxial
screw with a relative large head is mandatory. From our
experience of 50 scoliosis surgeries done using the navi-
gation system, pedicles too narrow for the straightfor-
ward technique were usually impracticable even with
the anatomic technique. We did not try to simulate the
anatomic trajectory because simulation of screw
placement would have been too complicated. Future
analysis of feasibility of using the anatomic trajectory
is warranted.

Another solution might be to use the in-out-in tech-
nique. However, pull-out testing showed the extrape-
dicular screw had inferior pull-out strength compared
with a transpedicular screw,!! and the authors are
doubtful of its strength and safety when a lateral force is
exerted especially on the concave midthoracic side,

Though powerful correction force and maintenance
by segmental pedicle screw instrumentation is very fas-

{mm)

cinating, surgeons need not to always use pedicle screws
but can use other anchoring methods like hooks and
wires when preoperative evaluation reveals narrow
pedicles which are not appropriate for pedicle screw
placement.

Length and Direction
Inappropriate length or direction of a pedicle screw can
be more hazardous than inappropriate diameter. A screw
directed too medially can put the spinal cord in jeopardy.
A screw advanced too anteriorly or too laterally poses a
potential risk of aorta injury. Vaccaro et al analyzed
nonscoliotic thoracic spine and found that the aorta and
the esophagus are at greatest risk of injury when a pedicle
screw penetrates an anterior cortex of the vertebral
body.* The present study showed 11% of the T4-T8
vertebrae did not accept a 25-mm length screw on the
convex side. Though the middle thoracic vertebrae ac-

500
—e— Concave side
450 |
--0-- Convex side
400
350
300 T T ......... TT T T
250 T T * p<0.05
** p<0.01
Figure 4. Length of pedicle 200 ‘ ’ B
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lowest value at T7-T8.

cept screws of this length, the aorta usually resides just
lateral of the vertebral body on the left side.'* Consider-
ing the lateral force exerted during a correction maneu-
ver, special attention should be given to place screws on
the concave side.

We designed a new abscissa-axis with which surgeons
can estimate the direction from the explored spine in
posterior surgery. The present study showed that 23% of
screws at T7-T8 aimed in a lateral direction on the con-
vex side from the perspective of the posterior spine.
Large lateral tilt at T1-T2 pedicles in the present study
suggested that multiaxial screws seem practical for
smooth connection with adjacent screws.

Limitation

ICCs of length and angle were smaller than that of diam-
eter in the repeatability test. As shown in a report of a
funnel technique by Yingsakmonkol ez al,'? length and
direction of a pedicle screw sometimes allows a range of
values. Length may differ by several millimeters depend-
ing on selection of the insertion points because some of
these points are determined at the base of a pedicle, and
some at the transverse process. Because we wanted to
simulate the same-screw placement as we actually use the
navigation system, a more consistent method of mea-
surement had not been considered.

Radiation Exposure by CT
Projected exposure dose by 1 CT is estimated to be 30
mGy in our university hospital. Our experience of pedi-
cle screw placement with a navigation system by preop-
erative CT substantially decreased screw breach from
7% by free-hand technique to 2%. We believe that re-
duction of screw breach by the navigation system over-
weighs the additional exposure for patients.

In summary, 37% of T3~T9 concave pedicles were
too small for a 4-mm diameter screw even with 25%
expansion. At the middle thoracic spine on the concave
side, the direction and length of a pedicle must be care-
fully determined. We recommend that surgeons consider
combined use of various anchoring when preoperative

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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evaluation reveals that pedicles are narrow for screw
placement.

m Key Points

e We evaluated appropriate diameter; length, and
direction of pedicle screws in patients with scoliosis
by multiplanar reconstruction of CT.

o Thirty-seven percent of pedicles at T3-T9 on the
concave side were too small for a 4-mm diameter
screw even with expansion.

e Eleven percent of pedicle screws at T4—T8 on the
convex side were less than 25 mm in length and
17% of screws at T7-T10 were placed in the lateral
direction. :

e Surgeons should not use pedicle screws when
preoperative evaluation reveals that pedicles are
too narrow for proper screw placement.
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Repair of the entire aorta and heart valves in a patient with
Marfan syndrome
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A 49-year-old woman with Marfan syndrome underwent
replacement of the aortic arch as her seventh cardiovascular
surgery. By this, total repair of the aorta and the heart valves
except for pulmonary valve was completed (Fig. 1) without
any serious complications. This is a rare case even for a
Marfan patient.

* Corresponding author. Tel.: +81 3 5800 8654; fax: +81 3 5684 3989.
E-mail address: ttaketa-tky@umin.ac.jp (T. Taketani).
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Fig. 1. Reconstructed CT image shows implanted artificial valves in aortic and
tricuspid position, mitral annuloplasty ring, vascular grafts in the aortic root,
ascending arch and abdominal aorta and both common iliac arteries, and stent-
grafts in the descending and supra-celiac abdominal aorta. All grafts are
patent, and no leak or endoleak is observed.
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Adipose tissue-derived stem cells inhibit neointimal formation in a paracrine

fashion in rat femoral artery
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Takahashi M, Suzuki E, Oba S, Nishimatsu H, Kimura K,
Nagano T, Nagai R, Hirata Y. Adipose tissue-derived stem cells
inhibit neointimal formation in a paracrine fashion in rat femoral
artery. Am J Physiol Heart Circ Physiol 298: H415-H423, 2010. First
published November 25, 2009; doi:10.1152/ajpheart.00391.2009,—
Subcutaneous adipose tissue contains a lot of stem cells [adipose-
derived stem cells (ASCs)] that can differentiate into a variety of cell
lineages. In this study, we isolated ASCs from Wistar rats and
examined whether ASCs would efficiently differentiate into vascular
endothelial celis (ECs) in vitro. We also administered ASCs in a wire
injury model of rat femoral artery and examined their effects. ASCs
expressed CD29 and CD90, but not CD34, suggesting that ASCs
resemble bone marrow-derived mesenchymal stem cells. When in-
duced to differentiate into ECs with endothelial growth medium
(EGM), ASCs expressed Flt-1, but not Flk-1 or mature EC markers
such as CD31 and vascular endothelial cadherin. ASCs produced
angiopoietin-1 when they were cultured in EGM. ASCs stimulated the
migration of EC, as assessed by chemotaxis assay. When ASCs that
were cultured in EGM were injected in the femoral artery, the ASCs
potently and significantly inhibited neointimal formation without
being integrated in the endothelial layer. EGM-treated ASCs signifi-
cantly suppressed neointimal formation even when they were admin-
istered from the adventitial side. ASC administration significantly
promoted endothelial repair. These results suggested that although
ASCs appear to have little capacity to differentiate into mature ECs,
ASCs have the potential to secrete paracrine factors that stimulate
endothelial repair. Our results also suggested that ASCs inhibited
neointimal formation via their paracrine effect of stimulation of EC
migration in situ rather than the direct integration into the endothelial
layer.

vascular endothelial cells; endothelial repair

CELL-BASED THERAPY HAS BEEN recently applied to the field of
cardiovascular medicine. Among a variety of stem or progen-
itor cells that can be used for regeneration of heart and blood
vessels, endothelial progenitor cells (EPCs) and bone marrow-
derived mesenchymal stem cells (BMMSCs) are the ones that
are most popularly used in this field. Although EPCs were
originally isolated from human peripheral blood using the
hematopoietic stem cell marker CD34 for positive selection,
they are believed to reside mainly in the bone marrow (1, 19).
EPCs can differentiate into vascular endothelial cells (ECs) in
vitro and stimulate angiogenesis in vivo through integration in
the endothelial layer of new forming capillaries (1). EPCs that
are induced to differentiate into ECs are engrafted in the
endothelial layer and inhibit neointimal formation via stimula-
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tion of EC regeneration (5). EPCs that are differentiated into
ECs also form the endothelial layer on the surface of prosthetic
grafts (5). BMMSCs have the potential to differentiate into
mesenchymal tissues such as bone, cartilage, fat, and muscle
(14). In addition to their capacity to differentiate into mesen-
chymal tissues, CD34-negative BMMSCs have been shown to
differentiate into ECs (13). Furthermore, BMMSCs reportedly
secrete paracrine factors that potentially stimulate angiogenesis
(10). Bone marrow-derived cells have been used clinically to
treat cardiovascular diseases and have turned out to be useful
in some reports (22, 24). The problem in the clinical applica-
tion of EPCs and BMMSCs is that bone marrow aspiration is
usually necessary to prepare EPCs and BMMSCs. This proce-
dure is somewhat painful for patients.

Recently, subcutaneous adipose tissue has been drawing
much attention, because it contains a lot of mesenchymal stem
cells that potentially differentiate into a variety of cell lineages
including adipocytes, chondrocytes, osteocytes, and skeletal
muscle (4). If these mesenchymal stem cells are useful for the
regeneration of heart and blood vessels, adipose tissue will be
a promising source of stem cells in the field of cardiovascular
medicine, because it is easy to collect by local anesthesia. In
fact, it has been reported that adipose-derived stem cells
(ASCs) stimulate angiogenesis in the mouse hindlimb ischemia
model (9, 11, 15, 16). However, the mechanism by which
ASCs stimulate angiogenesis remains to be debated. ASCs
promoted angiogenesis by being engrafted in the endothelial
layer and stimulating neovascular formation (9, 15) or by
producing angiogenesis-stimulating factors without integration
into the endothelial layer (11). It also remains controversial
whether ASCs can efficiently differentiate into ECs in vitro.
Furthermore, it remains unclear whether ASCs can be effi-
ciently integrated in the endothelial layer and inhibit neointi-
mal formation.

In this study, we isolated ASCs from Wistar rats and exam-
ined whether ASCs would efficiently differentiate into ECs in
vitro. We also examined whether ASCs would be engrafted in
the endothelial layer and inhibit neointimal formation using a
wire injury model of the rat femoral artery.

MATERIALS AND METHODS

Reagents. Anti-CD34, anti-vascular endothelial (VE)-cadherin, anti-
Flk-1, anti-Flit-1, and anti-proliferating cell nuclear antigen (PCNA)
antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-CD31 antibody was obtained from ABR Affinity
BioReagents (Golden, CO). Anti-CD29-FITC antibody was pur-
chased from BioLegend (San Diego, CA). Anti-CD90 antibody was
obtained from AbD Serotec (Oxford, UK). Anti-angiopoietin-1
(Ang-1) antibody was purchased from Abcam (Cambridge, MA), and
human Ang-1 was obtained from R&D Systems (Minneapolis, MN).

H415
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Table 1. Primers used for real-time PCR analysis

Rat FIk1 sense

Rat FIk] antisense
Rat Fltl sense

Rat Flt1 antisense

Rat CD31 sense

Rat CD31 antisense
Rat VE-Cad sense
Rat VE-Cad antisense
Rat VEGF-A sense
Rat VEGF-A antisense
Rat bFGFsense

Rat bFGF antisense
Rat Ang-1 sense

Rat Ang-1 antisense
Rat HGF sense

Rat HGF antisense
Rat IGF-1 sense

Rat IGF-1 antisense
Rat GAPDH sense
Rat GAPDH antisense

5'-TCTTTATTGTGCACTGCAGATAGAAA-3'

5'-GGACCGATGTTGCCTGTGA-3'
5'-TCGCCAGAAGTCGTATGGTTAA-3’
5'-GCACCGAATAGCGAGCAGAT-3'
5'-GGCGTCCTGTCCGGAATC-3'
5'-AGAACTCCTGCACAGTGACGTATT-3'
5'-GGTGAAGAAAGAAGAGGCAGACA-3'
5'-CGTAGCCGTAGATGTGCAGTGT-3’
5'-GAGGAAAGGGAAAGGGTCAAAA-3'
5'-CACAGTGAACGCTCCAGGATT-3'
5'-GTCAAACTACAGCTCCAAGCAGAA-3’
5'-AGGTACCGGTTCGCACACA-3’
5'-CAGGAGGTTGGTGGTTTGATG-3'
5'-TTTGCCCTGCAGTGTAGAACATT-3'
5'-CAATCCAGAGGTACGCTACGAA-3'
5'-TTTCACCGTTGCAGGTCATG-3'
5'-CCTACAAAGTCAGCTCGTTCCA-3’
5'-TCCTTCTGAGTCTTGGGCATGT-3'
5'-GTATGACTCTACCCACGGCAAGT-3'
5'-TTCCCGTTGATGACCAGCTT-3’

VE-Cad, vascular endothelial cadherin; bFGF, basic fibroblast growth fac-
tor; Ang-1, angiopoietin-1; HGF, hepatocyte growth factor.

Cell culture. ASCs were cultured from male Wistar rats as previ-
ously reported with slight modification (15). In brief, inguinal subcu-
taneous adipose tissue was excised and minced in phosphate-buffered
saline (PBS) on ice. The minced tissue was then digested at 37°C for
1 h in PBS containing 2% bovine serum albumin and 2 mg/ml
collagenase (Sigma, St. Louis, MO). The digested tissue was filtered
through a 100-pm nylon mesh and centrifuged at 600 g for 10 min.
After lysis of red blood cells in 1X lysis buffer containing (in mM)
154 NH,CI, 14 NaHCO3, and 0.1 EDTA (pH 7.3), the pellets were
plated in 100-mm dishes at a density of 30,000 cells/cm? in a 1:1
mixture of Dulbecco’s modified Eagle’s medium (DMEM) and F12

medium containing 10% fetal bovine serum (FBS). Six hours after the
cells were plated, the medium was changed to remove nonadherent
cells. The adherent cells were cultured in DMEM-F12-10% FBS and
split several times to expand the cells. Passages 2 to 3 were used for
the experiments. To induce differentiation into ECs, ASCs were
cultured in endothelial growth medium-2MV (EGM; Lonza Walkers-
ville, Walkersville, MD) on fibronectin-coated dishes. EGM consists
of endothelial basal medium-2 (Lonza Walkersville) containing 5%
FBS plus growth factors such as epidermal growth factor, hydrocor-
tisone, vascular endothelial growth factor (VEGF)-A, basic fibroblast
growth factor (bFGF), and insulin-like growth factor (IGF)-1. ASCs
were also cultured on fibronectin-coated dishes in endothelial basal
medium-2 containing 5% FBS (EBM) as the negative control. Human
umbilical vein ECs (HUVECs) were purchased from Sanko-Junyaku
(Tokyo, Japan) and cultured using HuMedia-EG (Kurabo, Osaka,
Japan). Rat vascular smooth muscle cells (VSMCs) were cultured
from rat thoracic aortas following the explant method, as previousty
described (17), and maintained in DMEM containing 10% FBS.
NRK-52E cells, a cell line derived from rat renal tubular cells, were
cultured in DMEM containing 5% FBS.

Flow cytometry. Cultured ASCs were trypsinized and incubated in
a blocking buffer (PBS-containing 3% FBS) for 30 min on ice.
Approximately 5 X 103 cells were incubated with primary antibodies
reactive to CD34, VE-cadherin, CD29, CD90, or isotype-matched
control IgGs. After being washed, the cells were incubated with
secondary antibodies coupled with FITC, when the primary antibodies
were unlabeled. Following the wash, samples were analyzed with an
EPICS XL flow cytometer (Beckman Coulter, Fullerton, CA).

RNA extraction and real-time PCR. Total RNA was extracted using
TRIzol reagent (Gibco, Rockville, MD) according to the instructions
provided by the manufacturer. Total RNA was subjected to reverse
transcription using an Omniscript RT kit (Qiagen, Tokyo, Japan). The
expression of a variety of genes including Flk-1, Flt-1, CD31, VE-
cadherin, VEGF-A, bFGF, Ang-1, hepatocyte growth factor (HGF),
IGF-1, and glyceraldehyde-3-phosphate dehydrogenase was examined
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Fig. 1. Flow cytometry analysis of cell surface marker 1 2 3 0 1 2 3
expressions in adipose-derived stem cells (ASCs). Spe- 10 10_ 10 10 10 10 ) 10
cific fluorescence of CD34, vascular endothelial cad- Fluorescence Intensity Fluorescence Intensity
herin (VE-Cad), CD29, and CD90 (black-filled area) CD34 VE-Cad

and nonspecific fluorescence derived from their isotype
matched control IgGs (gray-filled area) are shown.
Shown are representative results of 3 independent ex-

periments.
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by real-time PCR using an SYBR green dye. Primers used are listed
in Table 1. Real-time PCR was performed using an ABI PRISM 7000
sequence detection system (Applied Biosystems, Foster City, CA).
Western blot analysis. Western blot analysis was performed as
previously described (21). To measure the contents of Ang-1 in
culture medium, the culture medium was concentrated using Amicon
Ultra-4 centrifugal filter devices (Millipore, Billerica, MA).
Chemotaxis assay. ASCs were cultured in EBM or EGM for 7
days, and the medium was changed to DMEM-0.2% FBS. The
medium was collected after 12 h and used for chemotaxis assay.
Chemotaxis assay was performed using a chemotaxis assay chamber
according to the instructions provided by the manufacturer (Neuro
Probe, Gaithersburg, MD). In brief, the medium collected from ASCs
that contains chemoattractants was placed under the filter. HUVECs
were suspended in DMEM-0.2% FBS at a density of 1 X 106 cells/ml,
and 25 pl each of the cell suspension was placed on the filter. After
24 h, the upper side of the filter was scrubbed with a cotton swab and
washed with PBS to scrape off cells attaching to the side. The lower
side of the filter was fixed with 100% methanol, and the cells on the
lower side were stained with hematoxylin. The cell number on the

A P<0.001
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filter was counted in three random high-power fields (X100) in each
well, and the average of the cell number was used for statistical
analysis.

Adenoviral infection. A recombinant adenovirus that expresses
green fluorescence protein (AdGFP) was obtained from Quantum
Biotechnologies (Montreal, Canada). ASCs were infected with
AdGFP at a multiplicity of infection of 40 and used for in vivo
experiments.

Wire injury model. All procedures involving experimental animals
were approved by the Institutional Committee for Animal Research of
the Tokyo University. Transluminal mechanical injury to rat femoral
artery was performed as previously described (18). Male Wistar rats
(8 to 10 wk old) were anesthetized with pentobarbital sodium injected
intraperitoneally, and a groin incision was made under a surgical
microscope. A guide wire (0.46 mm diameter) was introduced through
a small muscular branch of the femoral artery proximally to the aortic
bifurcation and withdrawn. ASCs cultured in EBM or EGM (10°
cells) for 7 days were injected into the femoral artery and incubated
for 30 min with the proximal and distal sides of the artery clamped. In

Fig. 2. A: real-time PCR analysis of mRNA expression
in ASCs. ASCs were cultured in endothelial basal me-
dium (EBM) or endothelial growth medium (EGM) for
7 days, and total RNA was extracted for real-time PCR
analysis. Expression of GAPDH was used as the inter-
nal control (n = 5 experiments). VEGF, VEGF-A;
bFGF, basic fibroblast growth factor; HGF, hepatocyte
growth factor. B: expression of endothelial cell-specific
markers and production of angiopoietin-1 (Ang-1) in
ASCs. ASCs were cultured in EBM for 7 days or in
EGM for the indicated periods. Protein extracts were
used for Western blot analysis. To detect Ang-1 in
culture medium, ASCs were cultured in EBM or EGM

Fik1 Fit1 VEGF bFGF HGF IGF1 Ang-1 for 7 days, and the medium was replaced with DMEM-

0.2% FBS. The medium was harvested after 12 h and

concentrated for Western blot analysis. Shown are rep-

resentative results of 3 independent experiments.

B EGM EGM HUVEC, human umbilical vein endothelial cell; 3D, 3

1. &
é‘”“\ OO X » é”“\ D O W

CD31

Flk-1

é”‘“ e"“‘

Ang-1

AJP-Heart Circ Physiol - VOL 298 »
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