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Background: Information oﬂﬁe//ree dimenig/nal (3D) structure of vascular smooth muscle cells
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objective: To examine the 3D
scanning microscopy.

Methods: Japanese white rabbi
the mesenteric microcirculation u
and fixed with paraformaldehyde'tind

4 -
idgomicrgsco

Wele anes etize“dwE

mechanism of blood flow in the microvascular system.
ofiindividual \VASMCs in rabbitmesenteric arterioles, using confocal laser
¥ - L

urethane and o-chlorase. After intravital observation of
, the intestine with mesentery was extracted and perfused
tic pressure: (200 mmHg). A section of the mesentery was isolated from

the intestine and spread out to simulate the in vive georﬁé&y of the the vascular network. The mesenteric section

was stained with fluorescein anti-
The samples were observed using co

sliced images. The cross-sectional imagé\was re-sliced to-

M

00 musclgjnyosir’i‘ﬁﬂibody and rhodamine-labeled anti-rabbit 1g antibody.
cal l\a‘s{é.r, microsi;oﬂpg;jfa d the 3D images were reconstructed by means of

= &

sure two axes of the best-fitting ellipse. Single

VSMCs were picked out from the vascular v@[l using the:_qént'rnyity law of density distribution of vessel wall.

Results: The cross-sectional shapes of arterioles were not circtlar butelliptical. The aspect ratio (major to minor
axis) of the best-fitting eIIi@é;’Was in the range from 0.3 t0 0.7 for 28 arterjoq!gsj(diameters: 10-30 wm). Onthe 3D
image of VSMCs, the cell V\ﬂ 1ranged from 2.2to 4.5 um. The cells were’dﬁsﬁified into round and spindle types.
The cell width of round shape was significantly larger than that of spindle shﬁbe. The VSMCs appeared to arrange
circumferentially and tightly zil_gng the cross-section along the axis of vegigl. The mean length of single VSMCs
was approximately 1.2 times of the circumferential length of the arteriole. This cellular arrangement may have
influence on the distribution of mechanical stress by VSNMC=induced myogenic force.

Conclusion: Confocalllaserimicroscopy-is useful for guantitative analysis of the-3D arrangement of individual
V/SHCs.

Keywords: Arteriole, cellular arrangement, confocal laser microscopy, cross-sectional shape, mesentery, vascular
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A number of factors are involved in regulation of
blood flow in organs and tissues [1, 2], an important
one being vascular smooth muscle cells (VSMCs).
Single VSMCs in microvessels are very long and
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narrow with longitudinal grooves (or striations),
arranged along the circumference of the vascular wall
[3, 4]. VSMCs can induce vasodilation/vasoconstriction
by changing their tone [5,6]. Mechanical stresses
induced on the wall by VSMCs are influenced by the
cellular arrangement as well as the microvascular
cross-sectional shape. Therefore, accurate information
on the three-dimensional (3D) structure of single
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VSMCs is essential for understanding the regulatory
mechanism of blood flow in the microvascular system.
The microvasculature can be visualized and
observed in vivo under a fluorescence microscope.
However, the microscopic images cannot provide
accurate information of the cross-section or the 3D
structure or arrangement of VSMCs. There are
several studies using corrosion casts or angiography
of microvasculature, on the microvascular network
and microvascular architecture in various organs
and tissues [7-10]. However, they cannot provide
information of the 3D arrangement of individual
VSMCs and the cross-sectional shape of miero-
vessels. —
Recently, confocal laser microscopy has_bee
developed to obtain the 3D images of mi ar
wall and various cells in the microvascul
16]. In a previous paper, we studied th
of rat mesenteric arterioles using confocal da
microscopy [15]. The purpose of thi i
investigate the 3D morphological str
arteriolar walls in rabbit mesentery, usi
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ri o Cis preserved. Actin fibers (such as stress fiber) of
..the section were stained with fluorescein phalloidin

4

A Wa

A. Nakano, et al.

with KRS to flush out the blood, and then perfused
with 2 % paraformaldehyde (PFA) for 5 min to fix
the tissue. The effluent was drained from the catheter
in the superior mesenteric vein. The microvasculature
was harvested. Two or three triangular sections
of the mesentery were isolated from the intestine.
After the sample was treated with Dispase (1 mg/
mL) at 37°C for 30 minutes, a mixture of 0.2 %
Polyoxyethylene Octylpheny Ether (NP-40) and 2 %
PFA was superfused to remove the cell membrane
and /'t fix_the sample for 30 minutes. The micro-
vasculattire.was stained just after the harvest, and
analyzed within two days as described below.
Immunochemical staining. The section of
n*esentery was spread out to simulate the 2D in vivo
g‘ ometry of the vascular network. The spread section
WES pinned on a paraffin sheet in shale filled with

KRS, so that the geometery of microvascular network

| for subsequent exeitation with blue light (B-excitation,
lenght=488 nm). Smooth muscle myosin was

. . 4 . &l Ll L . « .
laser microscopy. We performed quantitative@nalysis . stained by indirect fluorescence immunological

of the 3D arrangement of individual
associated with the cross-sectional shape.

Materials and methods £
Animal preparation ;

-

Japanese white rabbits (male, 4.6-1.9 kg'bgd")}' .

weight) were used in accordance yyifh the Guiding

SMCs™
L1 (rabbitaffinity purified) and rhodamine-labeled with

jid

metﬁbﬂ frsing anti-smooth muscle myosin antibody

antifgp:@p Ig antibody (goat) for the green (G)

<= excit’ai_‘tﬁﬁ-&vavelength=546 nm).

Confocal microscopy. The stained mesentery
section was observed upder a confocal laser scanning
microscope (CLSM). The CLSM consisted of a fixed

Principles for the Care and Use of Animals in the
Field of Physiological Sciences (published by the
Physiological Society of Japan). The rabbits (n=15)
were anesthetized with urethane (70 mg/kg body
weight) and o-chloralose (30 mg/kg body=weight)
intraperitoneally, and allowed to,respire spontaneously.
A carotid artery was cannulated t@ monitof: bload
pressure during the experiment. The intestinal
mesentery was exteriorized from an abdominal
incision, and placed.into & hath wiich was perfused
with Krebs-Ringer solution(KRS)* (37 °C| pH 7.35),
and spread out on an observation window on a
microscopic stage.

Morphological examination

Harvest of the microvasculature. The rabbits
were sacrificed after the in vivo observation. The
rabbit intestine with mesentery was extracted,
and was kept at 4 °C during the harvest of the
microvasculature. Under a static perfusion pressure
of approximately 100 mmHg, the intestinal vasculature
was perfused from the superior mesenteric artery

stage microscope (Olympus BX50WIFI), a scanning
system (Olympus Fluoview FV300) and laser units
(488 nmblue argon-ion and 546 nm green helium-
neon). An objective lens (x60, N.A.0.9, water-
immeftsion; Olympus LUMPIlan FL60W) was used.
0r ‘the ‘vertical scanting,=a piezo positioner was
maunted to the.objectivellens. Ascanning image size
was set at 512x512 pixels with the resolution of 0.3x0.3

m? pixel, whiere the observation‘area had a size of
approximately 150x150 um4BY. using a piezo
positioner; 50-80 slices oft images-were selected
with 0.6 wm interval (the thickness of observed
volume: 30-50 um) to reconstruct the 3D volume of
microvessel. Based on the obtained confocal slice
images, the 3D volume of microvessel was
reconstructed with 0.3x0.3x0.6 um?voxel, using AVS
(\Ver.5.0, Advanced Visual Systems,USA). The cross-
sectional images of arterioles were re-sliced from
the reconstructed volume with 5 mm interval to
characterize the structure and topology of arteriolar
wall.
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Image analysis

Sampling. Twenty-six arterioles were selected
out of 15 rabbit mesenteries, where diameters ranged
from 10 to 25 um.

Procedure of image analysis. For confocal
microscopic observations of stained arterioles,
B-excitation or G-excitation images were used to
examine the arrangements of actin fibers or smooth
muscle myosin, respectively. A set of the sliced data
of cross-sectional image were separated into images
of 12bit TIFF (tagged image file format) images, which
were post-analyzed using Photoshop (Adobe,

Ver.6.02, USA). Using the AVS, we.ieconstructed a'

3D volume of arteriole, which can bewetated to an

direction and sliced at right- angledﬁgs-s’ I0ns wit
accuracy of less than 5 degrees: , &
Images of the cross-section. vessel, 4-4

5 cross-sections were taken per
of vessel, and based on the 3D re
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a=bla, @
Dm=2(ab)'?, @
L=n(a+b){1+(1/4) 12+(1/64) k* +....}, 3)
and «=(a-b)/(a+b). (3.2)

The oo term indicates the degree of elliptic flatness,
and 0<o<1.0; o =1.0 corresponds circular shape of
the cross-section and o<1.0 means collapse of the
cross-section. Equation (3) is rewritten in terms of o

f
/ asfollows:
/7

= ﬂDﬂT’ (1/2) (@' + o) ({1+(1/4) k¥ +(1/64) x* +..3, (4)
= _c/(1+a). (4.9)

Images of microvascular wall with VSMCs.
Based on the eonfocal slice images (G-excitation
image), the 3D volume of microvascular wall was

. single VSMC, such as shape, arrangement and width,

© Images of individual VSMC were classified into

E were evaluated on the reconstructed images.

idd two fypes: round and spindle shapes as shown in
’*'1F|g 2 (A, B). Selecting sections of images where

Institute of Health, USA). By applying & best-fifiing -
ellipse to the traced lumen, we determined the two
principal axes (2a and 2b) of the ellipse“using the
NIH image measurement command (see Fig. 1). The
best-fitting ellipse was defined by equating the second
order central moments of the ellipse to the trace. These

Ji;nore than 10 VSMCs were arranged in parallel to

others, we calculated their mean cellular width

~(MCW) as follows:

N
IMCW= (Measured-length) / (Total number of cells).  (5)

ol

semi-manual image processmg;grocedures were done
by two persons, and the measurement results were
averaged. Then, the aspect ratio (o), mean diameter
(Dm) and circumferential length (L) were calculated
as follows:

Fig.1 Tracing of the vessel lumen and best-fitting of
ellipse to the traced lumen, based on the image.
The 2a and 2b are two principal axes of the
best-fitting ellipse.

Images of nglwduaI VSMCs in vascular walls.
To examine the morphological features of single
VSMCs, we picked out single cells from the vascular
wall by means of the density distribution of images.
For this purpose, we evaluated the density distribution
of‘images in the vascular wall by using the AVS, and
then 'we-identified the 3D region, based on the
continuity of density between the upper and lower
area. Finally, we obtained 3D cellular images of single
cells.

Results
3D reconstructed images

Figure 3 shows a sequence of 47 sliced confocal
images of a single arteriole with smooth muscle myosin
stained, and its reconstructed image. VSMCs were
characterized by a spiral structure along the
circumference of vessel. The spiral structure was not
uniform along the axis of vessel; its pitch may be either
tight or loose along the axis of vessel.
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Round Shape

A

Spindle Shape

\ B

Fig.2 Two types of VSMC morphology observed from the 3D{/ |mages of rabbit mesenteric arterioles

(A: round shape and B: spindle shape).«

Fig.3 Asequence ofisliced ¢

There appeared to be a variety of morphological
shapes of VSMCs, based on the 3D reconstructed
images of microvascular walls. In single arterioles,
two types of VSMCs were observed; one was round
shaped and the other spindle shaped, as seen in
Fig. 2. The round types resemble tear-drops with
clear nuclei, while spindle-shaped types were more
string-like.

anfo aliages (indirect ﬂucb
images obtained at each 1.8 uny thlckhess) andthei3

myosin stained ifl the rabbit mesentery.

scqncelmmunochqmlca staining) (u,pperﬁgures 1-47: slice
reconstriicted image (Iower figure) ofan arteriole with VSMC

The 3D images of VSMCs showed a complicated
morphology at bifurcations or side-branches (Fig. 4).
It is apparent from the figures that VSMCs are
arranged tightly, showing some discontinuity at the
bifurcation or side-branches. The VSMCs were of
spindle shape in the upper figure, and of round shape
in the lower figure.
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Fig.4 Cellular arrangements of VSM@s-in-the arteriolar wall-around-bifurcation (left figure) and side- branching
(right figure). — |

Cross-sections of mesenteric arré'Fi/, : X mean VSMCwidth (MCW) was measured from the
Twenty six arterioles were ‘ 3D reconstructed images of single arterioles and
mesenteries. The major and mifior didmetes of the s ¢ branched arterioles; for the single arterioles, the
best fitting ellipse were plotted in aspect= “\/SMCs were further classified into either round or
ratio (o) ranged from 0.3 to i fﬁat spmdle shaped. The measured MCWs were plotted
mesenteric arterioles were flattenedorizo ally The \IS afgamst the mean diameter (Dm) in Fig. 8.
mean aspect ratio averaged over26 arterioles was: "J The MCW ranged from 2 to 4.5 mm in single
F- Y ”:\arterloles while it fell in the range from 3t0 4.5 umiin
_“ﬂi.'-(6) J.l?ranched arterioles. The relationship between MCW
e ,and he circumferential length (L) is seen in Fig. 6.
The aspect ratio (o) and the circumferentialfength Tt did not appear that the MCW was correlated with
(L) were plotted against the mean diameter {Dm) in Tljﬁe ‘mean diameter (Dm) or the circumferential
Figs. 6 and 7. The aspect ratio fell inthé range from length (L):

0.3 to 0.7 in single arterioles! The circumference Figure 9 SH_"E)WS histogram of two shapes (round
lengths were linearly propo}llonal to the mean and spindle) OW}MCS against the MCW.
diameters. - The peak;appeared near MCW=2.5 um for
U spindle shaped VSMCs, while it was at 4.5 um for
Cellular width of VSMCs in arterioles round shaped VSMCs. Interestingly, the mean cell

As has been previgusly mentioned, the 3D width of round shaped VSMCs was significantly larger
reconstructed image of;VSMCs. demanstrated two thamthat of the spindle shaped.
basic shapes: round and spindle=like’(Fig.'2)«The

15 08
e 0.7 L 2
E () 06
210 > = ¢ ® o %
B ) .. .. . 3 08 e
£ ) L Y 0.4 [ ] [ ]
5 5 [ B ] g Y [ X b [ ] [ ]
g g 03
= 0.2
0 0.1
5 10 15 20 25 30 35 0
Major diameter ( um ) 5 10 15 20
Mean diameter (Dm) ( um )
Fig.5 Major (2a) and minor diameter (2b) of the best- Fig. 6 Aspect ratio (o) of the cross-section of arterioles
fitting ellipses measured in 26 single arterioles. against the mean diameter (Dm) measured in

26 single arterioles.
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Fig.8 Mean cell widths (MCW) of single VSMCs (round and spindle shape) against mean diameters (Dm) in 26 single
arterioles and4side-braﬁed arterioles’=Fhe MCW (yi is rélated to Dm (x) by the following regression lines:
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Fig.9 Histogram of VSMCs (round and spindle shape) against the cell width (MCW) in single arterioles (round shape
n=17, and spindle shape n=9).
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The MCW of single and branched arterioles were
calculated in 15 rabbit mesenteries and tabulated in
Table 1.

The 3D structure of arteriolar wall

By using the NIH image program, we obtained
cross-sectional images of the arteriolar wall at
different planes of rotation. Figure 10 shows nine
images of cross-sections viewed on different planes
of 20° rotation (each). Among these cross-sectional
images, 80° and 100° rotational images show
highly flattened (or elliptic-like) shapes of eross-
section. Other images (0°-60° and 120%-460° rotational)"
demonstrate how VSMCs are distibuted otscon-
tinuously and nonuniformly along the.axis of vessel.
Interestingly, some discontinuity@ppe
distribution in the vascular wall. The' morphology of

3D structure of vascular smooth muscle cells using confocal microscopy

din VSMC'\l
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shows images of four single VSMCs (a-d)
superimposed on the image used in Fig. 10 (upper
figure) and the cross-sectional image of the cell d
(lower figure). These selected single VSMCs were
of elliptic-like cross-sectional shape, and their
terminals were very thin and of anchor-like shape.
For these single cells (a-d), the circumferential length
was measured to compare with the circumferential
length of arteriole. The mean circumferential length
ofgjngle VSMCs was approximately 1.2 times of the
circumferential length of arteriole.

Discussion

Intravital microscopic observations examine in
vivo structures of endothelial cells [17] or VSMCs
[18] as well as the morphology of microvascular
networks [19]. However, intravital microscopy

longitudinal « ;- provides only the 2D images of microvessels [19-22].

individual VSMCs was surveyed in
direction by rotating the 3D imagef agteriolar watl.
t

Most VSMCs appeared to cover th Vqscular wall

about 1.5 times along the circum?ﬁér:ce. =
For qualitatively evaluating' theflongitudinat

features of individual VSMCs along the ciseumference

of vascular wall, single VSMCs wer@picked outfrom
the vascular wall images used in Fig.10. Fig. 11

it

)

fScanning electron scanning microscopy (SEM) can

g_lso be used to observe the structure of vascular cells
(endothelial cell or VSMCs) [3, 23-27], but it cannot

“ provide the 3D image of single cells. The present
~ confocal laser microscopy enables us to provide the
+ 8D images of the microvascular wall.

= _‘I-
— "._{"

Table1. Mean SMC width (MCW)-ifi single and branched arterioles measured in 15 rabbit
mesenteries. (Data are expressed-ifimean SD). =

A\ ¥ i
P Single arteriole - Branched arteriole
. RoundshapeVSMC  Spindle shape VSMC_
Mean cell width Tl 3.75%058 259 071 [ 3.63 0.40
(um) ~ (n=16) (n=12) s (n=4)

Fig. 10 Cross-sectional images (1-9) viewed at different angles (reconstructed using the NIH image program).
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The cross-section of mesenteric arteries was of
elliptic shape. Its aspect ratio (major to minor axis)
was 0.48 in the average, indicating that the arterioles
were of horizontally flattened shape. The elliptic-like
shape might be due to anisotropic distribution of
external pressure against the external surface [16].

A variety of morphologies appear in cultured
VSMCs [28-30]. The present study classified the cells
into two types (round and spindle shapes). For the
round shape, the cellular width increased with an
increase in the diameter of arterioles. For the spindle
shape, on the other hand, the width remained almeost
constant. Most cells of the round shape.were-froim
the smaller diameter of arterioles, compared-to the
spindle-shaped. The cellular width of the rouneShape
was significantly larger than that of the spmdle Shape
(Fig. 9, Table 1).

We could pick out single VSMECs from the*3D

images of vascular wall. The selected géll images

demonstrated that individual VSMCsaere arranggd

almost perpendicular to the axis of vessel{(Fig. 1)

Several previous studies indicate different angles of

cell orientation to the axis of vessel in various vessels. ©
Azuma et al examined the morphology ofV/SMCs in #
dog artery and vein histologically [31, 32]. The MSMGs-

were arranged helically (or spirally) along the axisof -
vessel. The more peripheral was the portion of the
vessel chosen, the more turns in the VSMC Spiral -

and the less the value of the angle. Todd et al. made

We have examined the length and width of single
VSMCs by rotating the obtained 3D image of
individual cells (Figs.10 and 11). The VSMCs were
1.2 times long, compared to the circumference of the
arteriole, indicating them to be about 75 wm longer
and 4 um wide. These values are in agreement with
ones estimated by Uehara et al [4].

In views of biomechanics of VSMCs, it is
important to examine: i) whether one VSMC covers
the eniirescircumference of the arterioles, and ii)
whether two neighboring VSMCs are attached to
each otheror not. In the present confocal microscopic
ebservation,tweneighboring VSMCs were arranged
almost in paraliel with each other; moreover their
terminals were not close together. Furthermore, there
was a \VVSMC-poor area in the vascular wall (indicated
by the discontinuity of the cell distribution along the
axis of vessel in Fig. 10). These findings indicate
that no connection existed in the terminals of two
adj cent cells.

%The 3D morphological structure of VSMCs

has‘influence on hemodynamic variables such as

blood pressure and flowing shear stress. Van Gieson
et a-l’ipeported an increase in VSMC coverage of
mlcrovessels exposed to increased stress in vivo [35].
The J&sént confocal microscopic images have
demonstrated peculiar arrangements of VSMCs at
bifurcations and side- b[anchlngs(Flg 4), which may
be closely related with the flow patterns at these

SEM examination of alignment ofj/SMCs in rat
vessels. The VSMCs were aligned at a-steeper angle
in the vessel wall (15+2°) of the muscular artery than
in those with more elastic tissue (9+2°) [33]. According
to Takamizawa & Hayashi, VSMCs in rabbit'earotid
arteries were orientated almost perpendicular to the
axis of vessel [34].

special regions [36-38]. |

In the present study, we report a new technique
developed so that single VSMCs from the vascular
wall may be individually studied. In the near future,
the technique will be improved to obtain more clear
images far quantitative analysis of VSMC structural
changes in the-microvasculature.

Fig. 11 Detection of single VSMCs from the arteriolar wall used in Fig. 10. The left figure: images of four single VSMCs
(a-d) superimposed on the image of Fig. 10; the right figure: cross-sectional image of the cell d.
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