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PREFACE 

A project on "Biomechanics at Micro- and Nanoscale Levels," the title of this 
book, was approved by the Ministry of Education, Culture, Sports, Science and 
Technology of Japan in 2003, and this four-year-project is now being carried out 
by fourteen prominent Japanese researchers. The project consists of four fields 
of research, which are equivalent to four chapters of this book, namely, Cell 
Mechanics, Cell Response to Mechanical Stimulation, Tissue Engineering, and 
Computational Biomechanics. 

Our project can be summarized as follows. The essential diversity of 
phenomena in living organisms is controlled not by genes but rather by the 
interaction between the micro- or nanoscale structures in cells and the genetic 
code, the dynamic interaction between them being especially important. 
Therefore, if the relationship between the dynamic environment of cells and 
tissues and their function can be elucidated, it is highly possible to find a 
method by which the structure and function of such cells and tissues can be 
regulated. The first goal of this research is to understand dynamic phenomena 
at cellular and biopolymer-organelle levels on the basis of mechanics. An 
attempt will then be made to apply this understanding to the development of 
procedures for designing and producing artificial materials and technology for 
producing or regenerating the structure and function of living organisms. 

We are planning to publish a series of books related to this project, this 
book being the first in the series. The trend and level of research in this area in 
Japan can be understood by reading this book. 

Hiroshi Wada, PhD, 
Project Leader, 
Tohoku University, 
Sendai, 
March, 2004. 



I, CELL MECHANICS 
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Department of Otorhinolaryngology, Head and Neck Surgery, Tohoku University, Graduate 

School of Medicine, 1-1 Seiryo-machi, Sendai 980-8675, Japan 

High sensitivity of human henring is believed to be achieved by cochlear amplification. The basis of 
this amplification is thought to be the motility of mammalian outer hair cells (OHCs), i.e., OHCs 
elongate and contract in response to acoustical stimulation. Thus, the generated force accompanying 
the motility amplifies the vibration of the basilar membrane. This motility is concerned with both the 
cytoskeleton beneath the OHC plasma membrane and the protein motors distributed over the plasma 
membrane, because it is presumed that the cytoskeleton converts the m a  change in the plasma 
membrane induced by the conformational change of the protein motors Into OHC length change in the 
longitudinal direction. However, these factors have not yet been clarified. In this study, therefore, the 
ultrastn~cture of the cytoskeleton of guinea pig OHCs and their mechanical properties were investigated 
by using an atomic force microscope (AFM). The cortical cytoskeleton, which is formed by discrete 
oriented domains, was imaged, and circumferenual filaments and cross-links were observed within the 
domain. Examination of the morphological change of the cytoskeleton of the OHC induced by diamide 
treatment revealed a reduction of the cross-links. Results of the examination indicate that the cortical 
cytoskeleton is comprised of circumferential actin filaments and spectrin cross-links. Mechanical 
properties in the apical region of the OHC were a maximum of three times greater than those in the basal 
and middle regions of the cell. Moreover, Young's modulus m the middle region of a long OHC 
obtained from the apical turn of the cochlea and that of a short OHC obtained from the basal or the 
second turn of the cochlea were 2.0 10.81 kPa and 3.7 * 0.96 kPa, respectively. In addition, Young's 
modulus was found to decrease with an increase in the cell length. 

1 Introduction 

Even though the amplitude of tympanic membrane vibrations is only a few 
nanometers when we speak in a low voice, we can clearly understand what is being 
said. The human ear is characterized by such high sensitivity, which is believed to 
be based on the amplification of the basilar membrane (BM) vibrations. This 
amplification is made possible by the motility of the outer hair cells (OHCs) in the 
cochlea, this motility being realized due to the structure of the lateral wall of the 
OHC. 

The lateral wall of the OHC consists of three layers: the outermost plasma 
membrane, the cortical lattice and the innermost subsurface cisternae. In the 
plasma membrane, there are protein motors which possibly change their 
conformation according to the membrane potential. As a result of this 



conformational change, change in the area of the plasma membrane occurs [I]. 
The cortical lattice, which consists of actin and spectrin filaments [2-41, beneath the 
plasma membrane is expected to convert this area change in the plasma membrane 
into length change in the axial direction of the cell. However, although the 
mechanism of the motility is concerned with the structure and mechanical properties 
of the OHC lateral wall, these factors have not yet been clarified. 

In this study, therefore, first, the ultrastructure of the cytoskeleton of the OHC 
was investigated in the nanoscale range using an atomic force microscope, which is 
a powerful tool for studying biological materials [5-71. The mechanical properties 
along the longitudinal axis of the OHCs taken from each turn of the cochlea were 
then obtained by using the AFM. 

2 Materials and Methods 

2.1 Imaging of the cytoskeleton of OHCs 

2.1.1 Cell isolation 

Guinea pigs weighing between 200 and 300 g were used. They were decapitated 
and their temporal bones were removed. After opening the bulla, the cochlea was 
detached and transferred to an experimental bath (the major ions in the medium 
were NaCI, 140 mM; KCl, 5 mM; CaCI2, 1.5 rnM; MgC12 6Hz0, 1.5 mM; HEPES, 
5 rnM; glucose, 5 mM; pH 7.2; 300 mOsm). The bony shell covering the cochlea 
was removed and the organ of Corti was gently dissociated from the basilar 
membrane. The OHCs were isolated by gently pipetting the organ of Corti after 
enzymatic incubation with dispase (500 PUIml). The isolated OHCs were 
transferred to a sample chamber and glued to MAS-coated slide glass (Matsunami 
glass). 

The care and use of animals in this study were approved by the Institutional 
Animal Care and Use Committee of Tohoku University, Sendai, Japan. 

2.1.2 Sample preparation 

First, an attempt was made to obtain AFM images of the OHC lateral wall without 
fixation. However, as the cell wall was very soft, it was impossible to obtain 
images. The isolated OHCs were, therefore, fixed with 2.5% glutaraldehyde and 
simultaneously extracted with 2.5% Triton X-100 in phosphate buffer (pH 7.4) for 
30 min at room temperature. After fixation, the OHCs were rinsed three times 
with 0.1 M phosphate buffer solution. The OHCs were then observed by the AFh4 
in liquid. 

In some experiments, diazene dicarboxylic acid bis [N,N-dimethylamide] 
(diamide), which reduces the actin-spectrin binding mediated by protein 4.1 in 
erythrocytes €81, was used for modifying the cytoskeleton of the OHC. Diamide 



was dissolved in the bath solution containing dispase (250 PUhnl). The diamide 
concentration was 5 mM. The dissociated organ of Corti was incubated in these 
solutions for 30 min at room temperature. After the incubation, the OHCs were 
isolated by gently pipetting the organ of Corti. The isolated OHCs were then 
transferred to a chamber and fixed and extracted in the same way as the cells which 
were not incubated with diamide. 

2.1.3 Atomic force micmscopic imaging 

A commercial AFM (NVB100, Olympus) was used for the experiments. As the 
AIM unit is mounted on an inverted optical microscope, positioning of the tip 
above the cells is easy. V-shaped silicon nitride cantilevers (OMCLTR400PSA-2, 
Olympus) with a pyramidal tip and a spring constant of 0.08 Nlm were used. The 
typical radius of the curvature of the tip was less than 20 nm. In this study, as 
OHCs were too soft to resist lateral friction force during scanning in the contact 
mode, the oscillation imaging mode of the AFM (Tapping ModeTM, Digital 
Instruments, Santa Barbara, CA, USA) was used, In the tapping mode AFM, the 
cantilever tip oscillates and touches the sample only at the end of its downward 
mavament, which reduces the contact time and friction farce as compared with the 
contact mode. 

In this experiment, the frequency of the cantilever tip os'cillation was betwwn 
3.8 and 5.2 kHz, which is close to the resonance frequency of the cantilever tip. 
The scanning regions were 0.5 x 1.0 pm and 1.0 x 1.0 pm. The scanning 
frequency was fixed at 0.4 Hz (scan speed: 0.4 pmls). In all AFM images, the 
sample was scanned from left to right. The scanning direction corresponds to the 
axial direction of the OHC. 

All images were analyzed by a software program by Digital Instruments (Sam 
Barbara, CA, USA). To correct dispersions of individual scanning lines and 
remove background slopes, images were plane fitted and flattened. After that, to 
show the fine structure more clearly, the contrast of the original AFM h g e s  was 
enhanced using the software program. The surface profiles were obtained by the 
section analysis of the original AEM images, and calculation of spacing between 
adjacent filaments was done by the same procedure as reported ppviously [9]. 

2.2 Mechanical properties of OHCs 

2.2.1 Cell preparation 

Guinea pigs weighing between 200 and 300 g were used. OHCs were isolated from 
the animal by the same procedure mentioned in Section 2.1. With this isolation 
procedure, OHCs from the apical turn, those from the third turn and those from the 
b d  or second m s  could be classified. However, the row of the cell could not 
be distinguished. All experiments were performed at room temperature. 



2.2.2 Indentation test &y using the AFM 

Elgure 1 depicts the principal of an 
indentation test by using the AFM 
When the cantilever is moved by a 
piezoelectric scanner and the tip of the 
cantilever comes in contact with a 
sample, the cantilever starts to deflect. 
The deflection of the cantilever is 
detected by an optical detector which is 
composed of a laser, a mirror and a 
photodiode array. By this 
measurement, the relationship between 
the movement of the cantilever z by the 
piezoelectric scanner and the cantilever 
deflection d was obtained. This 
obtained curve is tenned force curve 
because the force applied to the sample 
can be calculated by multiplying the 
cantilever deflection d by the spring 
constant of the cantilever. In each 
measurement, the force curve obtained 
when the sample was pushed against by the tip was confirmed to comespond to that 
obtained when the sample was retracted from the tip, which means that the sample 
was elastic during measurement. Force curves were obtained at four points at 
intervals of 20 nm in the circumferential dimtion, and the mean and standard 
deviation of the slope of the square repssion line or those of Young's modulus 
were calculated at each point on the OHC. 

2.2.3 Analysis offma curves 

An example of force curves obtained from both soft and hard samples are shown in 
Fig, 2A. As the cantilever deflection d is equal to the cantilever movement z in the 
hard sample, the sample indentation S is given by 

From Rg, 2A, the relationship between the cantilever deflection d and the sample 
indentation 8 is obtakd as shown in Fig. 2B. The curve in this figure is fitted 
with a Square regression line which is given by 

ti = aS2 (2) 

where a is the s lop of this me, which represents the elastic properties of the 
sample. 
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Figure 2. Relationships between the cantilever deflection, cantilwer movemnt and indentation. A: 
Relationship between the d m e r  dcfldon and cantilever movement, i.e., force curve, obtained from 
both a hard sample (substrat~) and a sot3 sample (OHC). The red dottod k shows the results obtained 
from the hard sample. The black solid line shows the results obtained h m  the soft ample. In the 
caw of the had sample, thc cantilever deflection remains steady at zmu until the cantilever touches the 
sample, at which time it rises propartionately with the increase in the cantikver movement. The 
vertical arrow shows the indentation, i.e., the W m c e  between the cantilever deflection of the hard 
sample and that of the soft sample. B: Relationship between the cantilever deflccticm and indentation. 
The black line shows the experimental data. The nd line repmen@ a squate regression line f@d by 
Eq. (2). 

When subjects are elastic, isotropic, homogeneous and &-infinite and when 
the indentation tip is rigid and conical, the Hertz model, which describes the elastic 
response of subjects indented by the tip, can be applied to the measurement data 
According to the Hertz model, the relatianship between the cantilever deflection d 
and the indentation S is defined as follows: 

where E, a, k and v are Yaung's modulus of the sample, the hahpening angle of 
the cantilever, the spring constant of the cantilever and Poisson's ratio of the sample, 
respectively [lo, 111. In this study, the half-opening angle and the spring constant 
of the cantilever were 17 degrees and 0.08 N/m, respectively. Poisson's ratio was 
assumed to be 0.499 because the samples were biomaterials. Since the slope a in 
Eq. (2) corresponds to 2Etana/xk(l - 2) in Eq. (3), Young's modulus of sample E 
can be obtabxl from W retationship. 

3 Results 

3.1 Morphology of the qtoskeleton of OHCs 

The cytoskeleton of the lateral wall of the fixed OHC, which was extracted with 
Triton X-100, was imaged with tapping mode AFM. Figure 3A depicts the 



measured rectangular region. Hgur% 3B shows an AFM image of the cortical 
cytoskeleton obtained in that region. In AFM images, the brighter areas 
correspond to the higher regians of the sample surface, and the transverse direction 
in the AFM images comsp~nds to the axid direction of the OHC. A schematic of 
the domains and filaments shown in Fig. 3B is displayed in Fig. 3C. In this image, 
differently oriented domains are recognized. Within each domain, relatively thick 
circumferential filaments run parallel to each other and are cross-linked regularly ar 
irregularly by thinner filaments. Such lattices, composed of these discate domains 
and two typw of filaments, were observed along the full length of the OHC lateral 
wall. The mean spacing i S.D. of circumferential filaments were 51.5 k 9.78 nm 
(n = 550) and 47.0 i 10.2 nm (n = 352) in the middle and basal regions and in the 
apical region of the OHC, respectively. The difference between the mean spacing 
in the middle and b d  regions and that in the apical region was statistically 
significant at P < 0.0001 using Student's t-test. By contrast, the difference 

Figure 3. An APM image of the cytoskeleton in the OHC lateral wall. The OHC was h e d  by 2.5% 
glutaraldehyde and demembraned with 2.5% Triton X-100. A: The position of thc scanning area B: 
The APM image. C: A schematic of the domains and mamenu in B. In figune, the schematic 
only shows clearly recognized areas. Boundary domains, circumferential filaments and cross-links am 
shown by dotted l h ,  thick solid lines and thin solid lines, respectively. The cortical lattice is formed 
by some differently oriented domains. Within each domain, thicker circumferential filaments are 
cross-linked by thinner filaments. "Reprinted from Hearing Research, 187, Wada et d., Imaging of the 
cortical cytoskeleton of guinea pig outer hair cells using atomic forct microscopy, 51-62, Copyright 
(2004, with permission from Elsevier." 



between the mean spacing of cross-links in the middle and basal regions and that in 
the apical region was not statistically different. The mean spacing r S.D. of 
cross-links was 25.2 i 7.23 am (n = 300) along the full length of the OHC lateral 
wall 

3.2 EBct of diamide on the structure of the OHC cytoskaleton 

Some OHCs were incubated with diamide, which is a sulfhydryl-oxidizing agent. 
The cytoskeleton of diamide-treated OHCs which were fixed with 2.5% 
glutaraldehyde and extracted with 2.5% Triton X-100 was imaged using the tapping 
mode AFM. Figure 4 shows AFM images cif the cortical lattice modified by 5 mM 
diaraide. Although matrp. circumferential filaments are recognized, cross-links we 
hardly seen, since diamide treatment reduces cross-links in the AlW images. 

7 
0.5 Hgm 4. AII AFM image of the 

W d e - m t c d  OHC lateral w d .  The OHC 
was fixed by 2.5% gluteraldehyde and 
dcmembmcd with 25% Triton X-100 after 
incubation with 5 mM diamide. Many 
circmnterclltial i3ammb are rtcognized; 
howcver, cnm-linls arc hardly seen. 
"Reprinted fmm Hearing m h ,  187, Wada 
et al., Imaging of  the cortical cytoskeleton of 

pm guinea pig outer bair ceb using atomic force 
microscopy, 51-62, Copyright (2004), with 
pmission from Elsevier." 

3.3 Mechanical properties of OHCs 

First, mechanical properties of the OHC in the qical turn of the cochlea were 
measured at various points along the longitudinal axis of the OHC, In this 
measurement, since the surface profile of the sample in the apical region of the cell 
could not be regarded as semi-infinite in extent, the Hertz model could not be 
applied to the measurement data in the analysis. The relationships between the 
cantilever deflection and the indentation of the OHC were, therefore, measured, and 
the slopes of the square regression lines fitted to these relationships were obtained. 
The relationships between the slope and the distance from the basal end of the OHC 
are shown in Fig. 5. Data were obtained from 10 0HCs. The abscissa represents 
the distance of each measurement point from the basal end of the ONC, and the 
ordinate shows the variation of slope, i-e., the value of the slops at each point 
divided by that in the middle part of the cdl. Positions of the basal and apical ends 
along the cell axis are converted to 0.0 and 1.0, respectively. From this figure, it is 
found that the slope is almost constant in the basal and middle regions of the cell 
and that the slope in the apical region of the cell is larger than those in the basal and 
middle regions. This means that there is no significant difference in the 



mechanical properties in the basal and 
middle regions of the OHC. However, 
the mechanical property in the apical 
region of the cell is greater than those in 
the basal and middle regions of the OHC. 
Moreover, it is clear that the slopes in 
the apical region of the cell are a 
maximum of threefold larger than those 
in the basal and middle regions. To 
confinn the difference in the slope 
between these regions, the 
Mann-Whitnay test was used. As a 
result, in seven of the 10 cells, the slops 
in the region between 0.80 and 1.0 &om 
the basal end of the cell were shown to 
be significantly (P < 0.05) larger than 
those in the region between 0.0 and 0.80 
from the basal end of the cell. 

Secondly, in the same way as 
mentioned above, the: mechanical 
property of the OHC in the basal turn or 
the second turn of the cochlea was 
measured. Figure 6 depicts the 
variation of the slope as a function of the 
distance from the basal end of the OHC 
obtained from the total of 10 cells. 
From this figure, it is found that the 
slopes in the basal and middle regions of 
the cell in the basal turn or the second 
turn are almost constant, while those of 
the slopes in the apical region of the cell 
are up to three times as huge as those in 
the basal and middle regions, In 
addition, in five of the 10 cells, the 
difference between the slopes in the 
region between 0.80 and 1.0 and those in 
the region between 0.0 and 0.80 €rom 
the basal end of the cell is statistically 
significant at P < 0.05 using the 
Mann-Whitney test. 

When the representative value of 
Young's modulus of the cell is defined 
as that in the central part of the cell, 

0- o oa 0.4 0.6 0.8 1.0 
Distance fmm the basal end 

Rp~rc 5. MocIMDid plDperri6s of the 10 0 x 8  
obtained fmm thc apical tum ~f the cochlea Thc 
abscissa rcpm~lcata the nmriaIi2.d distance of 
each meamemat point from the basal d of the 
OHC. The ordinadc qwmnts the slope at the 
point of imamcment divided by that m the 
middle part d the cell. The diffuwt symbols 
indicate the data obtained fIwn di- cells. 

' 0  0.2 0.4 0.6 0.8 1.0 
Distance from the basal end 

Figure 6. Mechanid plup&ics of the 10 0HQ 
obtained hom the b d  or m n d  mm of the 
cochlea. T)le abscissa rtpmmts the nonnalirsd 
distance of each mwsurrmcnt point fmm the basal 
a d  of the DHC. The Mdinste v t s  the 
slopc at the pcdm af measunem~nt dividcd by that 
in the middle pan of tbe cd. The di-t 
symbols indicate the data obtained from different 
ceus. 



~ m n  Hg. 5 and Bq, (3, Young'r modulus of the ceb  in the apical tun of 
cachlea is 2.Q * 0.81 kPa (n = 101, umile that of the cells in 'the b d  or second turns 
is 3.7 & 0.96 kPa (n = 10) drom Fig. 6. As the 10~4~tion of the OHC dong the 
cochlea is related to the: len* d the cell, the relatiomhip between Young's 
d d ~ ~  of the cell and nd lmgth of the w11 is obtained. The result L shown in 
Fig. 7, where Ybung's moduli of the OHCs from the apical tam (red triangles, n = 
lo), the third turn @reen circles, n = 9) m d  the basd turrm ar the second tarn (blue 
squares, n = 10) ~ l r e  displayed. From this figure, it ia clear- that Ymg' s  modulus 
decreases with an inmeage in the mil lmgth, 

4.1 Structure qf rhe OHC ~!~rtr'cul lattice 

Diamide is a specific oxidklng reagent for the sulfhydryl p u p  [12]. In 
erythrocytes, W d e  increases intermalccular links betwen spt t in  molecules [13, 
141 and reduces the t@in-~pac~ binding mediated by protein 4.1 [a]. The 
reduction of cross-- in the AFM image in this study, observed otl the lateral wall 
of the diamide-treated OHC, would be due to the fact k t  the W d e  treatment 
~ u c e s  the actin-sgectrin binding mediated by praein 4.1. From immunological 
evidencet it is k n m  that the coi%ical lanice is composed of atin and s p l r i n  [4, 
151. This suggests that the ckumfmntial f11ament.s are actin F i n t s  and that 
the cross-links are spectrin. This idea is supported by the fact that the dimide 
treatment reduces the axial stiffness of the OHC in a dodependent  mmwr [16], 
which makes th% cell highly extendable in the axial direction [17]. 

A scheme of the OHC cortid lattice is shawn in Fig. 8. The cortical.lattice 
is f o d  by differently oriented domain$; such domains consist of circumfemntiaI 
filament&, which are composed af actin, arranged parstUe1 to each other and 
cross-links-, which are wmpoged of p t r h  c o r n @  to adjmnt actin N~medlts. 
In this study, pillam ware not preserved, presumably due rn the pemeab i l idm of 
TTihn X-100. 



4.2 Variance of mechanical properties of OHCs 

As shown in Figs, 5 and 6, mechanical properties in the apical region of the OHC 
are greater than those in the other regions, which is consistent with the report of 
Wada et al. [18] in which local mechanical properties of the cell were evaluated by 
applying a hypotonic solution to the cell. One of the reasons for the difference in 
mechanical properties might be due to the cuticular plate at the apical. end of the cell. 
As the cuticular plate mainly consists of actin filaments which may consist of hard 
material [2, 19, 201, mechanical properties in the apical region of the OHC are 
affected by the cuticular plate and are greater than those in the other parts. The 
other possibility is that cell organelles such as endoplasmic reticulum, &lgi 
apparatus, lamellar bodies and so on are located in the apical cytoplasm beneath the 
cuticular plate [21]. In this study, as the cell was indented up to 1 pm, which is 
greater than the thickness of the lateral wall of the OHC, if there were some 
organelles in the cytoplasm under the cantilever, they could have affected the 
measurement and the deflection of the cantilever might have been larger. As a 
result, mechanical properties in the apical region of the OHC would be large. 

As shown in Fig, 7, the length of the OHC differs with its location, i.e., the 
long cells are mainly located in the apical turn and the short cells are in the basal 
turn. Figure 7 also shows that Young's modulus of the OHC decreases with an 
increase in its length. Hallworth [22] reported that the cell compliance, which is 
the inverse of the stiffness of the cell, increased with an increase in the cell length. 
In order to compare the mechanical properties of the cell obtained in this study with 
those in his report, Young's modulus obtained in this study is converted into 
stifFness using a simple one-dimensional model of the OHC. When the OHC is 
assumed to be cylindrical and homogeneous, the relationship between Young's 
modulus E and the stiffness kIu of the OHC is shown by the following equation: 

47.0 f 10.2 nm [apleal 
51.5 k9.78 nm (middle md basal 



" 
20 30 40 50 80 70 80 90 

Cell length 

where R and L represent the radius and length of the OHC, respectively. By taking 
the radius of the OHC to be 5 pm and substituting the length of each OHC into Eq. 
(4), Young's modulus of each OHC is converted into the stiffness. As shown in 
Fig. 9, although the slope is different, both data explain that the compliance 
increases linearly with an increase in the cell length. As it is considered that 
mechanical properties of the OHC ate strongly related to the force production of the 
cell [16, 221 and that cells which have small compliance can produce large force 
[Z], our results, therefore, suggest the possibility that the force produced by the 
OHC in the cochlea might be different along the length of the cochlea. 

5 Conclusions 

The ultrastracture of the cytoskeleton of guinea pig OHCs and their mechanical 
properties were investigated by using an AFM. The following conclusions can be 
drawn: 

The cortical lattice consists of some differently miented domains, which are 
composed of thicker circumferential filaments and sue thinner cross-linked 
filaments. 
Circumferential filaments and cross-linked filaments are actin filaments and 
specttins, respectively. 
The mean spacing i S.D. of circumferential filaments were 5 1.5 i 9.78 nm (n 
= 550) and 47.0 i 10.2 nm ( R  = 352) in the middle and basal regions and in the 
apical region of the OHC, respectively. That of cross-links was 25.2 * 7.23 
nm ( R  = 300) along the full length of the OHC lateral wall. 
The apical region of the OHC was a maximum of three times harder than the 
basal and middle regions of the OHC. 



5. Young's modulus in the middle region of a long OHC obtained from the apical 
turn of the cochlea and that of a short OHC obtained from the basal turn or the 
second turn were 2.0 * 0.81 kPa and 3.7 * 0.96 kPa, respectively. 

6. Young's modulus in the middle region of the OHC decreased with an increase 
in the cell length. 
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A novel tensile tester has been developed to measure tensile properties of single isolated cells. 
Both ends of the cell were aspirated with glass micropipettes coated with a cellular adhesive. 
One pipette was moved with an electrical manipulator to stretch the cell horizontally. The 
farce applied to the cell was measured by the deflection of a cantilever part of the other 
pipette. The cell was observed with water immersion objectives under an upright microscope 
to obtain its clear image. Cultured bovine aortic smooth muscle cells were stretched at various 
strain rate in a physiological salt solution at 3 7 T .  Elastic modulus of the cells had a 
significant positive correlation with the strain rate, and was about 3 kPa at the strain rate 
<4%/s. Viscoelastic analysis with a standard viscoelastic solid showed that relaxation time for 
constant strain of the cells was 164s, which is much longer than those reported for endothelial 
cells and fibroblasts (40s). Smooth muscle cells may be most viscous among the cells in the 
vascular wall. 

1 Introduction 

Biological tissues change their dimensions and mechanical properties adaptively to 
various mechanical stimuli [I]. Because cells in the tissues play important roles in 
the adaptation process, it is important to know how much stresses and strains are 
applied to the cells in the tissue. For this purpose, we need to know the mechanical 
properties of cells over a wide range of strain From these viewpoints, we have 
develped a micro tensile tester for isolated cells [2-41. 

In this paper, we first introduce you to our tensile tester and show the tensile 
properties of the cultured bovine aortic smooth muslcle cells measured with the 
tester at various strain rates. Based on these data, we studied the viscoelastic 
properties of the cells to find that the smooth muscle cells were most viscous among 
cells related to blood vessels, such as red and white blood cells, endothelial cells, 
and fibroblasts. 

2 Micro Tensile Tester 

Figure 1 shows the schematic diagram of the tensile tester. A specimen cell was 
held by glass micropipettes and stretched with a computer-controlled 
micromanipulator under a microscope. Deformation process of the cell was 



observed with the CCD camera and videotaped for an image analysis which was 
performed after the experiment. Although most of cell manipulation systems have 
been constructed under an inverted microscope to make cell manipulation easier, 
we used an upright microscope with water immersion objectives to get clear image 
of the cells (Fig. 3). 

/ 
Thermostatic chamber 

Figure I .  Micro tensile tester for cells. 

The details of the test section is shown in Figure 2. The specimen cell was held 
with two micropipettes, the deflection and operation pipettes, by aspirating the cell 
surface gently. The tips of the micropipettes were coated with a cellular adhesive 
(Cell-Tak, Becton Dickinson) to improve adhesiveness between the cell and the 
pipettes. The operation pipette is connected to an electric micromanipulator and 
pull the cell to the right. The deflection pipette has a cantilever part which deflects 
in response to the load applied to the cell and was used to detect the amount of load 
applied to the cell. Heater, heating block, and a temperature sensor were used to 
maintain ambient temperature at 3 7 T .  

3 Tensile Test Protocol and Data Analysis 

We used bovine aortic smooth muscle cells (BASMs) obtained with an explant 
method [2] and cultured until 6-7th passage. ARer tripsinization, the cells were 
resuspended in ca2'- and hlg2+-free phosphate buffered saline (PBS) at 37'C and 
one of the cells was aspirated at both ends with two micropipettes whose tips had 
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Figure 2. Details of the test section. 

been coated with the Cell-Tak. Fifteen to 20 min were allowed to increase adhesion 
strength between the cell and the pipettes. Then the cell was stretched stepwise 
with an increment of 1 to 3 pm while the deformation of the cell was continuously 
videotaped. Time invervals between the steps were 1-10 s. Following the 
experiment, the deflection pipette was calibrated to obtain its spring constant. Then 
the cell deformation was analyzed on videotaped images. 

We could obtain very clear images of the cells (Fig. 3). We measured the 
position of the pipette tips to obtain gauge length L and the displacement of the 
deflection pipette x. The tension applied to the cell F was calculated by multiplying 
the displacement x with the spring constant of the deflection pipette k which was 
measured after each tensile test. The elongation AL was calculated as the increment 
of L. The nominal stress a was calculated by dividing tension F with the original 
cross-sectional area A,, which was obtained from the diameter before the stretch Do 
assuming circular cross section. The nominal strain E was obtained by normalizing 
the elongation with the original gauge length, Lo. 
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4 Results 

A typical example of the time course changes of elongation and force of a cell in 
response to stepwise stretch is shown in Figure 4. The cell showed creep following 
the rapid elongation due to each stepwise stretch, causing gradual decrease in the 
deflection of the deflection pipette, and so in the tension applied to the cell. The 
more the cell was elongated, the more remarkable the creep and stress relaxation 
became. In the subsequent analyses, we concentrated on force-elongation 
relationships rather than time course changes. Data at each step was obtained just 
before next stepwise stretch. 

Both of the force-elongation curves (Fig. 5) and the stress-strain curves (Fig. 6) 
of the cultured BASMs were very sensitive to their strain rates. Most of the cells 
could be stretched to two times of their original length. However, breaking of the 
cells did not occur in the central portion of the cells. Some of them broke at the 
pipette tip and some of them slipped off from the pipette when the strain became 
large. All the curves shown here were obtained within the time points when the 
slipping began. 
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cultured bovine aortic smooth 
muscle cell subjected to stepwise 
stretch. The operation pipette 
was moved by Spm at every 5 s 
in this expeiment. 

eAsM i 
Strain rate (W) 

-14 
-11 
- 7.1 
- 4.2 - 
- 3.4 

- 2.9 
1.2 

f - 0.24 

10 20 30 40 SO 60 70 

Elongation AL (pm) Nominal strain E 

Figure 5. Force-elongation curves of the bovine Figure 6. Nominal sinss-nominal strain curves 
aortic smooth muscle cells (BASMs) obtained at of the bovine aortic smooth muscle cells 
various stretch rates. (BASMs) obtained at various strain rates. 

We changed the stretch rate by the factor of 100. It looks like the higher the 
strain rate is, the stiffer the cell becomes. To check this hypothesis, we calculated 
elastic modulus from each curve and plotted it against the strain rate. Elastic 
modulus was obtained by fitting a straight line from the origin to the entire segment 
of each curve, and was called overall elastic modulus, Ed,. There was significant 
correlation between the strain rate and the elastic modulus (Fig. 7). If you increase 
strain rate from 2 (Ws) to 10 by 5 times, the modulus increase from 2 (kPa) to 6 by 



3 times. This indicates that SMCs are viscoelastic material and you need to pay 
much attention to the strain rate when discussing the mechanical properties of 
SMCs. Measured parameters are summarized in Table 1. 

Figure 7. Relationship between 
the overall elastic modulus and the 
strain rates. 
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Table 1. Tensile properties of bovine aortic smooth muscle cclls. 
, 

Initial Initial length Spring 
Strain rate for Overall Initial elastic 

Cell no. diameter 
pipe= tips E (%IS) pipette elastic modulus modulus 

Do ( P )  
Lo (m) k ( ~ 1 ~ )  Eall (kPa) &Pa) 

BASMl 17.5 12.2 3.4 0.038 2.2 2.3 
BASMZ 17.5 12.3 0.14 0.016 1.3 3.7 
BASM3 20.5 14.3 0.23 0.013 1 .O 3.3 
BASM4 12.6 8.8 7.1 0.684 4.7 (16.1) 
BASMS 19.5 13.6 0.24 0.002 1.1 1.2 
BASM6 12.6 8.9 1.2 0.026 2.0 2.9 
BASM7 9.5 6.7 2.9 0.182 1.4 3.3 
BASM8 15.2 12.1 4.1 0.100 5.2 4.0 
BASM9 18.6 13.5 11 0.380 5.8 3.0 
BASMlO 13.0 11.9 14 0.157 8.4 5.0 

mean 15.6 11.4 4.4 0.160 3.3 3.2 
SEM 1.1 0.8 1.5 0.069 0.8 0.4 

( ), data not used for initial elastic modulus. 

5 Viscoelastic Analysis 

We used the standard linear solid or Kelvin model for the analysis (Fig. 8). The 
governing equation of the model is expressed as: 

u+z,&= E,(E+T,E), ( 1 )  



where z, = /El is the time constant at constant strain, i.e., time constant of stress 
relaxation, z, = ( q  IEn)(I+EnIEI) is that at constant stress, i.e., time constant of 
creep, and ER= En is an asymptotic elastic modulus after all viscoelastic 
deformation diminishes. 

By assuming a ramp input of strain E= a t ,  you can obtain stress-strain 
relationship as: 

(2) 

We determined the parameters T,, z,, and ER by minimizing errors between the 
theoretical and experimental curves for each cell. 

Table 2 summarizes the viscoelastic parameters of each cell. They are shown 
in the order of strain rate. It is confirmed that SMCs showed marked 
viscoelasticity: the time constant of stress relaxation z, was more than 150 s and 
that of creep z, was more than 1000 s. The identified parameters did not have 
significant correlation with strain rate except 5 and E l .  The stress-strain curves at 
various strain rates estimated from the model with the mean parameters are 
summarized in Figure 9. As again confirmed in this figure, strain rate has 
significant effect on the stress-strain relationships of the smooth muscle cells. 4-57 Figure 8. Standard linear solid or 

Kelvin model used in the viscoelastic 
analysis. 4 and E l ,  Young's moduli; 

4) o('' rl. coefficient of viscocity; 40 ,  
4) stress; 40, strain. 

Table 2. Summary of viscoelastic parameters. 

Strain rate (%Is) 

Mean 164 1 149* 0.55 4.11* 527 
SEM 34 113 0.W 0.64 60 

*P 4 0.05 vs sbain rate 
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Figure 9. Viscoelastic response predicted with the standard linear solid (Kelvin model). 

6 Discussion 

We have developed a micro tensile tester for isolated cells and measured the tensile 
properties of cultured bovine aortic smooth muscle cells. From mechanical 
properties obtained at various stretch rates, we estimated the viscoelastic properties 
of the cells and found that the cultured bovine aortic smooth muscle cells were 
highly viscous with the time constant of stress relaxation z, being > I  50 s and that 
of creep 7, being > 1000 s. 

Viscoelastic properties of the blood cells and vascular cells are summarized in 
Table 3 along with those obtained in the present study. We calculated parameters 

Table 3. Viscoalestic propwties of vmous cells relating to blood vessel. 

Cell type Measurement z, z, Eo El ?' 
method (s) (s) (Ha) (kPa) (kPa-s) 

Erythrocytes [5] Pipette aspiration <O. 1 
Neurtophils [6] Pipette aspiration 0.18 0.65 0.028 0.074 0.01 3 
Endothelial cells Pipette aspiration 38 1 16 0.092 0.19 7.2 
[71 
Fibroblasts [8] Micro glass plate 40 0.96 0.51 13 
SMCs [present] Tensile test 164 1149 0.55 4.11 527 



for the standard linear solid from the data shown in each paper. Interestingly, cells 
flowing inside of the blood vessel have very small time constants while time 
constant of those in the wall are more than 100 times larger than that of the blood 
cells. Among them, the time constant of smooth muscle cell obtained in the present 
study is the largest. This means SMCs are highly viscous among the components in 
the vasclular wall. Due to their high viscosity, the SMCs might bear much higher 
stress than other vascular components during pulsation of the blood vessel wall. 

There are several limitations to this study. First of all, we used cultured smooth 
muscle cells for the ease of the experiment. It is well known that cultured cells 
change their phenotype from contractile to synthetic. We have confirmed that the 
static elastic modulus decreased to less than one third in response to the phenotypic 
change [2, 91. We need to measure viscoelastic properties of freshly isolated cells 
that maintain their contractile phenotype. The use of the standard linear solid for 
the viscoelastic analysis might be another limitation. As shown in Figure 6 the 
mechanical properties of the smooth muscle cells are not linear and their 
deformation was quite large. We need to employ nonlinear model with finite 
deformation for the future viscoelastic analysis. 

In conclusion, this study clearly indicated that SMCs are highly viscous. 
Viscoelastic analysis is very important when studying mechanical properties of 
smooth muscle cells. 

Acknowledgements 

We thank Mr. Yoshiki Ogawara for his superb technical assistance. This work was 
supported in part by Grant-in-Aid for Scientific Research (B) 16360052 and Grant- 
in-Aid for Scientific Research on Priority Areas 15086209 both from the Ministry 
of Education, Culture, Sports, Science and Technology of Japan. 

References 

1 .  Fung, Y.C., 1990. Biomechanics: Motion, Flow, Stress, and Growth. Springer, 
New York. 

2. Matsumoto, T., Sato, J., Yamamoto, M., Sato, M., 2000. Smooth muscle cells 
freshly isolated from rat thoracic aortas are much stiffer than cultured bovine 
cells: Possible Effect of Phenotype. JSME Int. J., Ser. C 43, 867-874. 

3. Nagayama, K., Nagano, Y., Sato, M., Matsumoto, T, Effect of actin filament 
distribution on tensile properties of smooth muscle cells obtained from rat 
thoracic aortas. J. Biomech. (submitted). 

4. Nagayama, K., Matsumoto, T. Mechanical anisotropy of rat aortic smooth 
muscle cells decreases with their contraction: possible effect of actin filament 
orientation. JSME Int. J., Ser. C (submitted). 



5. Hochmuth, R.M., Worthy, P.R., Evans, E.A., 1979. Red cell extensional 
recovery and the determination of membrane viscosity. Biophys. J. 26, 101 - 1 14. 

6. Schmid-Schonbein, G.W., Sung, K.L., Tozeren, H., Skalak, R., Chien, S., 1981. 
Passive mechanical properties of human leukocytes. Biophys. J. 36,243-256 

7. Sato, M., Theret, D.P., Wheeler, L.T., Ohshima, N., Nerem, R.M., 1990. 
Application of the micropipette technique to the measurement of cultured 
porcine aortic endothelial cell viscoelastic properties. J. Biomecb. Eng, 1 12, 
263-268. 

8. Thoumine, O., Ott, A., 1997. Time scale dependent viscoelastic and contractile 
regimes in fibroblasts probed by microplate manipulation. J. Cell Sci. 110, 
2109-2116. 

9. Miyazaki, H., Hasegawa, Y., Hayashi, K., 2002. Tensile properties of 
contractile and synthetic vascular smooth muscle cells. JSME Int. J., Ser. C 45, 
870-879. 



SHEAR DEPENDENT ALBUMIN UPTAKE IN CULTURED 
ENDOTHELIAL CELLS 

K. TANISHITA, M. SHIMOMURA, A. UEDA AND M. IKEDA 
Center for Life Science and Technoogy, Keio Universip, Yokohama 223-8522, Japan 

E-mail: tanishita@sd.keio.ac.jp 

S. KUDO 
Department ofMechanica1 Engineering, Shibaura Institute of Technology, Tokyo 108-M48, 

Japan E-mail: kudous@sic.shibaura-it.ac.jp 

To clarify the process of plasma protein uptake, we focused on a negatively charged 
glycocalyx on the cell surface, since the glycocalyx electrostatically supposed negatively 
charged protein uptake such as albumin, and the glycocalyx thickness was varied with the 
variation of shear stress on the surface. After subjected bovine aorta endothelial cell to 
various shear stress (0.5, 1.0, 2.0, 3.0 Pa) for 48 hours, we determined the glycocalyx 
thickness with electron microscopy and lead cationic particle, toluidine blue, to bind ta 
anionic charged glycocalyx and measured absorbance of the binding amount with 
spectrophotometer. We measured the albumin uptake from acquired fluorescent images of 
fluorescent labeled albumin with confocal laser scanning microscopy at neutralized 
glycocalyx charge and non-treatment. The albumin uptake on non-treatment, increased at 
comparatively low shear stress (0.5, 1.0, 2.0 Pa), and decreased at comparatively high shear 
stress (3.0 Pa). The albumin uptake on neutralized charged cell increased about two fold of 
non-treatment at 3.0 Pa (P < 0.001). From this study, we found that the glycocalyx thickness 
and charge were constant at low shear stress, but changed thicker and higher than control at 
comparatively high shear stress. This result indicates that glycocalyx has the influence on 
albumin uptake at comparatively high shear stress. 

1 Introduction 

The atherosclerotic legion appears in the region of low shear stress of relatively 
large arteries such as the carotid bifurcation and the coronary artery[l]. Since the 
atherosclerosis was initiated by the uptake of low density lipoprotein (LDL) [2], the 
uptake of the LDL is highly associated with hemodynarnic stress. Some studies 
demonstrated that the transport of macromolecules such as albumin across the cell 
membrane is highly affected by the imposed shear stress [3, 41. Kudo et al. [5 ]  
measured the albumin uptake into endothelial cells being affected by shear stress in 
vitro. Their study showed the increased uptake for lower shear stress and decreased 
one for high shear stress. However, the mechanism for such biphasic feature of 
uptake remains unclear, but the endothelial cell interface a key role for regulating 
the uptake of macromolecules. 



The endothelial cell surface coordinate with various extracellular domains of 
membrane-bound molecules, constructing the glycocalyx. Lufi [6]  visualized the 
endothelial glycocalyx layer by ruthenium red staining for an electron microscopic 
study. They found out the glycocalyx thickness was in the scale of 20 nm. 
Subsequent electron microscopic observations of the molecules revealed that the 
glycocalyx thickness is less than 100 nm. However, in vivo study have found 
thicker glycocalyx layer, in the range from 0.5 pm to over 1.0 pm. 

Therefore the glycocalyx layer might be important on interaction between 
blood and endothelium, and various studies have been worked on the glycocalyx 
properties. The glycocalyx consists of protein, glycolipid, and proteoglycans, 
including exposed charged groups. The membrane-bound molecules such as [7, 81 
selectins and integrins, involved in immune reactions and inflammatory processes 
[9, 101. 

The intracellular uptake of macromolecule is regulated by glycocalyx 
properties. The glycocalyx surface has a negative charges, because the glycocalyx 
has some acidic mucopolysaccharide sidechains (glycosaminoglycan (GAG)), 
which contain many carboxyl groups and sulfate groups. And most of plasma 
proteins such as albumin has a negative charge. Thus we may anticipate that the 
glycocalyx layer and anionic proteins have been electrostatically repulsing with 
anionic proteins. In previous study [l 1, 121, when glycocalyx or albumin was 
neutralized, the permeability increased than control condition. 

The glycocalyx thickness may be associated with shear stress. Haldenby et al. 
[13] reported that the glycocalyx thickness varies dependent on the region of vessel. 
This report indicates that the glycocalyx thickness might be associated with shear 
stress, since shear stress varies with various blood vessels. In addition, Wang et al. 
[14] reported that the glycocalyx thickness was thin for low shear region such as a 
sidewall of the bifurcation, and thick for high shear region such as divider of the 
bifurcation. 

In this study we focused on the glycocalyx thickness affected by shear stress. 
We measured the albumin uptake into the cultured endothelial cells with imposed 
shear stress stimulus along with the visualization of glycocalyx layer. To see the 
effect of surface charge of glycocalyx layer, we measured the albumin uptake on 
neutralized glycocalyx layer [ 151. 

2 Materials and Methods 

2.1 Cell culture 

Cultured bovine aorta endothelial cells (BAECs; lot. 32010, Cell Systems, U.S.A.) 
were used in all experiments. The BAECs were seeded in 25 cm2 culture flasks 
(3014, Falcon, U.S.A.) and cultured in Dulbecco's modified Eagle's medium 
(DMEM; 31600-34, GIBCO, U.S.A.). BAECs of passages 5-9 were used for the 



measurement. Subsequently BAECs were seeded on 2% collagen type IV 
(CELLMATRIX-4-20, Nitta Gelatin, Japan) coated glass base dish (39 10-035, 
IWAKI, Japan) or plastic bottom dish (Falcon, U.S.A.) which was used to prepare 
specimen for observation with electron microscopy, after reaching the confluency in 
7-10 days. 

2.2 Shear stress loading 

The culture medium was used as perfusate. The rectangular flow chamber (height: 
0.02 cm, width: 2.0 cm, length: 1.20 cm) was placed on the dish with BAECs and 
attached to the section A in the flow circuit. Shear stress at the wall was given by 
(1): 

T =6p~/h2*b (1) 
where 2: wall shear stress (Pa), p: the viscosity (8.5 x 10-4 Pa0s: measured by a 
rotational viscometer at 37%), Q: flow rate (cm3/s), h: the flow channel height 
(0.02 cm), and b: the flow channel width (2.0 cm). The wall shear stress ranges 
between 0.5-3.0 Pa. The BAECs was exposed to the shear stress for 48 hours. The 
perfusate was kept at 37°C by water bath and gassed with 5% C02-95% air to 
maintain the pH 7.3 throughout the experiment. 

2.3 Albumin uptake 

The albumin uptake into the cell is determined by measuring the fluorescence of 
Tetramethylrhodamin isothiocyanate conjugated albumin (TRITC-albumin; A-847, 
Molecular Probes, U.S.A.). After the shear stress had been loaded to the 
endothelium for 48hours, the flow circuit was exchanged with another flow circuit 
to uptake the TRITC-albumin and the BAECs was supplied the TRITC-albumin for 
an hour as loaded the same shear stress. 

2.4 Acquisition and analysis of images 

After the TRITC-albumin loading, the flow chamber was removed from the flow 
circuit and the DMEM containing TRITC-albumin in the flow chamber was washed 
away for 5 minutes with fresh medium without TFUTC-albumin. The flow chamber 
was attached to the previous flow circuit again and the BAECs was observed as 
loaded the same shear stress, too. 

The observation was conducted by conformal laser scanning microscopy 
(MRC 600 system, BIO-RAD Microscience, U.S.A.) The flow chamber was 
mounted on the stage of the invert microscopy, and the fluorescence images and the 
transmission images were acquired at five random sections respectively. Each 
fluorescence image was consisted of eleven serial tomographic images which were 
acquired for vertical direction (height direction of cell) every 1 pm. We obtained 
the control uptake data from the same lot and the same generation of cells without 
shear stress stimulus. The procedure of operation is shown in Figure 1. The 



acquired fluorescence images were analyzed by an image analysis software (NTH 
Image) with personal computer (Macintosh G4, Apple computer). 

Figure 1 .  Schema of experimental procedure to measure albumin uptake [I  51, 

2.5 Investigation of glycocalyx 

After the shear stress loading, specimens for investigating glycocalyx layer by a 
scanning electron microscopy (SEM) were prepared. The perfusate was removed, 
and the BAECs were washed in PBS (+) (05913, Nissui, Japan) and 0.2 M sodium 
cacodylate buffer (29810, TAAB, U.K.). Then the BAECs were prefixed in 
containing 3.6% glutaraldehyde (EM Grade, 35330, TAAB, U.K.), 1500 ppm 
ruthenium red, 0.2 M sodium cacodylate buffer mixture fixative for 24 hours at 
room temperature. Then the BAECs were rinsed in 0.2 M sodium cacodylate buffer 
with sucrose. The BAECs were postfixed in 1.0% osmium tetroxide, 1000 ppm 
ruthenium red, 0.2 M sodium cacodylate buffer mixture for 3 hours at room 
temperature. The BAECs on the plastic dish were then dehydrated in acetone and 



embedded in Epon. Ultrathin sections were made after Epon layer had been peeled 
off the plastic in order to retain cellular orientation. Acquired images were 
analyzed with an image analyze soft (NIH Image) on a computer (Macintosh G4, 
Apple computer) and glycocalyx thickness was measured. 

2.6 Cell sulface charge measurement 

After the shear stress loading, charge level of the glycocalyx layer on endothelial 
surface was decided by measuring the amount of toluidine blue (Sigma, U.S.A.) 
which was cationic particle and has been used to measure the charge on various 
cells [16]. 

The perfusate was removed, and the BAECs were washed in PBS (+) and 0.25 
M sucrose (3 1365- 1201, Junsei Chemical, Japan). Then the BAECs were stained in 
0.25 M sucrose, 0.001% toluidine blue mixture for an hour at 4°C. We used 0.25 M 
sucrose, since Thethi et al. [I71 reported that in presence of 0.25 M sucrose, the 
binding of toluidine blue was insensitive to pH between 3 and 9. Then the BAECs 
were washed in distilled water 5 times for 10 minutes. The BAECs were soaked in 
distilled water containing 0.1 mglml protamine sulfate (Type X, P-4020, Sigma, 
U.S.A.) to extract the toluidine blue, which was attaching to the glycocalyx, for 30 
minutes at 4°C. The toluidine blue is displaced with the protamine sulfate since the 
protamine sulfate has higher affmity for carboxyl groups and sulfate groups in the 
glycocalyx than the toluidine blue. 

The extract was transferred to quartz glass cuvettes. Then the absorbance of 
the extract was measured by using a double beam spectrophotometer (U-3400, 
Hitachi, Japan) at the extinction wavelength of 640 nm. The absorbance indicates 
amount of charge on the glycocalyx since the absorbance is a concentration of the 
toluidine blue, which electrostatically attaches to anionic site on the glycocalyx, in 
the extract. From the measured absobance, the average absorbance per each cell 
was calculated. The cell amounts on the each dish were measured by using a 
countering chamber. 

2.7 Neutralization of glycocalyx charge 

The glycocalyx was neutralized using protarnine sulfate (Type X, P-4020, Sigma, 
U.S.A.). Protamine sulfate is small and charges highly positive at physiological pH, 
since its isometric point (PI) is 10-1 2. Therefore, protamine sulfate has been used 
as such charge neutralizer [I I ] .  Protamine sulfate was added to perfusate for a final 
concentration of 0.001 mglml. 

After the shear stress had been loaded to the endothelium for 48hours, the flow 
circuit was exchanged with another flow circuit to neutralize the glycocalyx and the 
BAECs was supplied protamine sulfate for 30 minutes as loaded the same shear 
stress. After protamine sulfate loading, the flow chamber was removed from the 
flow circuit and the DMEM containing protamine sulfate in the flow chamber was 
washed away with fresh medium. Then the BAECs were loaded TRITC-albumin 



and measured the light intensity as stated above. In addition, as the referential 
experiments, the non-treatment and protarnine sulfate treated control BAECs were 
similarly measured. 

3 Results 

3.1 Albumin uptake 

On the cells, which were loaded shear stress at 1.0 Pa, large albumin uptake was 
occurred compared with control (no-flow). At 3.0 Pa, on the other hand, albumin 
uptake was lesser than that of control. At 0.5 and 2.0 Pa, there was not significant 
difference between shear stress loaded endothelial cell and control cell. 

We quantitatively evaluated the relation between the shear stress and the 
albumin uptake (Fig. 2). A vertical axis indicates the relative light intensity on 
shear stress loaded cells compared with average light intensity on control. And the 
light intensity indicates the alubmin uptake of endothelial cells. There was no 
significant difference between 0.5Pa shear stress loaded cells and control cells. 
However, at 1.0 Pa, albumin uptake increased 16.4% of control and there was 
significant difference (P < 0.05). And at 3.0 Pa, the albumin uptake was decreased 
to 26.7% of control (P ..: 0.001). 

0 1  I 
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Wall Shear Stress (Pa) 

Figure 2. Effect of shear stress on albumin uptake. The relative light intensity indicates the ratio of the 
uptake with applies shear stress to that without 1151. 



3.2 Investigation of glycocalyx 

glycocalyx layer 
luminal side 

Flgurt: 3. TEM Image of the cross-section of an endothelial cell covered with glycocalyx 1151. 

Figure 4. TEM images of clycocalyx layers (a) without shear stress and with sheare stress of (b) 0.5 Pa, 
(c)1.0 Pa, (d) 2.0 Pa, and (e) 3.0 Pa. Magnification was 20,000 [IS]. 

Fig. 3-5 shows glycocalyx layer images, which were acquired by scanning electron 
microscopy. The black layer on the endothelial surface is the glycocalyx layer (Fig. 
3), which was stained by ruthenium red. The endothelial surface was evenly 
covered with the glycocalyx. And the gap junction was also covered with the 



glycocalyx as well as the endothelial surface. In addition, The glycocalyx covered 
over areas where vesicles were going to detach from the endothelial membrane. 
We exhibited glycocalyx images on control cells and shear stress loaded cells in 
Fig. 4a-e. To outward seeming, all the shear stress loaded endothelial glycocalyx 

(a) SEM image 

a 
(b) plotprofile 
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Figure 5. Determination of the thickness of the glycocalyx layre [IS]. 

layer surfaces were ruder than that of control. But, there wasn't different of 
amplitude of rough on glycocalyx layer surface among each shear stress. And there 
wasn't different of density of stained ruthenium red among each condition, either. 
However, glycocalyx layer thickness was different from some conditions to some 
extent. Then, we measured the glycocalyx thickness from each image by following 



manner. First, we acquired electron microscopic images with a 256 gray scale with 
NIH image and draw a vertical line across the glycocalyx layer against endothelial 
membrane. Second, we measured brightness on the line and drew a plotprofile of 
the brightness. Third, we measured the glycocalyx thickness (Fig. 5). The 
glycocalyx thickness was defined as a length between a middle of up slope to go up 

0Pa 0.5 Pa 1.Oh 20 F'a 30 Pa 

Figure 6. Effect of applied shear stress on glycocalyx. 

the highest brightness and a middle of down slope from the highest brightness in 
plotprofile. Because electron microscopy shows higher brightness as the atomic 
weight of detected material becomes high, the brightness of background was zero 
and the glycocalyx labeled with ruthenium red was reflected darker than others. The 
glycocalyx thickness was measured at 30 point per cell. The measured glycocalyx 
thickness on control, loaded shear stress (0.5, 1.0, 2.0, 3.0 Pa) were appeared in 
Fig. 6. There was no significant difference between control and 0.5, 1.0, 2.0 Pa, but 
3.0 Pa was significantly different from control (P < 0.05). The glycocalyx thickness 
of 3.0 Pa was about 74% thicker than control. 



3.3 Shear-induced change on endothelial sulface charge 

We showed change on the endothelial surface charge after the shear stress loading 
for 48 hour and control in Fig. 7. A vertical axis indicates relative absorbencies, 
which measured absorbencies were divided by measured cell number with a 
counting chamber. Because there is a proportional relation between absorbency and 
charge content of glycocalyx [l6], We estimated relative absorbency as charge 
content. As shown in Fig. 7, there was no significant difference between control 
and 0.5, 1 .O, 2.0 Pa like the glycocalyx thickness. But there was significant 

Figure 7. Effect of shear stress on surface charge. The relative absorbance indecates the surface charge of 
an individual cell and was defined as the measured absorbance divided by the number of cells [15]. 

difference between control and 3.0 Pa (P < 0.05), and the glycocalyx thickness of 
3.0 Pa was about 84% thicker than control. 

3.4 Efect of neutralized charge on shear-dependent albumin uptake 

In Fig. 8, we showed the relation between the shear stress and the albumin 
uptake on neutralized glycocalyx charge with protarnine sulfate and non-treatment. 
A vertical axis indicates the relative light intensity of both neutralized charge and 
non-treatment versus the average light intensity on the control cells. The black 
plots indicate the change of albumin uptake with neutralized charge, and the white 
plots indicate the change of albumin uptake with non-treatment. Although there 
was no significant difference between neutralized charge and non-treatment at 2.0 
Pa, there was significant difference between neutralized charge and non-treatment 
at 0.5 Pa(P <0.05), l.OPa(P <0.05), 3.0Pa(P<0.001). At 0.5 Paand 1.0 Pa, 
albumin uptake of neutralized charge increased about 20% of non-treatment, and at 



3.0 Pa increased about 70% of non-treatment. At 0.5 Pa and 1.0 Pa, albumin uptake 
increased about 20% of non-treatment. The increment indicates baseline charge, 
which is a non-treatment control charge, since this profile indicates apparent 
increment on neutralized charge including charge according to baseline charge. 

4 Discussion 

4.1 Albumin uptake 

This experiment demonstrated that the albumin uptake changed dependent on the 
shear stress (Fig. 2). The albumin uptake tended to increase up to 1.0 Pa, and 

wlo neutralized 

Figure 8. Effect of  shear stress on albumin uptake with and without the charge of  glycocalyx being 
neutralized. 

decrease on over 1.0 Pa. This result supports the low shear hypothesis on 
development points of atherosclerosis, which Caro et al. [ l ]  invoked. Because there 
are some reports that depositions of large molecular proteins, such as low density 
lipoprotein (LDL) [2], albumin [3, 41, and horse radish peroxidase (HRP) [14, 181, 
were found in initial symptom of atherosclerosis. In addition, we compared this 
result with Kudo's study [5]. There were some differences on the magnitude of 
albumin uptake, but our data agreed with Kudo's data in tendency that albumin 
uptake was elevated at low shear stress (0-1.0 Pa), and suppressed at high shear 
stress (over 1.0 Pa). We used bovine aorta endothelial cells, while Kudo used 
porcine aorta endothelial cells. Therefore, this tendency doesn't depend on species. 
In the Kudo's study [ 5 ] ,  the TRITC-albumin was administered to the endothelium 
after stopped loading the flow to conserve the constant albumin diffusion. On the 



other hand, in our study, the TRITC-albumin was administered to the endothelium 
while the endothelium was being loaded the flow to approach to intravital condition. 
Despise of such difference on manner of administration, the tendency on our study 
corresponded with Kudo's study. This correspondence indicates that the effect of 
endothelial function modified by shear stress may be more efficient than the effect 
of flow velocity on albumin uptake. 

However, in this experiment, at high shear stress (When main stream velocity 
is faster.), albumin uptake tended to decrease. Moreover, this tendency 
corresponded with Kudo's study [5], in which TRITC-albumin was loaded after 
flow was stopped. In our experiment, TRITC-albumin was loaded as the perfusate 
was flowing. Therefore, according to this experiment, We suggest that on albumin 
uptake, the effect of stream velocity is small, and the endothelial function, which 
controls albumin uptake by being subjected to shear stress, is more efficient. 

4.2 Change of glycocalyx layer thickness 

In this study, we demonstrated that in vitro the glycocalyx layer labeled with 
ruthenium red covered almost all over the endothelial surface membrane (Fig. 3-5). 
In previous study [ti] which we imitated the stain and the fixative manner, the 
glycocalyx layer had thickness in range of 20 nm. According to our data, the 
glycocalyx thickness range was 20-40 nm. Therefore, we suggest that the 
glycocalyx thickness is adequate. The glycocalyx layer was irregularly shaped with 
a fluffy appearance. 

This study also demonstrated that the glycocalyx thickness increased at high 
shear stress (3.0 Pa), while did not change against control at low shear stress (0.0- 
2.0 Pa) (Fig. 5). This result indicates that the glycocalyx thickness changes depend 
on shear stress over 3.0 Pa. Wang et al. [14] reported that in rabbit aorta bifurcation 
the glycocalyx thickness was thicker at high shear stress region than at low shear 
stress region. Therefore, our results corresponded with Wang's report. Baldwin et 
al. [I91 investigated glycocalyx layers at rabbit aortic endothelium with a ruthenium 
red and an electron microscopy and reported that the glycocalyx thickness was 
about 20 nrn. And Rostgaard et al. [20] investigated glycocalyx layers at rat 
capillary in intestinal villus with a ruthenium red and an electron microscopy and 
reported that the glycocalyx thickness was about 50 nm. These results indicate that 
glycocalyx thickness may be thin at low shear stress and thick at high shear stress, 
since shear stress differs according to various vessels. In addition, our result 
indicates that shear stress induces the change of endothelial surface charge. The 
increment of glycocalyx layer labeled with cationic dye, ruthenium red, means the 
increment of charge. But, it is not clear whether the glycocalyx change is caused by 
increasing the number or length of glycosaminoglycan (GAG) on a coreprotein, or 
by enlarging the length of coreprotein. Arisaka et al. [21] reported about effects of 
shear stress on GAG and protein metabolism of porcine aorta endothelial cells in 
vitro, and demonstrated that the application of shear stress over 24 hours led to 
significantly increased both GAG and protein synthesis. Therefore, enlarging 



proteoglycan, which consists of coreprotein and GAG, may cause the increment of 
glycocalyx thickness. 

4.3 Change ofsu$ace charge 

This experiment demonstrated that charge content on an endothelial surface did not 
change at comparatively low shear stress (0.5, 1.0, 2.0 Pa), and increased at 
comparatively high shear stress (3.0 Pa) against control (Fig.7). Comparing with 
the change of glycocalyx thickness, both changes on charge content and glycocalyx 
thickness had a little difference at comparatively low shear stress. The change on 
glycocalyx thickness was about 74% increment against control, while the change on 
charge content was about 84% increment against control. Although this 10% 
difference may be caused with a change on distribution of glycocalyx on an 
endothelial cell, this data indicate that change on charge content is mainly induced 
by change on glycocalyx thickness. 

In this experiment, although charge was measured by Van Damme's method 
[22], there was a problem on staining glycocalyx. Toluidine blue, which was used 
to electrostatically label the glycocalyx, was absorbed into intracellular space. In 
this study, glycocalyx was stained at 4°C to stop vesicle mediated metabolic 
transport. Kudo et al. [23] reported that metabolic transport was inhibited at 4°C. 
Since molecular weight of toluidine blue is 308 Da, we can regard toluidine blue 
transport from extracellular space to intracellular space as free diffusion. And we 
can regard Endothelial surface area as constant surface area on all conditions 
according to our data. Therefore, we regarded amount of absorbed toluidine blue 
into intracellular space as constant on all conditions and judged that this method 
was adequate on comparison of relative change. 

4.4 Effect of neutralized charge on albumin uptake 

In this experiment, we demonstrated that neutralized glycocalyx charge by 
protamine sulfate did not effect to albumin uptake at comparatively low shear stress 
(0.5, 1 .O, 2.0 Pa), and at comparative high shear stress (3.0 Pa), albumin uptake on 
neutralized charge increased about two fold of albumin uptake on non-treatment. 
This result indicates that the change of glycocalyx at comparative high shear stress 
(3.0 Pa) caused decay on albumin uptake dependent on shear stress, and at low 
shear stress (0.5, 1.0, 2.0 Pa), doesn't effect shear-stress-induced change on 
albumin. 

In this experiment, although, the change of albumin uptake against non- 
neutralized charge was caused by neutralized glycocalyx charge at 3.0 Pa, shear- 
stress-depend change on albumin uptake appeared despite of neutralized glycocalyx 
charge. It isn't enable to explain this shear-stress-dependent change on albumin 
uptake without the effect on charge by our study. However, this residual change 
may connect to Kudo's study [24]. In the light of albumin uptake caused by 
energy-dependent transport by transcytosis, Kudo et al. [24] studied about effect of 



shear stress on ATP-dependent albumin transport. According to the result, they 
indicated that ATP and albumin uptake increased at low shear stress (1.0 Pa), and 
ATP and albumin uptake decreased at high shear stress (6.0 Pa). Thereby, the 
residual change on albumin uptake in this study may have relation to energy- 
dependent transport. 

In this study, we used protamine sulfate as an anionic charge neutralizer. But, 
it is possible that increment on albumin uptake may be due to a cytotoxic effect on 
endothelium as well as protamine sulfate's neutralization of charge barrier on the 
endothelial surface. However, we confirmed that protamine sulfate didn't have a 
cytotoxic effect. Because the viability of endothelium, which was administered 
with protamine sulfate, was 97.1 i 1.8% according to dye exclusion test with 1.0% 
trypan blue. In addition, Swanson et al. [ l l ]  reported that no mediator for 
protarnine-induced increased microvascular albumin permeability was identified. 
Thereby, we regarded protamine-sulfate-induced increment on albumin uptake as 
caused by neutralized the glycocalyx charge. 
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The natural synovial joints have excellent tribological performance hown as very low friction 
and very low wear for various daily activities in human life. These functions are likely to be 
supported by the adaptive multimode lubrication mechanism, in which the various lubrication 
modes appear to operate to protect articular cartilage and reduce friction, depending on the 
severity of the rubbing conditions. In this paper, the biomechanical and biotribological 
importance of surface and surface zone in articular cartilage is described in relation to 
frictional behavior and deformation. It is pointed out that the replenishment of gel film 
removed during severe rubbing is likely to be controlled by supply of proteoglycan from the 
extracellular matrix, where the chondrocyte plays the main role in the metabolism. The roles 
of surface profiles and elastic property measured by atomic force microscopy are described. 
It is shown that the local deformation of biphasic articular cartilage remarkably changes with 
time under constant total compressive deformation. The importance of clarification of actual 
strain around chondrocyte is discussed rn relation to the restoration of damaged articular 
cartilage. 

1 Introduction 

The natural synovial joints with very low friction and low wear are likely to operate 
in the adaptive multimode lubrication mechanism [l-31, in which the fluid film 
lubrication, weeping, adsorbed film andlor gel film lubrication can become 
effective depending on the severity of operating conditions in various daily 
activities. In natural hip and knee joints during walking, the elastohydrodynamic 
lubrication (EHL) mechanism, based on the macro- and micro-scopic elastic 
deformation of articular cartilage and viscous effect of synovial fluid, appears to 
play the main role in preserving low friction and low wear. The effectiveness of the 
fluid film lubrication depends on the minimum film thickness, which should be 
higher than the surface roughness. The maximum height of the undeforrned 
articular cartilage surface ranges from I to 2 pm [4]. Fortunately, even in the 
contact conjunction zone (load-carrying zone) where the minimum film thickness is 
less than 1 pm, the flattening of initial protuberances of articular cartilage surface is 
enable to achieve fluid film lubrication during walking, as indicated by micro-EHL 
analyses [5, 61. At start-up after long standing, however, some local direct 
contact may occur even in healthy natural joints. Therefore, the protecting 



performance of the surface film on articular cartilage becomes important in the 
mixed or boundary lubrication regime. 

Id the rubbing condition with local contact, the adsorbed films [3, 7-1QJ such as 
phosphalipds, glycoproteins and proteins appear to protect the rubbinfg &ces 
and reduce wear. However, the severer rubbing is likely to remove the adsorbed 
film and mb off the underlying surface layer. For this condition, natural synovial 
joints seem to have mother protective layer of gel film with low shearing resistance. 

The repair of damaged cartilage depends upon not only the qlenishment of the 
surface layer but h a  the bulk matrix recovery. It is considered that articdar 
cartilage adapts to changing mechanical environments where the chondrocyte can 
respond to the 10cal stress-strain state [!I, 121, but the detailed process has not yet 
heen clarified. Chondmcyb are concerned with the mechanisms underlying 
remodeling, adaptation, and degeneration of articular cartilage in joints ~ubjected to 
changing loads, and it is important to know the stress-strain state of the cartilage 
and extracellular matrix wound chondrocytes. Its depthdependent complicated 
structure causes a complex stress-strain field. Some compression studies [13, 141 
using confocal laser scanning microscopy (CLSM) or video microscqy focused on 
the equilibrium strain state of a compxssed articular cartilage speoimen. However, 
artirmlsr cartilage has a viscoelasticitic property based on a high water content of up 
to 80% and the fluid-flow behavior concerns the time-dependent deformation of 
articular cartilage when the tissue is exposed to compresdon. Therefore, it is 
nesessary to observe the time-dependent stress and strain of compressed articular 
cartilage, to clarify the change of the mechanical environment of chondrocytes. 

In this paper, h t  the protective mechanism provided by gel films is shortly 
described. Next, we examine cartilage surface properties such as s h c e  profile and 
elasticity. Then, time-dependent and deptbdependent local strain in articular 
cartilage under constant total compression is observed. Finally we discuss the 
importance of actual stwin around chondrocyte particularly in surfaoe zone in 
relation to the restoration of damaged articular cartilage. 

2 ProtectWe Roles of Surface Layer of Articular Cartilage 

To elucidate the protective mechanism of the adsorbed and gel films, the 
reciprocating tests [IS, 161 of ellipsoidal speciman of articular cartilap from 
porcine femoral condyle against a glass plate were conducted at a constant bad of 
4.9 N (mean contact pressure : 0.13 MPa), stroke of 35 mm, and sliding speed of 5 
rnrnls, under both unlubricated and lubricated (with dine) conditions as shown in 
Fig.1. The rubbing tests were stopped at definite sliding distances, To investigate 
the chanps in surface morphology with repetition of rubbing, the articular cartilage 
surfaces were observed in saline by atomic force micmwpe (AFM) as fluid 
tapping mode wing scanning probe microscopy SPM systems (Nitnoscope III, 
Digital Instruments, USA). By this noncontact method immersed in liquid, the 



influence of capillary force between the tip and the obswed surface was 
diminished and the rubbing action by the tip was minimized. The scanning speed 
is 1 to 2 linesh. Figure 1 shows the changes in the fiictiond behaviors in sliding 
pairs of a natural articular cartilage specimen and glass plate with the sliding 
distances under bath unlubricated and saline lubricated conditions. For both 
conditions the fiiction was increased with the sliding distance. However, under an 
unlubricated rather than a lubricated condition, a lower friction was maintained, 
thus the role of the surfae layer of the lubricating adsorbed films andor gel films 
was expected to be emphasized. Under lubricated conditions with low viscosity 
saline, the easy removal of lubricating molecules or surface layers from the 
cartilage surface seems to be responsible for a rise in friction. The preserving of 
low friction is ascribed to the surviving of adsorbed molecules and/or gel film in the 
case of longer rubbing. 

To examine the friction mechanism in the transient rubbing process for the 
unlubricated condition, the articular surfaces at 0.35 m and 9 rn (Fig.1) were 
observed by the fluid tapping mode AFM. Figure 2(a) shows the AFM images of 
an intact articular cartilage surface, which has a considerably smooth morphology 
with a maximum height of 1 to 2 pm. At a short sliding distance of 0.35 m under 
the unlubricated condition where the coefficient of fiiction is less than 0.01, the 
cartilage surface was slightly rubbed as shown in Fig.%(b). With further rubbing, 
the fibrous tissues appeared at 9 m sliding in Fig.2(c), where coefficient of fiiction 
becomes about 0.1. Therefore, it is considered that the acellular and non-fibrous 
surfme layer has been rubbed off at this stage. As the detailed structure of gel 

Reciproccltlng tester 
Sliding diatancg rn 

Figure 1.  Frictional behavim of articular cartilage against glass plate. 

I 

(a) Intact surface (b) Sliding of 0.35m (c) Sliding of 9m 
Figure 2, AFM images of intact and rubbed artimlaf cartilage surfaces. 



film has not yet been clarified, we conducted the treatment of intact articular 
cartilage with Chondroitinerse ABC as the enzyme specific for proteoglycarus [17]. 
This treatment for 30 h denuded its amorphous layer and exposed the underlying 
fibrillar network. Therefore, the main constituent of the most superficial gel layer 
comi9ting of acellular and nonfibrous tissue was identified as proteoglycans. This 
gel film layer is considered to play a protective role like a kind of solid-lubricant or 
as a surface gel hydrated lubricant [18] after removal of adsorbed films in the thm 
film mixed and boundary lubrication regimes. 

On the basis of these results, the local direct contact point after removal of the 
surface films composed of adsorbed and gel films is depicted in Fig.3. The 
replenishment of surface films is likely to be brought about by the supply of 
amphiphlic molecules and hyaluronic acid in synovial fluids and the proteoglycans 
from the extracellular matrix in which the chondrocyte csm control the metabolism. 

Phvspholiplds, 
Proteins, 
Glycoproteins, . Qei film 
Haluronic acids, - 
Others 
via synovia 

3 Surface Profde and Elastic Property of Cartilage Surface 

Superficial articular cartilage is covered with adsorbed film and acellular 
amorphous layer of 200-500 nm thick which appears to play sm important role in 
the tribological function of synovial joints [15]. In this study, we used AFM to 
investigate this surface layer. The surface topography of articular oartilage was 
observed, and the surface stiffhess was chmterized by measuring force- 
indentation curves. Such microscopic properties are necessary to know adequately 
effects of mechanical environment on the metabolism of articular cartilage. 

Porcine knee joints were obtained from a local butcher shop suld stored at 4 'C 
until experiment. Rectangular cartilage plates (approximately 2 x 2 x 0.5 mm) were 
separated from the surface of femoral condyles as shown in Fig.4 and immediately 
glued onto a circular glass coverslip using cyanoactylate glue. Using two-sided 
adhesive tape, the coverslip was fixed to a steel disc mounted on the piezowaryler 
of the AFM. A Nanoscope IIIa AFM was used to image the surface topography of 
articular cartilage. All experiments were conducted in an aqueous environment 
using the liquid cell of the AFM. PBS was used as hydration media. 



W @ m  5. Relative elasticity by FIEL. 

In addition to the obsavatjon of d m  topography, surface elasticity was 
measwed by AFM [19], Using AFM, elasticity znamrments are performed by 
pushing a tip of AIW onto the surface and deriving forw-versus-indentation (F-I) 
curves. Here, cantilevers with a nominal force constant of R = 0.58Nh and 
oxide-sharpened 5i& tips were w d .  To calculate relative elasticity vatus, we 
used the FIEL (farce integration to equal limit) equations de~ribed by Hmsm et d. 
[203, These eqati0118 are given for conical, parabolic and cylindrical tips as 
follows; 

whew E' is equivalent modulus of elasticity, and w is the area under a F-I curve 
(Fig. 5), n = 2 for cone, 312 for pmbcila, 1 for cylinder. En is defined by 

where E and v are Young's modulus and Poisson% ratio, respedively. 
The surfw of intact porcine articular cartilage was veay smooth, with gentle 

mounds of 1-2p.m hd&t under the physiologid wet wnditim (Fig. 6). Figure 7 
shows [Cantilever &flectim]-[Sman] curves that were collected on 9 paints 



that were central point (point 5 )  and surrounding o n a  on lattice with 10 pn~ mesh 
on a surface of porcine articular cartilage in Fig.6. These curvm did not vary widely, 
thus the surface stiffness of these paints was not different significantly each other. 

Surface morphology of normal natural articular cartilage under AFM showed a 
smooth surface. This result is consistent with previous studies. However, wrinkles, 
hollows or pits existed on human osteoartbritic cartilage in previous study [19]. 

The surfwe stiffness of n m a l  porcine articular cartilage was approximately 
homogeneous and the average value of E* was estimated as 2.6 f 0.21 (SD) MPa, 
where E* = 2.8 MFa for silicone rubber was used as reference. The indentation 
depth was about 20-45 nm, and F-I curves were integrated &om 0 nm to 20 nm 
deflection to compare surfaee &ess relatively. In our previous measurement, 
elastic modulus E for porcine cartilage bulk specimen at equilibrium was 2.0 f 0.7 
(SD) MPa [21]. Although the estimation of E value for surface depends on 
Poisson's ratio, intact normal cartilage surface appears to have similar elastic 
modulus to bulk property. In contrast, the variation of surface stiffness was found 
depending on surface morphology on human osteoarthritic cartilage [19]. The 
heterogeneity of surface stiffness should be considered for evaluation of 
degenerative progress of o s ~ t i s .  

4 Visualization of Tlm~Dependent Strain in Articular Cartilage in 
Cornpmsisn 

Next, we observed the changes in local strain in articular cartilage spesimens under 
compression by monitoring the position of stained chon60cyte in the CLSM 1211. 
The staining of chondrocyte is treated with calcein-AM, at 1 pllml and 37 for 30 
min. The compression apparatus shown in Fig. 8 with high precision within 0.2 
pm for position control was newly developed. This apparatus was allocated on the 
stage of CLSM and the compression speed can be adjusted from 1 @s to 4,000 
&S by feed-back control of DC servo-motor. In these tests, 13% total strain was 
applied in 1 s in unconfined compressive condition. On the basis of these 
visualized images, the time-dependent and depth-dependent changes in local strain 
of articular cartilage were evaluated The fluorescence images of chondrocytes in 
articular caritilege specimens are shown in Fig.9, where the highlighted elliptical 
bodies of 10 to 20 pm indicate the chondrocytes. Some chondrocytes are enclosed 
with white circles. These images were observed twerp. 2 B until 400s at equilibrium 
after loading. In these tests, the articular cartilage surface ww located at contact 
with the fixed plate, in order to keep the surface position within visual field of 
microscope. We estimated the local atrain by calculating the changes of the 
distance in perpendicular direction to the cartilage snrface between the definite 
chondmcytes as follows; 

Local strain immediately after cornrpressian : fa - b ) l o  
Local strain at equilibrium : (a - c ) 1 a 



Change in local strain to equilibrium immediately after compression : (b - e) l a 
Here, as shown in Fig.9, a, b and c means the distance between the corresponding 
chondrocytes before compression, immediately after compression and at 
equilibrium after 400s, respectively. 

In Fig. 10, the estimated values of local strain immediately a h r  the total 
deflection of 13% and at the equilibrium are plotted against the relative: location in 
the depth direction, where 0 means surface and 1 means the tidemark as the 
boundary of subchondral bone. The articular ~artilage is usually discriminated as 
three zones, i.e., the surface, middle and deep zone along the perpendicular 
direction from surface. It is noted that the response of middle and deep zone is 
quick but the deformation of surface zone is low immediately afia compression, 
However, the wrface zone was largely compressed than average strain during stress 
rehation. In contrast, the deformation of deeper zone was clearly recovered 
probably accompanied with flowing of fluid into the middle and deep zone during 
stress relaxation. 

b a d  call Gar, wnsor Ball =raw 
(1 I aerore compression 

\Objective terra n (2) hmectiately after compression 

Figure 8. Compression apparatus. I (3) Eqi.tWrium tmr~&ion 

-0.1 1 , I i I 
0 0.2 0.4 0.6 0.8 1.0 

Relative position 
Figure 10, T i d i n s  Wdl@&-depending strain Madm. 



5 Discussion 

As described above, the natural synovial joints are likely to operate in the adaptive 
multimode lubrication mechanism, in which various lubrication modes can become 
effective depending on the severity of operating conditions in various daily 
activities. In this paper, we focus the importance of surface and surface zone in 
articular cartilage. On the EHL mechanism, the fluid film formation is enhanced 
by elastic deformation of articular cartilage, and the possibility of fluid film 
lubrication mode depends on relative value of film thickness and surface roughness 
of cartilage. As shown in section 3, cartilage surface has surface roughness of 1 to 
2 pm height and similar elastic modulus to bulk property. The micro-EHL analysis 
by Dowson and Jin [5, 61 used the surface asperity model of maximum height of 2 
pm and elastic modulus of 16 MPa. Although some modifications for pitch from 
peak to peak in surface topography and for larger elastic deformation with low 
elastic modulus are required, the similar flattening of surface asperity is expected 
and thus fluid film lubrication appears to be capable of protect the rubbing cartilage 
surfaces during normal walking. Some degraded cartilage surface in osteoarthritic 
cartilage may have very lower elastic modulus in local position [19], thus excessive 
strain may induce further degradation. The detailed investigation of surface 
morphology and elastic property is required to elucidate the progressive mechanism 
of osteoarthritis. 

Another importance to prevent the degradation of articular cartilage is the 
preservation of adsorbed film and underlying gel film as indicated in section 2. 
Particularly, the restoration of damaged proteoglycan gel film appears to depend on 
the supply of proteoglycan from the extracellular matrix, in which chondrocyte can 
control the metabolism. In articular cartilage, chondrocyte responds to mechanical 
stimuli. Therefore, to clarify the metabolism of cartilage tissue, it is required to 
understand the stress-strain state in cartilage and around the chondrocyte. 

The visualization method to estimate the time-dependent and depth-dependent 
local strain behavior in cartilage described in section 4 is a useful approach to 
clarify actual strain condition. In the visualization tests of chondrocytes, we found 
that the local strain shows time-dependent and depth-dependent behaviors. 

The experimental results indicated that the surface zone moderately responded 
at the initial stage of compression and then was largely compressed during stress 
relaxation. In the surface zone, collagen fibrils are arranged in parallel sheets to 
the articular surface. This anisotropy accompanied with less proteoglycan appears 
to affect the compressive strain in the surface zone. On the contrary, the middle 
and deep zones containing larger percentage of proteoglycan than surface zone 
were quickly compressed at the initial stage and then recovered probably with water 
flowing in under unconfined compression. The excessive compressive strain in 
surface zone at equiribliurn may be related to unconfined test condition. 



The strains of articular cartilage control the deformation of chondrocytes as 
indicated by previous experimental and numerical biphasic studies [13, 22-24]. 
Therefore, the strain behaviors of articular cartilage are expected to have an 
important influence on the biosyntheses of proteoglycans by chondrocytes with 
mechanical stimuli, thus proteoglycan appears to control the bulk stiffness, 
permeability and the restoration of the lubricating gel film on the cartilage surface. 

The time-depending and depth-depending changes in local strain around 
chondrocyte should be clarified by comparison with numerical analyses based on 
biphasic theory considering non-linearity and complex property of articular 
cartilage at the next stage. The threshold strain values to which chondrocyte can 
respond in the mechanical signal transduction pathway, should be evaluated by 
considering the time-depending and depth-depending mechanical behaviors in 
biphasic cartilage. The adsorbed film and gel film seem to control the permeability 
through surface. Therefore, further research is required to clarify the stress-strain 
state in articular cartilage under various surface conditions. 

6 Conclusions 

The biomechanical and biotribological importance of surface and surface zone of 
articular cartilage is summarized from the reciprocating rubbing tests of articular 
cartilage, AFM measurement of surface topography and stiffness, and visualization 
of local strain in compressed articular cartilage. 

The importance of articular cartilage surface film was indicated by the 
protective role of proteoglycan gel film in rubbing tests. The influence of surface 
roughness and elastic property of surface evaluated with AFM on fluid film 
lubrication was described on micro-EHL mechanism and contact phenomena. 

In the visualization tests of stained chondrocytes, the time-dependent and 
depth-dependent behaviors in the local strain of articular cartilage could be 
evaluated. The optical observation in unconfined compression test indicated that 
the surface zone moderately responded at the initial stage of compression and then 
was largely compressed during stress relaxation. 
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O~teoblaaits phy an hpomnt role in adaptive bone rewdeling under th influence- of local 
mechanical s i d  such as s&strain due to Loadina/dcformation. However, the m e o w  
by which o&blasts - the mechanical lgnds  I& mBduce tbem int0.m intmccllular 
biocllemical-siding oaecadc i~ d l  unclear. in this study, calcium-siplfng mpmue ofthe 
ostcoblmtic wU9. MC3T3-El. to the local mdmnical atimulue was obmed by focusina on 
the i n v o l v ~ t  of cytmkeletal actin fibor struchuc in the recchano~n&on pathway. 
Laalized deformation as the mhsnical pwhubatian was applid to a single d l  by dinct 
indentatton of a glaee micronde, and a c h g e  in the 'mtracellular calcium ion conccntratiun 
[Csf+Ii ww obawvcd as a primal response to the etimulus. 7%e ~ h a l d  d u e  of the 
mechanical pscbdmtion wpe evafuetcd q~mtitatively, and ib directional depsmdcacc dus to 
the aligned cytoshletal potin f i b  wae investigated As a result, mhimokmuitivity of the 
oatcoblastic cells to the local mechanical atimlua depends on the an@e of the applied 
d e f d c m  with mpt to the cytoskcletal actin -fibs otientatiw~ This findkg is 
phsnomonolo~l cvidonw that the cytoskeletal actin fiber atroctuns arc involved in the 
mechano~duction mechanism in osteobhtic cells. 

1 Introduction 

Bone remodeling is an adaptation process through complex wd coordinated series 
of cellular events including osteoclastic resorption and osteoblmtic formation [I]. 
In this process, physical signals mch as etress/strain indumd by mechanical 
loadins/deformation play important regulatory roles of cellular activities [2], and 
lead to intracellular signaling c& [3, 41. Although the effects of mechanical 
stimuli on bone cells have been investigated in in viiro experiments by applying 
fluid shear stress and mechmicd straia through their ~ubstrata deformation [S-1 11, 
little is known about the mechanism by which oeteoblasts sense m e c h i d  signals 
and transmit &em into an intracellular signaling response. In those cases, the 
mechanical stimulus was applied to a population of cultured cdls, and average 
cellular responses were evalu~tcd. Thus, to clarify how a single cell detects and 



transmits a mechanical stimulus, identification and characterizsltion of the pathway 
have to be carried out focusing on the cellular mechanical components in a single 
osteoblastic cell. 

Extracellular matrix-integin-cytoskeletal structure is known as a candidate 
mechanotrduction pathway [2, 121, and that the cytoskeletal actin fibers 
iduence the cellular response to mechanical stimulus [ll]. The cytoskeleton is 
one of the major intracellular determinants of cellular morphology and functions; 
integrins am transmembrane receptors that mechanically link cytoskeletal actin- 
associated proteins to the extracellular matrix. In osteoblastic cells, cytoskeletal 
actin fibers have a characteristic structure that is oriented along the mjor  axis of 
the qindle-shaped cell. If this cytoskeletal actin fiber structure plays an important 
role in the mechanotraasducton mechanism in oeteoblastic cells, characMristics of 
the structure may affect the subsequent signaling pathway, which can be observed 
as a change in a cellular signaling response to a mechanical stimulus. 

The a im of this study were to investigate the characteristics of the response of 
a single osteoblastic cell to a mechanical stimulus due to perturbing the plasma 
membrane using a glass microneedle, and to examitle the involvement of the 
cytoskeletal actin fiber structure in the mechmotransduction pathway. First, by 
applying quantitative mechanical psrturbation to an osteoblastic cell using, a 
microneedle, a change in the intracellular calcium ion concenttation, [C!a2+],, was 
observed as the primary signaling response to the r n e c b i ~ a l  sti~ulm, through 
which the threshold value of the perturbation was evaluated qusl~~ritatively. Second, 
to study the directional dependence of the response to the mechmmical stimulus, the 
effect of acth fiber orientation on the threshold value of the calcium signaling 
response was investigated at various magnitudes and directions of che stimulus. 

2 Materials and Methods 

2.1 Cell culture and intracellular calcium imaging 

Osteoblast-like MC3T3-El cells obtained h m  RIK;EN Cell Bank were plated on a 
glass-bottom dish (+= 35 m) at a density of lo5 cells / dish, cultured in the a- 
minimum essential medium (a-MEM: ICN Biomedicals) containing 10% fetal 
bovine serum (EBS: ICN Biomedicals), a d  maintained in a 45% air and 5% C& 
humidified environment at 37 deg.C. 

Cells were incubated for 3 hours afier plating and then loaded with 5 phi flno- 
3-AM (Dojindo Molecular Technologies), a fluorescent intracellular ca2+ indicator, 
in FBS-free a-MEM for 1 hour. Cells were rinsed with phosphate-buffered saline 
(PBS) and returned again to FBS-free a-MEM. 

The change in the intmcellular calcium ion concentration, [cazTi, was 
observed by measuring increases in the fluorescence intensity of flu04 using a 
confocal laser scanning microscope (MRC-1024/MP, BibRad) at room temperature 



(23 deg.C). The observed region was 222 x 222 pa2 under a 6th oil-immmion 
objective lens. Each flaorescence image, with a size of 512 x 512 pixels, at a height 
of 2 pm fiom the dish bottom was scanned at a rate of 1.5 sec per image, and the 
flwrescence intensity of each pixel was digitized into 8 bits wing a computer. 

2.2 Cell orientation 

Fluorescence and transmitted images of an osteoblastic cell are superimposed and 
shown in Fig. lA, in which the tip of the microneedle can be seen at the center of 
the cell. In osteoblastic cells, cytoskeletal actin fibers have an aligned structure 
whose direction significantly coincides with the major axis of the spindle-shaped 
cell @ < 0.01, r = 0.83 for n = 20), in which the cellular axis was determined as the 
major axis of an ellipse fitted with the cell shape determined using an image 
processing software (Image-Pro Plus, Media Cybernetics), and the major axis of 
cytoskeletd actin fibers was determined as that of the fabric ellipw [14] measured 
for a Rhodamine-Phalloidin fluorescent image of the actln fibers. The angle 
between the microneedle a d  the cell axis was defined as 6 (deg.), as illustrated in 
Fig, 1B. 

- 
Indentation 



2.3 Mechanical stimulation 

A mechanical stimulus was applied to a single osteoblastic cell using a tip of a glass 
microneedle with a tip diameter of 10 p. The tip of microneedle was heated to 
make it smooth and round. The microneedle was attached to a three-dimensional 
hydraulic micromanipulator (MHW-103, Narishige) at an angle of 40 deg. between 
the microneedle axis and the dish plane. 

The schematic of the deformation applied to a single cell is shown in Fig. 1C. 
First, the tip of the microneedle was moved down vertically to indent the cell 
surface to a height of 2 pm from the dish bottom, and held there for a few seconds, 
as illustrated in Fig. 1C (left); note the thickness of the cell at the point of 
indentation was about 6 to 8 pm. Second, after confirming the lack of cellular 
response to the indentation, the microneedle was moved horizontally in the 
direction of angle B (Fig. 1B) at a speed of 10 p d s  to deform the cell, as illustrated 
in Fig. 1C (right), where the displacement of the tip was defined as S ( p ) .  

3 Results 

3.1 Response of osteoblastic cell to mechanical stimulus 

A transient increase in the intracellular calcium ion concentration, [ca2'],, in a 
single osteoblastic cell in response to the applied mechanical stimulus was observed 
as an increase in the fluorescence intensity of fluo-3, as shown in Fig. 2A. Figure 
2B shows the time course change in the average fluorescence intensity in the cell, in 
which arrows (a) to (d) correspond to the cells in Figs. 2A(a) to (d), respectively. 
Figure 2A(a) shows the fluorescent image of the cell before stimulation. When the 
tip of microneedle was indented vertically at the center of the cell, a shadow of the 
tip was observed as a black spot (white arrow) on a focus plane at the height of 2 
pm from the dish bottom, as shown in Fig. 2A(b). After confirming that this 
indentation did not induce significant change in [~a~ ' ] , ,  the tip of the microneedle 
was displaced horizontally, S= 8 pm, to deform the cell at t = 0 s, as shown in Fig. 
2A(c). Immediately after the stimulation, the fluorescent intensity increased and 
spread within the cell, subsequently reached its peak value at t = 12 s (Fig. 2A(d)), 
and then decreased gradually toward the basal level before stimulation, as shown in 
Fig. 2B. Once the calcium response was observed, the microneedle was moved 
away from the cell. 

When the local deformation was applied to a single osteoblastic cell using a 
microneedle, some cells responded with increase in [ca2f1, and some did not. In 
order to examine the effect of the magnitude of deformation on cellular response, 
the displacement magnitude Sin the horizontal direction was varied from 2 pm to 
12 pm at 2 pm intervals. The percentage of cells P that responded to the stimulus is 
analyzed against the applied deformation Sfor cells (n = 39) in the range from B= 



60 to 90 deg (data not shown) as an example. For small displmments, 6= 2 to 6 
pm, no cell responded to the mechanical stimulation. However, with increase in the 
applied displacement, the percentage of cells that responded to the stimulus P 
increased, and 80 % of the cells responded to the large displacement 6= 12 mm. 
This result indicates that there is a threshold of displacement that cells can sense 
and respond to the mechanical stimulus. 

3.2 Directioml dependence of response to rne~hanical stimulus 

From observations in the previous section, it was indicated that a wll has a 
threshold value at which it can respond to a mechanical stimulus. If the cytoskeletal 
actin fiber structure plays an important role in the mechanotlansduction mechanism 
in osteoblastic cells, characteristics of the structure may affect the threshold value at 
which it tesponds to a mechanical stimulus. Here, we focus on the orientation of the 
cytoskeletal actin fiber structum in the osteoblastic cells that may cause a 
directional dependence of the response to a mechanical .stimulus. TO examine the 
directional dependence of the response on the threshold value, the abovementioned 
cellular calcium response to the mechanical stimulus was studied by applying 
deformation in various directions 0. 

Cells were divided into three goups based on the angle 6, Group A (+), 6 = 
0 - 30 deg (n = 35); Group B (m), 6- 30 - 60 deg (n = 35); and Group C (A), 8- 
60 - 90 deg (n = 39). The peroentage of the cells P that r w p d e d  is plotted in Fig. 



3A against the magnitude of applied displacement d Aa oan be seen in this figuse, 
for snxdler disphments S= 2 - 6 pm, no cells rwpmded to the stimulation in all 
groups. For displacment 6- 8 pn, cells in Cironp A did not respond, while 25 % 
and 44 % of the cells in Group B and Group C responded to the stimulation. For 
displacement &= 1 ~ l m ,  14 %, 50 %, and 63 % of the cells in Qrwps A, B, and C 
responded, mapectively. In each p u p ,  it can be observed that a larger 
  la cement leads to a higher percentage of respouse, In addition, for displasement 
S = 8 w  a d  a larger angle &seems to 1 4  to s hi;ghw patatage of 
msponse. These re~ults indicate that the sensitivity of of ansteoblatic wll to a 
meehdmI stimulus is affected by both the magnitude and direction of 
displacement, that is, the sensitivity seems to be rels;ted to the tingle of cytc,&e1etd 
actin fiber orientation. 

Figtm 3. Pseentsgc of cells to mechanical stimulus [13]. A: ThtM gmape divided M on 
the mgle of applied dcfonnntion. B. Dinc t id  dependence of cellular respan= for 6 - 10 pm. 

To investigate direotional dependence of tbe osteoblmtic response to a 
meebical stimulus, experimental aata were anctlyzed by plotting the p e n t a g e  of 
cells P that rwponded against the applied deformation angle 8. Figurt~, 3B preseat 
the dependem of the mgle of applied deformation B an the p e m & p  of the 
responded celh P for the applied displacements Sf 10 pm, where the percentage 
was plotted as a function of t.b angle of applied deformatim by taking moving 
average within 10 deg at 5 deg interval% 

For &sphement 6- 8 jun (data not shown), the percentage of the mllular 
response P increased with the increw in the applied deformation angle d Linear 
regreasion analysis rewaled a camlation coefficient r = 0.68 with P and 
0 significantly correlated @ .: 0.01). For S= 10 pm, linear regression analysis 
showed a significant pmitive correlation @ < 0,02) between P and B with a 
coefficient P = 0.61, as shown in Fig. 3B. These results suggmt a directional 
dependence of the threshold vdm at which osteoblstic wlls respond to the 
mechanical stimulus, which innplies that the sensitivity to the mechanical sftimulus 
depen6 on the direction relative to the cytmkeletd actin fiber orientwioe 



To clarify the osteoblastic response to a mechanical stimalus, that is, to answer 
questions such as what kinds of stimuli activate cellular xtivities and how are these 
signals related to intracehlar structural compnnents such as the cytoskeletal actin 
fiber structure, it is desirable to setup experimental conditions isolated from 
complex f ~ t 6 t s  other than mechanical stimulation as much as possible. Qsteoblw 
communicate with neighboring cells via m intercellular network through direct 
contacts called gap junotions [15] and indirect signaling mechanisms. For example, 
propagation of intercellular calcium si-g is one possible mechanism through 
which a cell can affect othm cells to coordinate their activities [16]. Thus, when a 
mechanical input is applied in vitro to cells contacting each other, we cannot isolate 
the effect of the mechanical stimulus itself on the ceIlular response from that of 
these intercellular communications. In this study, to exclude these complex factors 
arising h m  neighboring cells, the mechanical stimulus was quantitatively applied 
to a single osteoblastic cell using a microneedle, 

No calcium ~ignaling response was observed for a s d  deformation by a 
microneedle, but a larger defamation caused a higher percentage of the response. 
Thls displacement magnitude dependence indicates the existence of a threshold 
value in sensmg a mechanical stimulus in osteoblastic cells, which reminds us of a 
tissue remodeling response with a threshold value of strain mund the remodeling 
equilibrium [17]. However, the applied displacement 6 in this in vitro experiment 
cannot be directly tmsfomed into an overall sagin such as the s h i i n  applied to the 
cell through the substrate deformation, because the deformation due to the 
microneedle displacement was vgr localized in the vicinity of the microneedle tip; 
that is, this experiment indnces a complex and heterogeneous strain field in the cell 
thus it is not possible at present to caelate the response to $tmin magnitude. Thus, 
for quantitative comparison with the in vivo experimental data, controlled local 
stress or strain measure should be applied to the cell as a mechanical input. 

In wteoblastic cells, the cytogkeletal actin fiber structure tends to align along 
the major axis of cell shape. This cytoskeletal structure is postulated to play an 
important role in the mechanotransduction pathway through which extracellular 
mechanical signals such as force and deformation are &wed into the 
intracellular signaling cascade 1181. From these two viewpoints, the experiment was 
conducted based on the hypothesis that the c h c t e r i d c s  of the mahano- 
transduction mechanism are affected by the orientation of the cytoskeletal actin 
fiber structure. As a result, it was found that changing the mgle between the applied 
defomtion using a micronede and the cellular orientation resulted in a 
directional dependence of the intrace11ular calcium response to the mwhanical 
stimulus. 

One possible model that interprets the directional dependence is that the 
difference in the apparent membrane stiffness due to the aligned fibers beneath the 
membrane m y  affect the localized deformation of the plasma membrane. This 



anisotropic stiffhess due to fiber alignment may cause a variation in the local 
membrane stretch depending on the direction, and the directional dependence could 
be observed if the stretch-activated channel was involved in this mechanical 
response. Another model is the case that the cytoskeletal actin fibers are directly 
playing a role as the component of mechanical signal transduction. If the critical 
tensile deformation along the fiber direction exist that follows to the next signaling 
cascade through the fiber structure itself, the tensile deformation along the fiber 
may be the key component that is geometrically determined from the applied 
deformation and its direction with respect to the fiber axis. 

The stretch-activated channel [19, 201 is a candidate involved in this experi- 
ment to cause the change in [ca2+],. For example, deformation applied to the plasma 
membrane of cultured osteoblasts using a glass microneedle induced an increase in 
[ca2fIi that was significantly attenuated by the ion-channel blocker on the plasma 
membrane [16]. Thus, the increase in [ca2+], observed in this study due to the 
microneedle perturbation might be also considered as a result of the ion flux into 
the cell through the channel on the plasma membrane. To clarify in more detail the 
role of the cytoskeletal actin fiber structure in the mechano-transduction pathway 
and the relation to the ion channels, experimental conditions have to be set up such 
that the activation of stretch-activated channel and of other possible factors is 
prevented. 

Cells change their morphology to align along specific directions under uniaxial 
mechanical stimulations such as fluid shear stress and substrate stretching. This is 
well documented for endothelial cells under flow [21] and stretching [22, 231. 
Similar to this, osteoblastic cells were reported to change their orientation under 
stretching [24]. In these cells, it is considered that the cell shape and structure are 
altered or maintained, as mediated by the cytoskeletal actin fiber structure that links 
to the extracellular matrix via surface focal adhesion receptors such as integrins 
[23]. These mechanical components are involved in the cell remodeling process 
wherein they change their distribution and configuration in the cell [25]. However, 
how cells sense anisotropic mechanical stimuli such as force and displacement 
vectors, and how mechanical inputs induce the polarized distribution of the 
components are still unknown. To adapt their shape dynamically to directional 
mechanical inputs, cells must have some mechanism though which they can sense 
directional mechanical inputs and distribute their components to construct oriented 
cytoskeletal structures and polarized focal adhesions. 

The observed directional dependence of the osteoblastic response to micronee- 
dle perturbations is phenomenological evidence that the cytoskeletal actin fiber 
structure is involved in mechanotransduction mechanism, which might be related to 
cellular polarized behavior. Even though the present results are still a phenomenol- 
ogical observation of the involvement of the cytoskeletal actin fiber structure in the 
mechanotransduction process in osteoblastic cells, the approach from a mechanical 
viewpoint is another step toward obtaining insights into the mechanotransduction 
mechanism and to construct a basis of studies in the field of bone mechanobiology. 
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Local mechanical ppertieg were messureri far bovine endothelial oells expod  tu &car 
stress using an atomic force mimaoopy (AFM), and the AFM iadcatatioasi were simulated by 
a finite elanent method (FEhrZ) to detemnine the e M c  m&. After exposure to ah* 
siras, the cndotboliat ~ c l h  ghowad marked elongation and oricmtatim in the flow ctirectian, 
together with significant dwmw in the peak cell height The applied fimx-indentaticm depth 
curve was &a id  at dBamt locations of the cell surface end quantitatively mpressed by 
the quadratic quation. The elastic modulus was determined by comparison of the 
expaimental aud numaical results. The modulus obtained in our FEM m&l s i ~ ~ t l y  
beeam higher from 12.2i4.2 kPa to 18.7.tS.7 kPa with cxpowuc to &tzar stress. Fluonscent 
images showed that stress f i b  of F-actin buudles were mainly formed in the Eeatral parlion 
d t h c  s h r e d  cells. Thc aignificaat increase in the modulus may be due to the winodeling of 
cytoskeld mcm. The slaatic modulus would contribute a better undetstanding of the 
rneddsms of endothelial cell remodeling p m e 3  during txpodmrc to s h e  alms.  

1 Introduction 

Vascular endothelial cells change their macroscopic shape, microstructure and 
physiological functions in respcmse to fluid shear stress [I, 21. We have observed 
that intracellular E-actin filament distributions changed depending on the shear 
stress and the flow direction [3,4] and have suggested that stress distributions in the 
cells might be also accompanied by the reorganization of cytoskeletal structures [S]. 
In order to discuss the intracellular stress distributions, we need to determine local 
mechanical properties in the cells. 

Indentation tests using the atomic force microscope (AEM) have potential to 
measure detailed microbiomechanical properties of soft biological samples, 
including platelets, endothelial cells, d epithelial cells. In these studies, local 
indentations were performed on the cells to estimate elastic modulus, but the results 
are still controversial: which is deer en the nucleus or the peripheral regions of the 
cells? This difference may be due to experimental parameters, such as the 
indentation depth, the indentation velocity, the fitting curve in the form-indentation 
curve and so on. Some researchers [6-81 have developed finite element model to 
investigate the effects of the geometry of the cantilever tip, the indentation depth, 
specimen size and specimen nonlinearity and inhomogmeity. A newly designed 
AFM has been developed to measure local mechanical properties in combination 



with observation of microstructure for endothelid cells [4, 91. It will be shown in 
tbis paper that the stihess of the cells exposed to shear stfess increws with the 
duration time of exposure. Furthermore, we apply the finite element method ( F a )  
to cell deformation by the AFM indentation and determine the local elastic modulus 
of sheared endothelial cells [lo]. The FEM model is also used to survey the effects 
of the relative specimen geometry on the force-indentation curve. 

2 Methods 

2.1 Errdothelial cell culture 

Bovine aortic endothelial cells (BAECs) wefe obtained from thoracic amas and 
cultured with Dulbecco's modified Eagle m d u m  (Gibw Lhra to r i e~ ,  MD, USA) 
supplemented with 10% heat-inactivated f a  bovine sefum (JRH Biosciences, KS, 
USA), penicillin, and streptomycin (Gibco) at 37°C 95% air/$% CO*, as described 

previously [MI. Af'ter reaching confluence after incubation for 4 to 5 days, BAECs 
were trypsinized and then plated in a cell culture dish with a diameter of 35 mm 
(Asahi Techno Glass, Chiba, Japan). BAECs with passages 4 to 9 w a e  used for 
flow-imposed experiments. 

2.2 Fluid-imposed experiments 

Fluid flow was applied to coduent monolayers of BAECs using a parallel-plate 
flow apparatas similar to that dewxibed in detail elsewhere [3-51. Briefly, the 
p a d e l  plate flow unit was loaded into the cell culture dish, in which the flow 
channel has 0.5 x 14 mm rectangular section. A steady shear stress of 2 Pa for 6 - 
24 h was applied to the BAEC monolayers by perfusing the same culture medium at 
37°C in 95% air/5% C02 through the channel using a roller pump. Statically 
cultured cells were rmhtahd in an incubator as controls. 

2.3 AFM measurements 

Local mechartid properties of BAECs were measured with a custcim-built AFM 
apparatus as shown in Fig. 1 [9]. A unique feature of this apparatus is that this 
system can allow us to visualize cytoskeletsl structure simultwmsly together with 
AFM measurements because the AFM is combined with an inverted Coafmal LSM 
(LSM-GB200, Olympus, Tokyo, Japan). 

After exposare to shear stress, the three-dimensional topography of BAECs was 
first obtained by the AFM and then some locations on the majar atis of the cell 
surface were selected for the measurement of the l o 4  mechanical resgon= being 
the cantilever tip placed over. The cantilever has a length of 200 pm and a spring 
constant of 0.02 Nlm (Olympus, Tokyo, Japan). The force-indentation curve was 
obtained for each location with the indentation depth of 0-500 run a d  the 



indentation rate of 880 d s .  The applied force F and the resulting indentation 
depth Scurve was expressed by the quadratic equation: 

where a and b are the parameters expressing the nonlinearity and the initial stiffness 
of the forceindentation curve, respectively. The elastic modulus was obtained by 
camparison of the experimental and numerical results. The numerical analysis will 
be shown below. 

In a separate study [Ill, the LSM was used to obsenre F-actin f i l m t  distributions 
of BMG. BAECs were fixed with 10% formaldehyde fix 5 min aad then stained 
with rhodanrine-phlloidin at a dilution in sterile phosphate buffered dine  of 1 :20 
for 20 min. Fluorescence images were o b s w d  through a water immersion x60 
(1 -0 NA) objective at room temperature and tmmfrred to a pewonal computer. 

Prior to the AFM experiments, the FEM ~n&Iysis warr, performed. For ease of 
implementation, we comfmcted an axisymmetaic FEM model to simulate cantilever 
indentation by AFM, of which a typical mesh is shown m Fig, 2. All nodes on the 
lowa surface61 were constmind bath axiallyand radidy. The model consisted of a 
rigid element the cantileva,. a gap element repmisentin% t h ~  contact 



region between the cantilever and the specimen surfwe, and 2185 of an 
isopmetric quadrilateral element used to descretize the specimen with the 
smallest elements located under the indenter. A conical indenter with tip semi-angle 
a = 45 deg was used. The cantilever was assumed to be rigid comparing with the 
specimen and the specimen was as~umed to be homogeneous, isottapic, and linear 
elastic. Poisson's ratio of 0.49 was used to approximate incompressibility. 
Indentation was imposed by applying a uniformly distributed pressure to the 
cantilever surface vertically. The resulting force F and indentation 8 curve is thus 
obtained to compare with its counterpart which is independently obtained through 
the AFM experiments. 

F i p  2, Axisymmotric Wta element ma& The modal consitas ofthc AFM cantilevet an8 the specimen. 
Reprinted~[tO~With~imfromlOS PFces* 

The matching p m s  to estimate the elastic mo&ius Em using our F'BA 
model is schematically &own in Fig, 3. Corresponding hear equation can. be 
derived h m  the analysis in the following form: 

where b' is the linear mffic ien~ The fares-indentation caspe obtained from 
geom&c&y ncmlhw analysis is also shown in the fiw The elmtic modulus 
Em was determined so as to identify the linear coefficient b '  of E;q. (2) and its 
experimental oouflterpart, that is, the initial slope b of Eq. (1) obtained from the 
expmhmta. Finally we obtained the follovving mlationship. 



The analysis was also performed to survey the effects of the relative specimen 
geometry on the force-indentation curve by varying the specimen thickness and 
radius. The present finite element analysis was conducted by using the ANSYS 5.5 
c m e r c i a l  code (SAS IP, PA, USA) running on a workstation (Ultra 10, Sun 
Mimsystems, CA, USA). 

b Elwittic modulus Em= - 

2.5 Data analysis and statistics 

Data are showa as mean zk SD; n represenb the number of dperiments perfomed 
on different cells. Statistical comparisons were made by use of unpaired Student's t 
test. A difference was considered to be significant at a value of P < 0.05. 

3 Results 

Figure 4 shows typical photomicrographs of rho-ne-phalloidin stained 
endothelid cells [Il l .  A& exposure to shear stress, the cells show marked 



elongation and orientation with the float direction. Thick s@es fibers are mainly 
formed In the central portion of the cells and aligned with the flow direction, 

The indentation text was aIso performed on endothelial cells exposed to a shear 
stress for period of 6 and 24 h. The regions of upstream and downstream sides were 
found to be stiffer than the centre ~gion. The values for both pwamemrs, a and b, 
are s u m m h d  in Fig. 5 for the total number of endothelid cells exposed to shear 
stress for 6 md 24 h. The mnhrol (C) data are also included for comparison. It is 
evident that s h e d  endathelid cells become much stiffer than the corresponding 
group of statically cultured cells. At 6-h exposure, parameter, a, becrrmes larger, 
which is equivalent to an increme in stiffness at the upstream side. At 24-h 
exposure, there is no difference in mechnical properties between upstream, center 
and downsrrem locstions of the cell. 

Typical eontour map for sheamd endothelid cell measllred by AFM and the 
lwatiuns (1-7) where the indatation measurement was carried out'm shown in Fig. 
6. The three-dimensional geometria of the cells were consetucted by saming the 
ell d w e  at a coastant interaction farce of less than 0.1 nN. The peak cell height 



Figure 5. Parameteta, a and b, a b t d d  at upstrsam, center and downstman sides m statically oultuied 
control (C) and in &awed dothelial cells far 6 and 24 h. Con&& n=48, 6h: n=21, 24h: ~ 2 2 .  
M&SD. p4.05. Reprinted fmm M with permission from Ekevier. 

Figure 6. Typical uontour map measured by AFM fm a sheared mdbthelial cell (2 Pa, 24 h) d 
meaaunxl locations. The numbers of 1 to 7 are the locations where the indentation test was carried out. 

significantly decreases 2.8 i 1.0 pm to 1.4 k 0.5 pm with fluid flow. The elastic 
modulus EFmca~culated for control and sheared cells using our model is shown in 
Fig. 7. The elastic moduli Em are 122 i 4.2 Wa (meanfSD) for control and 18.7 
i 5.7 kPa (m&SD) (P < 0.05 vs. control) for sheared cells, which are directly 



72 

derived from the parameter b. The modulus significantly i n d  with fluid s h w  
stress. 

4 Discussion 

In this study FEM analysis was perform4 to analyze AEM indentations and the 
local mechaniwil p q m i e s  of bovine endotherial cells expased to shew stress were 
estitmted. 

The FEM andpis indicated that the e% of ~p~cimen aize can be negl~~ted 
if the specimen thibess md width is appropriate size [lo]. Karduna et al. [7] 
perfowed JTM analysis to supplement the AFM experimental data and showed the 
useful guidelines for the indentation tests such as boundary effects, showi~~g good 
~ ~ e n t  with our rmults. This result implies that one should use the force- 
indentation curve up to an extent ~ g i o n  according to the pndided cell thickna. 
Since the cdl thickness at the periphaerl regions is very mall, the masurd 
modulus m y  be affected by the specirnea boundary. Costa rtad Yin [8] also uged 
FEM models to exermine the effeGts of indentation depth and matmid nonlinearity 
togder with indenter getmetry on the finite indentation response. They b e  
shown that the twa critical f;actors deteFmining an apparent elastic modulus are 



whether the deformations are infinitesimal and whether the material exhibits 
nonlinear chcteristics. In this analysis, the parameier b, i.e. initial stiffness, is 
u s d  to estimate the elastic modulus, which has little effect an both the geometrical 
and material nonlinearities. The tip geometry may arise some errors: the actual 
geometry of the AFM tip is not conical but pyramidal. Despite these diffidties, the 
present analysis deserves further consideration. 

In Fig. 5, both the parameters a and b increased for sheared endothelial cells, 
which indicates the remodeling in cytoskeletal sirucm. Fluorescent images 
showed that thick stress fibers of F-actin bundles were observed far sheared 
endothelial cells, as shown in Fig, 4. The increase in the prrrruaetsrs, a and b, m y  
be due to this cytoskeletal remodeling. Figwe 7 shows a signifimt increiitie in the 
elastic modulus EFm with exposure to shear stress. Theret et al. [12] applied a 
pipette aspiration technique to bovine endothelial cells to shear stress of 1 
and 3 Pa for 4 to 24 h to study mechanical properties, and &owed l ra,  ,. , an increase in the 
elastic modulus with fluid shear stress. However our results m bh' timeti or more 
higher than their values. One reason for this discrepancy k due to a difference in 
mwmments between AFM and pipette aspiration. Anorher reason is that we wed 
the attached cells on the dish while their cells were the suspended ones. From this 
point of view, there should be signitlcant difference in cytoskeletal structures 
between the flatten cells and the rounded cells. 

In summary, we have demonstrated that the PEM was combined with the AFM 
indentations to determine the local mechanical properties of sheared endothelial 
cells. The elastic modulus using our FEM model significantly increased with 
exposure to shear stress, showing higher values in our d e l .  Combination of FEM 
and AFM measurements allows us to measure accurate looal mechanical properties 
and might contribute to new insights into the stiffness of the cytoskeleton. 
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Obj Wive: Endothelial cells am exposed to a variety of mhgniwd stresses, which modulate a 
numb& af endothelid functions. One of the imwrtant timaions of emlotheld eels is their 
migmthig ability displayed at Wling of vasc& injury and angiogamis. The present study 
aimed to elueidsta h~ effWs of mechani~al streaacs on the migRtine behavior of bovine aorta 
endathclial cells (BAECs). Methods: BAECs were cultand on a fib~eet&m&d elwtic 
s i l i ~ ~  mpmlnrr)e. A scar (oa. 220 p m in width) wa8 nadc &y a m h  in the 
confluent monolayer of BAECs, and migrating behavior of rrmaining calls into the vacant 
area was meawed nndcr controlled mechanical inrases onto the d a  Remits: When the 
siliogne membrane was continuously stretched by 20% at a stroke perpwdidar to the scat, 
cell migmtion was strongly mcelcratad In contrast, when a 20% peatretched silioane 
m d m e  in the same axis as above was relaxed, which effectively g~nerated compressive 
force onto the cells, cell migration toward the eacant area was aigdf%cmtly inhibited. When 
mechmical stmmi were applied @lei to the scar, oell m i g d o n  was aecelersted 
imdmtely by either stretch or ~amprrssion. Direction of mi@m and lamcllipodra 
formation wasi also a f f d  sigmilcantly by mhanical m. Con&uiOn: Migrating 
behavior of BAECs is influenced not only by the modes (stretch or cempmsicm) of the 
applied mechanical mass but also by its orientation ( p q e d i ~ u l r u  or parallel tu the sear). 

Endothelial cells are exposed to a variety of mechanical strimes including blood 
pressure, shew stress, and circumferential tension originated from pulsatile blood 
flow. These mechanical stresses induce a variety of responses in endothelial cells. 
Shear stress activates cytoskeletal remodeling, reorganization of extracellular matrix, 
and synthesis of specific proteins [I, 21. Cyclic stretch exerta similar effects [l, 31. 
Expression level of certain genes is also modulated by mechanical stresses 14-71, 
However, the signaling mechanim of these mechanically induced cell responses 
was remained largely unknown mainly because of the complexity of 
mechmotransduction processes in the cell. Currently, stretch activated (SA) channel, 
phospholipase C, admylate cyclase, Na'/H+ exchanger, volume sensitive channel 
G protein, tyroeke kinases, cytoskeleton, and kte- are supposed to be involved 
in the cellular mechmotransduction process [ l,7-12], 



Migration of andothelid cells plays a critical tole in angiogamis and healing 
of vascular injury. A number of studies have been performed on the effecb of shear . 
stress in the migration of endotbelid cells, where the migration was found to be 
enhanced by proper shear stress [2, 10, 131, However, few studies have been 
conducted bn the effects of stretch or compression, another impqrtant stress in ce*, , .*?y'' 
mainly bwpse of the Weal difficulty in applying cmmlled rmdmid f m  vrw:~+ 
onto t&&. + vL: ..+ . - , . ..... .*a& 

I&d&-w,"w Weloped a method by which we ean apply rm3cMcal 
forces onto the c d  with &%rent modes (stre&& and compression) d orientations 
in a controlled manner. BAECs were cultured on an elastic thin silicone membrane 
and a m m w  scar (ca 200 pn in width) was made by a scratch in their cogfluent 
monolayer. The migrating behavior of BAECs into h e  denuded ma was analyzed 
under various mechlinical s t r e w  crated by Wetch (or its release) of the 
mernb&It wafl @nd thst these mechanioal h b i  &Wed dgaificantly on the 

AECs migration. Noticeably, when the stresses were 
scar, directed migration of the cells taw& the vacant 

area was enhanced ca.5 times as the confro1 by stretch, while it was inhibited neatly 
completely by compression. 

2 Materials and Methods 

2.1 Cell c&we 

BAECs were prepared according to the method by Ryan et al [14]. Cells were 
cultured in a 5% GO, incubator at 37°C with 80% Eagle's minimum essential 
medium (Nissui Pharmaceutical Co. Japan) supplemented with NaHCO,, L- 
gultmine, 20% fetal cdf se~um, 50 pIC/ml penicillin, and 50 bglltmrl streptomycin. 
Endothelid cells were identified by morpholagical features. Subcultured cells with , 
the passage number of 3 to 10 were used for the experbats. 

2.2 Application of mchanical stresses to the cells 

Elastie silicone membranes (Fuji system Japan, 200 pa in thickness) were coated 
for 30 minutes with SO &mi fibronectin (Takaken Japan) diluted with culture 
medium. Subculttmd BAECs were plated on the nwmbrane at the dmsity of 10' 
Iml. As schematized in Figure 1, two opposite edges of a silicone membrane were 
clamped mechanically with custom-made mechanical holders. To apply quantitative 
mechanical strain to the silicone membmne, one holder was fastend tightly and the 
other was cunnected to a micro~pulater .  After wlls were cultured confluently, 
medium was changed to o standard extracel1ular s~luthn (SES: 145mM NaCl, 5mhd 
KCI, 2mlM CaCl,, 2mM MgClp, lOmM Gulmse, lOmM NEPES, pH 7.40 adjusted 
with NaOH). All ch&& used were of special grade (W&o Japan). Then a 



naww $car (ca, 200 pn in width) was made by a matt21 wi& a plastic pippet tip 
[Gilson 1-200 pl), and spontaneous migration of remaining Wa into the vacant 
area was measured iu SES. This method is lmown as the wMmd assay 115). A time 
series of typical cell migration toward vaant area is shown in Figure 2. Abr the 
scar wm made, cells were washed 3 times with SES ta exclude h e  effects of 
substances from injured cells [16]. There was no si@icsmt diifm~nce in migmtiofl 
activity between on fibwnectin coated membranes snd on $watched membranes, 
Then cells were subje&?cl ta continuous stretch at a stroke pmdlel (Figure 1, left) 
or mendicular (Figure 1, right) to the scar by stretching the silicone membrane 
from 2 h  to 24- (defined as 20% stretch). To apply mmpn%aive fums to the 
cells, the silicone membrane was stretched from 2&lun to 24mm Wore cells were 
cultured on it, and relaxed to the' original len@ just befare h e  miumrioe 
measurement (defined as 2W/o compressian). 

Cells under controlled midmiical s t r e s  were mounted cm the stage of a phase 
con$ast inverted mierascape (Nihton Waphoto). The ~~p was c o v d  with 
an incubator housing (Nikon NP-2), temperatrae h&k W.EE~ kept at 37°C. 



The cells moved towas& the vacant area with the formation of lemellipadia. 
Migrating cells were contiguously observed on a TV monitor with thu rrnalyis fmld 
of 195 p x 270 pm through a 2Ox objective and a video camera (Ike@ ICD- 
42DC). We traced the migfa€iug path of the kntier cells facing the vacant area. 
Geflerally kntier cells showed elongated shape with lrunellipodm We determined 
long axis of the cell by viwl inspection and tmwd tbra 1111)vemnt of the middle 
point of the long E& every 30 minutes for 6 hours ( F % i  3). Mast cells kept 
contact with other mils dmbg miptim, but some cello cbtaohed Itom other cells 
and beg= ta migsaoe i n d ~ ~ t 1 y .  We excluded such i s o W  celb h r n  the data. 
The migration path d the cells without mechanical stresses wm not stwight toward 
the v a t  arm but rather showed a zig-zag way. Howev~x, under mechanicd 
stmms, cells tended to mave in a partiwlar direction. To quantify this behavior of 
the cells, we employed two parameters as the indices of migation, the migration 
rauge and the effective distance (Figure 3). The former value, which represent8 total 

F i p  3. Schematic d&mm showlrig how we 
aosdyzed the all migmtion. Cdls wece nmmtd on the 
aage of a mimsqk 4 pkaac contneat i m g e s  of 
migtating =Us were mtimtoll~~ly recDPcfed on a video- 
tape. Usually migrating d l 8  sfiowPd elongmxl shap. 
with lamellipodia. We detmnid lmg oxis of the cell 
and ttsoed the movement of the. middle point of the 
long oxis every 30 minuw for 6 haurs. Two p~lllmetm 
wen employed b egbiaate the mi$rating activity dthe 
cells; the migration range and the effeotiw diatam. 
The f0rme.r d u e  was used to dssoribe the migration 
activity of the cells, and the Wer the e M v e  



distance of the migration path, reflects the total activity of cell migration. The latter 
value, which represents the shortest distance from the original frontier line, reflects 
the effective migration activity to cover the vacant area. The ratio between the 
effective distance and the migration range was defined as the efficiency of 
migration to recover the vacant area. Higher efficiency means shorter time to cover 
the vacant area. We adopted the migration range, the effective distance, and the 
efficiency at 1 hour in the estimation of mechanical effects on the cell migration, 
because effects of mechanical stresses became maximum at 1 hour as mentioned in 
results. To estimate the allover effects of mechanical stresses during the course of 
obervation (6 hours), we employed the effective distance because physiologically 
relevant aspect of the cell migration in this study is the recovery of vacant area. In 
addition effects of mechanical stresses were found to be more apparent in the 
effective distance than in the migration range. The effective distance every 30 
minutes was used as a parameter of migration velocity. The present investigation 
conforms to the guide for the care and use of laboratory animals published by the 
US National Institutes of Health. 

3 Results 

3.1 Cell migration toward the vacant area without external mechanical forces 

Soon after scratching the confluent cell layer, frontier cells facing the vacant area 
began to move with forming lamellipodia. Cells behind the frontier cells also began 
to change their shape and moved gradually toward the vacant area. Recovery of the 
vacant area was established not only by the migration of frontier cells but also by 
the movements of all the remaining cells behind frontier cells. This observation 
suggested that individual cells migrated depending on the gradient of intercellular 
mechanical stresses, The margin of frontier cells facing the vacant area is free of 
external stress, and the stress at the margin of the cells just behind frontier cells will 
be decreased as frontier cells move to the vacant area. The margin of larnellipodia 
was moving back and forth and finally extension of lamellipodia in a specific 
direction was established. Cells showed elongated shape in the direction of 
lamellipodia formation and some of such cells detached from other cells. These 
isolated cells began to migrate faster than the cells attached to others. Without 
external mechanical forces, direction of lamellipodia formation and migration was 
relatively random, and the velocity of migration was almost constant during the 
course of observation for 6 hours. 

3.2 Effects of mechanical stresses appliedperpendicularly to the scar 

When 20% stretch was applied perpendicularly to the scar, cell migration into the 
vacant area was strongly accelerated. In contrast cell migration was inhibited 
seriously by 20% compression in the same axis (Figure 4). Stretching the 



mmb~&~le must h a v ~  imxuud t$e mion in the -11 s d m z  attruthed on the 
membrane, surd in- the m o n  force at the b d h g  edge of migrating cells. In 
c6nmt mI%&$ing the m m h  stretoh (wnpnmion) would decreage the tension 
in the cell a d  dbmw the traction force at the leading edge facing tbts wwmt ma. 
As sham in F igm 5, velocity of migration in rmponse to srretoh was hibar in the 
first 2 h m  and d as time p d .  This result suggab that ~~ of 
Wtsih applied vfi3 substratum becxullle weaker as cells moved w it. To evaluate the 
effect$ of mechanical stresses an the direction of migration, we took the efficiency 
(effective dimme I mipation m e :  see metho&) at 1  hour, because the veldt,  of 
migration, which may reflect the actual effGFtS of nwshaaid stresses, lmame 
~ a t l h m a r r s h o w n m F i g a r e 5 .  

As Wlmmarized m Table 1, the migraticm range (in pm ) at 1 hour, which 
represents migration ltctivity of the cell, was si&nifl~~~ltly &ancad by 20% stwteh 
(33.50), whmsas slightly chtvnged by 20% compmsiw (13.65) compared with 
control (13.43). The affwtive d i m e  (in )un ) at 1  hour was mwh larger at 20% 
s b k h  (27.93), and @gificatltly lower at 20% wmpregeion (0.29) compared with 
control (5.58). As the remk the effiohcy at 1 hour was enhanced significantly by 
20% stretch (0.76), wherm amuated aevere!ly by 20% 00-ian (0.03) 
wrnpmd with control (0.44). These results clmly indicate k t  migrating behavior 
of ~ n d o t b ~ b l  mh is strongly Muenced by the m d e  of e x ~ l y  applied 



mechanical stmses. Fig. 6 illustrates representative migrating behavior of the 
picked out three cells in different mechanical conditions. Under the control 
condition (without mechanical stresses), the direction of hd ipod ia  formatian was 
random. At 20% stretch perpendicular to the scar, the lamelipodia formation toward 
the scar was accelerated appreciably. At 20% compmsion, in contrast, the 
lmelipodia formati~n t ~ w &  the ~ C B T  was s u p p ~ ~ ~ d  re;marhbIy. 

3.3 Efects of mechanical stresses applied parallel to the scar 

Above observation suggests that the orientation of applied forces critically 
influences the direction of cell migr~tion in the wound-healing model. To test this 
possibility, we examined the effects of mechanical stresses parallel to the scar on 
the cell migration into the scar. Either 20% stretch or 20% compression applied 
parallel to the scar accelerated cell migration (Fig. 7). This makes a good contrast 
with the stretch and compression applied perpendicular to the scar, which caused 
opposite effeGts on cell migration (Fig. 4). 

Figure 5. Migration and lamcllipodia 
formation of %ontier cells facing the 
scar (indicated by a dduble headad 
arrow in the top raw) under various 
mechanical atresea: left column, control 
(no stress); middle. 20% stretch 
pcrpcndioular to the scar; fight, 29% 
compression perpendicular to the scar. 
In each column appearances of cell 
shape and lameilipodia formation are 
shown at Omin, 2[hnin, 40min, 6Omin, 
and 3hr after swatch. LmeIlipodia 
formution was apparent in the tint 1 
hour. Lamellylodia, which are shorn as 
dotted areas in mbividual cells, could be 
distinguished from d l  soma region 
(open amas) in phase contrast images. 
Without mechanical stresses, direction 
of lamellipdm f d o n  was relatively 
random In Owrcapt under 20% stretch, 
lamellipodis fbmtion and migration in 
the direction d stretch are accelenttmd 
remarkably while they are largely 
sappressed under 20% cmp"sBi0n. 



Table 1. Migration indices under vdous  mw:hanical conditions. Mia t ion  indices (effective 
distance, migration range, and efficiency.) here were taken at 1 hour af& the onset of cell migration 
since the migration velocity became maximum at 1 hour as shown in Figures 5 and 8. Values are 
indicated as mean valuesf SD. 

' Control Perpendicularly 1 Parallel 

figure 7 (left panel). Effects of mechanical stresses applied parallel to the scar on the effective 
distance. Effective distances were measured every 30 min under constant stress applied parallel to 
the scar. Mean values + SD are shown in the figure for control (n=10 0). 20% stretch (n=5 A). 
and 20% comprcsgion ( n=10 m). 

Figure 8 (right panel). Effects of mechanical stresses applied parallel to the scar on the velocity of 
migration. Increments of effective distance per 30 min (velocity of migration) were mcasured under 
constant stress. This is actually a differential expression of Rgure 7. Mean values + SD are shown 
in the figure for control (n=IO 0). 20% stretch (n=5 A), and 20% compression (n=IO B). 

This result clearly shows that cell migration in response to mechanical stresses 
depends on the orientation of mechanical stresses. The velocity of migration, which 
was enhanced by the stresses parallel to the scar, was highest in the first 1 to 2 
hours and then decreased with time (Figure 8). As summarized in table 1, the 
migration range (in pm) at 1 hour was enhanced by either 20% stretch (19.70) or 
20% compression (18.55) compared with control (13.43). Similarly the effective 
distance and efficiency at 1 hour were enhanced either by stretch or compression 
parallel to the scar, suggesting that mechanical stresses other than the compression 
perpendicular to the scar (parallel to the direction of cell migration) accelerate cell 
migration. 



4.1 Cell migration without external forces 

The present study showed that endothelial cells migrated toward the denuded area 
and that the migration was significantly influenced by externally applied 
mechanical f m e ~  depending on their modes (stretch or compression) and 
orientations (perpendicular or piirallel to the scar). Before discussing underlying 
mechanisms of these mechanical effects, we consider here the cell migration 
without extemal mechanical forces. The cell migration toward the vacant area is 
triggered most likely by a release of intrinsic mechanical stress (pressure) from 
adjacent cells at the edge facing the vacant area. Spatial gradient of the pressure in 
the axis perpendicular to the scar m y  underlie the directed cell movement. 
Supportive observations were reported on the effect of shear stress, where cell 
migration wae, activated more in downstream than in upstream [2, 133. In the 
confluent cells, pressure among the cells may inhibit cell migration. 

4.2 Cell migmtion under mechanical stresses 

An application of mechanical stretch in a direction perpehdicular to the scar 
resulted in a significant aoceleraticm of cell migration toward the denuded area. At 
the leading edge of migrating cells, lamellipodia formation was greatly accelerated 
as shown in Figure 6. Although precise mechanisms am not fully understood, 
polymmhation of actin filaments at the cell margin, which will cause an internal 
pressure to push the margin, is supposed to play a pivotal role in the lamellipordia 
formation [17]. The mechanical stretch could have augmented the polymerization of 
actin filaments, The inhibition of cell m igdon  induced by compremion 
perpendicular to the scar can be interpreted by a reverse effect on the actin 
polymerization. Alternatively, the compressive force applied might have acted as a 
direct force to prevent the cell movement. The cell migration toward the vacant area 
was enhanced either by stretch or compression when the stress was applied in a 
direction parallel to the scar. In the case of compression, the pressure around the 
cell margin except for the leading edge facing the vacant area may have increased, 
giving rise to a force that would accelerate the cell migration toward the scar. It is 
more difkult to explain the effects of stretch. It could be due to rn alteration of 
intmcellular caZf dynamics as addressed below. 

4.3 fnvolvemsnr of stretch activated ion channels in cell migratian 

The dramatic effects of mechanical stresses on the cell migration pregented here 
indicate that cells can sense not only the amplitude but abo the direction of 
mechanical stresses. Considering that continual deformation of the cell during 
migration will cause changes in the mechanical stres~es in the cell, cell 
rnechanosensiqg rar;&misgns would play an essential role in the control of 



migration even without external mechanical forces. The only identified cell 
mechanosensing machinery to date is the stretch activated (SA) ion channel that is 
assumed to be activated by the membrane tension generated by cell membrane 
deformation [18]. SA channels have been identified in many cell types and reported 
to play a key role in mechanically induced cell responses [7, 18-20]. A caZ+ 
permeable SA channel was found in porcine aorZa endothelial cells [21]. We also 
found a similar SA channel in human umbilical vein endothelial cells, which could 
increase the intracellular ca2' concentration in response to stretch [22]. It is highly 
possible that similar SA channels are expressed in our preparation( BAECs) and 
involved in cell migration. 

To test this hypothesis we made a series of preliminary experiments under the 
conditions without external mechanical forces. We used gadolinium(~d3*), which 
was first discovered to block an SA channel in Xenopus oocytes [23] and has been 
used as a potent blocker for SA channels. Also ~ d ~ +  is known to inhibit various cell 
responses to mechanical stresses [3, 241 and the stretch induced intracellular ca2+ 
increase via SA channels in endothelial cells [22]. Application of ~ d ~ +  (50-100 pM) 
caused a significant and dbse-dependent inhibition of the cell migration toward the 
denuded area (not shown). The ~ d ~ +  effects were similar to those of a depletion of 
ca2+ fiom the external solution. These observations suggest that Ca2+ influx through 
SA channels play an important role in the BAEC migration. 

4.4 Sensing the direction of mechanical stress and clinical implications 

The second messenger, intracellular ca2+, is known to induce a variety of 
migration-related responses. caZC dependent protease is needed in detaching cells 
from substratum [25]. Lamellipodia formation underlying migration is regulated by 
a variety of actin binding proteins, some of which are ca2+ dependent [26, 271. A 
precise model of cell migration suggests a localized increase in intracellular Ca2+ 
concentration during migration [28], and a spatial gradient of Ca2' concentration 
was reported in migrating eosinophils [29]. Such a spatial gradient of intracellular , 
ca2+ concentration may be caused by local ca2+ influx through SA channels. We 
can speculate that localized ca2' influx through SA channels regulates dynamics of 
cytoskeletons through ca2+ dependent actin regulating proteins, leading to a 
directed cell migration. Another potential candidate for the mechanosensing 
machinery is the adhesion contact [l ,  10-121, which is a complex structure 
consisting of integrin and various associated proteins, some of which are liked to 
cytoskeletal structures mostly stress fibers. Mechanical stresses in the substratum 
will be conveyed through adhesion molecules to cytoskeletons, and may directly 
affect the actin polimerization and directed lamellipodial development. The possible 
involvement of cytoskeletons in mechanosensing would be of great interest. As the 
cytoskeleton is a filamentous structure with a particular direction, it may work as a 
antenna to detect the direction of mechanical stresses in the cell. If the molecular 
complex constituted of cytoskeleton, integrin and SA channels works as a cell 



mechamsensor, it may be able to detect the direction of mcbanical forms. There 
are reports indicating the importance of cytoskeletal networks in the activation of 
SA channels [9, 18,301. 

Our results sbwed that the migration of BAECs was greatly influend by 
mechanical s t m m a  depending on their modes (stretch or compression) and 
orientations @arallel or perpendicularly to the war). In other words, endothelial 
cells are equipped with such a fine mechanosensing machinery that can discriminate 
not only stretch and compression but also their orientations. It was surprising that 
siretch and compression.exerted completely opposite effect on the cell migration 
when they were applied perpendicularly to the scar, However, the phenomenon 
looks very reasonable since an open wound at stretched region must be healed more 
rapidly. Such a mode- and orientation-dependent cell migration would also 
enhance efficiency in the angiogmesis as well as in the healing process of 
endothelial injury. 
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Methodology for cell differentiation and tissue regeneration in vitro i s  keenly required 
towards the adaptation to regenerative medicine, The methadology wuld be composed from 
three indispensable approaches 0 t h ~  than biochemical one. One i$ an approach frvltn material 
side, where cells could receive outside-in signals from biomaterials wch as collagen, 
hyalurman. 3D scaffolds hybridizing biomaterials with biodegradable polymers could be 
served as an incubator not only for controlling cell differentiation but alm for promoting 
tissue regenemtion. The second is physical approach, where cells also could transduce outer 
physical stimulations into intracelluhr sipah. Hydrostatic pressure, shear stress could be 
used far regulating differentiation of chondro~ytcs, endathelial elk., and for regenerating 
articulax cartilage, blood vessel, respectively. The last is one &om cell-cell interaction, which 
is I m m  to be necessary in the developmental steps. Spheroids, as far as necrosis is avoided, 
are useful for contiolling cell differentiation, and could becbme micro-tissue elements for 
tissue regeneration. 

It is one of the most crucial themes in regenerative medicine to regulate cell 
differentiation and tissue regeneration in vitro. Both cell differentiation and tissue 
regeneration are thought to be hmited under in vitro conditions. Especially, we 
could not discuss tissue regeneration, apart from tissue necrosis, In vitro culture 
requires novel methodologies to realize tissue nutrition by any means such as 
angiogenesis. 

Knowledge about cell differentiation and tissue regeneration accumulates by 
contribution fkom biochemical fields. It is reasonable to adopt such knowledge in 
cell biology and molecular biology into regenerative medicine. As a ligand interacts 
its specific receptor and evokes cellular signal transduction, biochemical 
stimulations such as growth factor addition are estimated to be an adequate method 
to regulate cell differentiation and tissue regeneration. 

On the other hand, it is known for cells to be regulated by intmcellular signals 
evoked by other than biochemical stimulation. Cell adhesion assemblies involving 



integi9.m are well known to regulate mll adhesioq spreading and migration by 
insideout signals, and regulate at the same time cull differenMan and tissue 
regeneration by outside-in signals, which are cased by inbgrin-matrix i n t d o n .  
Another interaction regulating cell differentidon a d  tisue regeneration is cell-cell 
interaction, which is mdkd for example in cell aggregation at developmental steps. 
'J%US, an approach is presumed probable to regulate cell differentiatian and t k u e  
regeneration by manit af mdizhg cell-matrix htemction and cell-cell interaction 
from the enfieeTing point of view. 

Moreover, it is known that physical stimulation in addition to biochemical one 
evokes intmcellular signal transduction and diverse cellular re&poms. Blood vessel 
is physiolo~cally loaded with shear stress by blood flow, and tensile stress by 
pulsatile blood pressure. Femur bone is loaded with compresgive m s  and articular 
cartilage is loaded with hydro8Wic pressure by walking aad weighhng. Thos~ 
physical stimulations rn h o r n  to activate diverse d e s  of ietraGelllular signals 
at the same time. Although their eE& are thought not to be gpecffic in comparison 
with biochemical one, the adoption of those physical stimulations to regulate cell 
differentiettioa and t i m e  reg-tion could be QIM ~f tb e f f d v e  engineering 
appr~aehw. 

As described-above, thee approaches could be thonght to realize cell 
differentiation and tissue regeneration in vitro from the mginmrkg point of view; 
1) approach using three dimensional &olL, 2) approach using physical 
&imulation, 3) approach wing cell-cell inbradon, as shown in Fig. 1. 

Cell Differentiatior 

2 Approach to Regalate Cell Differentiation and Tissue Regeneration by 
Means of Three Dimensfond Scaffolds 

Cartilage k one of the promising candidates for tissue regeneration in vitro by using 
tissue engineering, because chondrocytes could endure low oxygen concentration 



and nutrition supply. It is necessary for regenerated cartilage to be bigger than one 
taken with biopsy in order to exceed mosaic plasty. For that purpose, it is 
inevitable to make chondrocytes proliferated in vitro. Articular cartilage is 
composed of type I1 collagen, although fibrous cartilage is composed of type I 
collagen. However, it is well recognized that chondrocytes are dedifferentiated 
according to proliferation in vitro, producing not type I1 but type I collagen. 
Therefore, tissue engineering is requested to establish a new methodology how to 
make dedifferentiated chondrocytes redifferentiated in vitro. 

Biomaterials derived from tissues such as collagen, hyaluronan have been used 
in tissue engineering. Those materials have sites to be able to interact with integrins 
or receptors on the plasma membrane and evoke intracellular signals, although they 
are relatively weak in mechanical properties. On the other hand, biodegradable 
polymers such as poly glycolic acid (PGA), poly lactic acid (PLLA), and their 
copolymer poly DL-lactic-co-glycolic acid (PLGA) have also been frequently used 
in tissue engineering. Those polymers have enough mechanical strength, although 
they are relatively hydrophobic and have no sites to interact with cells. 

In order to compensate mutually demerits of biomaterials and biodegradable 
polymers, their hybridization has been tried. For that context, we have made the 
hybridization of collagen micro-sponges with PLGA sponges [l-31, the 
hybridization of collagen micro-sponges with PLGA meshes [4], the hybridization 
of collagen micro-sponges with hydroxyapatite micro-beads and PLGA sponges [5], 
and the hybridization of collagen gels including chondrocytes with PLLA non- 
woven fiber scaffolds [6] .  Thus, those hybridization could promote not only 
efficiencies of cell seeding and cell adhesion but also regeneration ability of 
cartilage-like tissues in vitro. Fig. 2 shows SEM micrograph of PLGA-collagen 
hybrid mesh (a), phase contrast micrograph of two passaged cells immediately after 
seeding in the hybrid mesh (b), and SEM micrographs of chondrocytes cultured in 
the hybrid mesh for 1 week (c) and 4 weeks (d). The hybrid mesh was prepared by 
forming cobweb-like collagen micro-sponges in the openings of a knitted mesh 
made of PLGA (Fig. 2a). Observation by a phase contrast microscope indicates that 
the cells were entrapped by the collagen micro-sponges in the hybrid mesh 
immediately after cell seeding (Fig. 2b). Chondrocytes adhered to the cobweb-like 
hybrid mesh and showed uniform distribution on the mesh. They proliferated and 
regenerated cartilaginous matrices, filling the void spaces in the hybrid mesh (Fig. 
2c,d). Fig.2 also shows Northern blot analysis of the genes encoding type I collagen, 
type I1 collagen, and aggrecan of two passaged chondrocytes cultured in the hybrid 
mesh for 0, 2, 4, and 12 weeks. When the dedifferentiated chondrocytes were 
seeded and cultured in the hybrid mesh, the expression of mRNAs for type I1 
collagen and aggrecan was up-regulated and that of type I collagen mRNA was 
down-regulated, After culture in the hybrid mesh for 12 weeks, the gene expression 
of type I collagen was very weakly detectable, but those of type I1 collagen and 
aggrecan reached their highest levels. Those results show a possibility for such 
hybridized scaffolds to possess the function enabling dedifferentiated chondrocytes 



redifferentid in coincidence with cartilage-like t i m e  regmeration [7]. It could 
be also thought possible to regulate d l  diffmtiation and tissue regmeration in 
more complicated time such as blood vessel and bone, using signals from matrices 
and three dimensional structures of those hybridized scaffolds [8,9J. 

Figme 2. Sm miomgraph of PLCfA-co%gw hybrid mesh (a), phase CDII~IS~ mimgmminagraph of two 
passaged cells inmediately afkr seeding in the hybrid mesh (b), and SEM Illicrogaphs of ohmdrocytes 
dtuad in the hybrid me& for 1 we& (c) and 4 wotks (dl. (left) Northem blot analysis uf the 
encoding type I cdlagen, typG II collagen, and aggrec;an of two passaged chandrocytes cultured in tbe 
hybrid mesh for 0,2,4, and 12 w e  (right) (pef.7). 

3 Approach to Regalate Cell Differentiadon and Tissue Regeneration by 
Means of Physical Stimulation 

Cells and tissues are known to be physiologically loaded with diverse physical 
stimulations. For example, femur is l d e d  with compressive or tensile s m s  by 
walking, which is known to evoke micro-deformation, streaming potential in bone 
tissue. In blood vessel, endothelid cells are loaded with shear stress by blood flow, 
endethelial cells and smooth muscle cell8 are loaded with tensile stress by blood 
pulse. Those physical stimulations are known to evoke intmcellulm signals such as 
Ca, CAMP. Therefore, trials have been done to regenerate three-dimeflsional tissues 
'by mimicking physical stimulations, 



Articular cartilage is loaded with compressive stress by walking and exercise. 
Cartilage is a tissue with high water-content, due to charged polymers such as 
proteoglycm, other thsa a hard tissue with high stiffness. Therefore, chondrocyta 
are thought to be loaded with hydrostatic pressure caused by compressive stress. 
According to in vivo measurements, hip articular cartilage is loaded with 3-7 MPa 
of hydrostatic pressure by walking. The hydrostatic pressure has been tried to be 
used to regulate cellular bctions of chondrocytes. If hydrostatic pressure is 
generated by compressing medium though air-phase, the concentrations of gases 
such as oxygen in medium are changed according to loaded pressure. On the other 
hand, compression of medium through liquid-phase has been redized in closed 
system, allowing short-term culture. Therefore, a system for long-term culture 
under hydrostatic pressure requires medium perfusion and compression through 
liquid-phase [lo, 1 11. 

Figure 3. Effects of hydrostatic pressure on matrix productim of articular chondrmytes. (a) knee jomt, 
@) chondrocyte physiologically loaded with hydrostatic pressure, (c) hydromtic p r w W  loading systm 
(d) promotion of chondroitin-4-sulfate and 36-5 incoipomtion of c4mndrocy-h under hydroautic 
pressure (Ref. 11 & 12). 



Although mechanism how chondrocytes respond to hydrostatic pressure is still 
hewn, intermittent hydrostatic p m m  loading promotes glycasaminoglycans 
production in three-dimensional cultwe using collagen sponges [12] (Fig.3). It 
could be thought for hydrostatic pressure to be one of the wsential fwtors for 
regenerating cartilage-like tissue in vitro. It is also reasonable to think that physical 
stimulation is a methodology for regenerating tissues including carlilage, bone and 
blood vessel in vitro. 

4 Approach to Regulate Cell Differentiation and Tissue Regeneration by 
Means of Spheroid Fornurtfon 

Cell aggregation is recognized to be essential for cell differentiation in specific 
tissue such as czrrtihge at developmental steps. Cell-cell interaction realized in cell 
aggregation is thought to play a pivotal role in cell differentiation and tissue 
regeneration. In cell culture in vitro, d l  aggregation is known to be significant for 
regulating cell differentiation and functions in hepatoqtes and nemnal cells. The 
spheroids (cell aggregates) of those cells could be formed on specially treated 
polymer surfaces or under specific rheological conditions. Those methods could be 
also adspted to other cells including primary culture cells. For example, fibroblasts, 
which require oxygen a d  nutritian supply in higher levels, could form spheroids 
under adequate rotating flow conditions, having diameters which avoid necrosis at 
the center of spheroids [13]. The conditions of spheroid formation depend on not 
only rheological fields but also strength of cell-cell interaction, which changes with 
biochemical and physical stimulations [14]. Those spheroids of fibroblasts could be 
adapted for regenerating cultured dermis. There are two kinds of methods: one is to 
form cultured dermis with only cells and matrices produced by the wlls, the other is 
to form it by using cells and scaffolds such as meshes fabricatid with biodegradable 
polymers, which guarantee mechanical strength and easy handling. The spheroids 
could be adapted to the latter method, where they are trapped onto the meshes 
having several hundreds micrometers gaps, and enable prompt tissue regeneration 
WI. 

Cell condensation is detected at developmental steps, and is thought to play a 
crucial role in chondrocyte differentiation. On the other hand, chondrocytes are 
known to be dedifferentiated in vitro. Cell condensation is also considered to be 
essential for regulating differentiation of chondrocytes or maintaining their 
phenotype. According to this context, cell aggregation is made as a pellet by 
centrifugating cell suspension, which is frequently used for studying differentbition 
of mesenchymal stem cells to chondrocytes. However, that pellet culture is limited 
in basic research, because only one cell aggregate be made by a centrifugation tube. 
Then, it was found to be able to form cell aggregates of chondrocytes as well as 
those of fibroblasts by using rotating flows, taking merits of pellet culture and 



compensating its demerits [16]. Those cell aggregates could be thought to be not 
only a kind of incubators for cell differentiation but also a kind of micro-tissue 
elements for tissue regeneratidn. (Fig. 4) In this sense, cell aggregates are adaptable 
to diverse kinds of tissue regeneration. Althmgh angiogeneais is indispensable for 
oxygen and nutrient supply in tissue regeneration, usage of cell aggregates as 
starting tissue elements shows a possibility to regenerate tissues, avoiding necrosis. 

by r o t a t i d  culture for regulating cell 

5 Summary 

There exist huge obstacles to be overcome for realizing not cell transplantation but 
tissue transplantation, tissue regeneration, as mentioned in the introduction. Even 
though simultaneous angiogenesis is essential, approach- from scaffolds, and from 
physical stimulation as well as from biochemical stimulation, are crucial for 
regulating cell differentiation and regenaating tisiss9es. 
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A new thGary (hypothesis) w~ propped to explain the localizatim of vasculru: d i m  that 
momprmy thickening or thianing of a vessel wall, end to substmt& tlw hypothesis, tha 
efF& of various p h p i d  and hemodynemic factors on the concegtwtion of p b  pratcins 
and lipoproteins including low da&y lipopl~ttins (LDL) st the lumiaal surfaoe of an arterial 
wall were studied both tslcorctically and experimentally by sarrging out wmputer s-ns 
of the flow and transpor# of lipoprotci from flowing blood to an artsrial wall, and 
pffsorming mass m f e r  c x ~ t s  of LDL and model particlas using a monolayer of 
cultared bovine aortic endothelial cells as n mode1 of an atterial wall. rt w a  found both 
theoneiGailp an4 experimentally that due to the presence of a filtration flow of water at the 
vesssal wall, f l o w - w t  con~tret ion or dcpktion ef LDL occurs at tfie luminal surface 
of an artery lmder physiological wdihions,, mating regions of high and law LDL 
comtration at sites of low wall shear late (&mf and high wall shear late ( s m ) ,  
reqmtively. The d t s  strongly suggwt that concontration polarization of LDL is 
mpomibk for llocalized genesis and development of sthaoslclemsis and intimal h y p q h i a  
in regions of low wall shear nits where conmtration of LDL builds up, and cerebral 
ancuryw in reghw of high wall ahear rate where depletion of LDL m. 

It has been &nwn that in h-, most of the vam~lm diseases such as 
atherosclerosis, cerebral aneurym, and ma&motic intimal hypqlasia develop 
preferentially at certain sites in the circulation such as bifurcations, cund segments, 
and distal to a stewsis of relatively large m-teries where flow is locally ciiBtwbed by 
the formation of secondary md recirculation flows. Thus the localization of these 



vascular diseases has been a subject of hot issue since the early 1970's, and it has 
been studied by m y  researchers in the fields of medicine, engineering, and physics 
with respect to its connection with blood flow. As the results, it has been pointed out 
that wall shear stress is a key hernodynamic factor playing a causdve roll in all the 
vascular diseases which accompany thickening or thinning of the vessel wall. 
However, we have a strong suspicion in it for the following reasons. 

1. Shear stress is not a substance which can causo the v d a r  disease directly by 
accumulation or depletion of itself, but one form of fam which can only affect lar 

stimulate the cells constituting a vessel wall to uptake or synthesize or degde  the 
substances that cause the vascular disease. 

2. The resnlts from our flow studies with isolated transpmnt natural vessels showed that: 
Athero~lerosis and anastomotic intimal hyperplasia develop preferentially in 
regions where flow is slew and wall shear rate (shear s t r s )  is low [1,2]. 
Cerebral aneurysms are f o d  selectively at sites where blood flow it fast 5 d  
vessel walls we exposed to high hemodynamic stresses (pressure, tension, and shear 
stress) [3]. 

These results indicate that both of the vascular diseases which accompany 
thickening of the vessel wall (atherosclerosis and anastomotic intimal hypaplasia) 
and thinning of the vessel wall (saccular cerebral aneurysms) are diredy affected by 
the velocity of blood flow and wdl Shear rate associated with it, but they are 
qgosite phenomena which occur under extremely low and high velocity, 
respectively. 

In addition to the above reasons, clinical data shows that: 

1. Athemclerosis and anastornotic intimal hyperplasia tend to develop in subjects whose 
cholestml concentration in blood is elevated [4-61. 

2. Cerebral hemmhagis disordss tend to occur in subjectbi whose cholesterol 
concentration in blood is low [7]. 

3. In autologous vein grafts and artificial grafts implanted in the arterial system, even if 
their diameters are adjusted to those of host arteries and the luminal surfaces are 
exposed to wall shear stress which is the same level as that of host arteries, intimal 
hyperplasia still develops in the [g]. 

From all these facts and data, we considered that the flow velocity of blood and 
cholesterol (as a nutriment) are involved in  all the vascular diseases, and the 
concentration of cholesterol in blood and its transport to vessel walls play important 
roles in the Iodized pathogenesis and development of the vascular diseases 
mentioned above. 

To this end, we developed our own new theory (hypothesis) to explain the 
pathogenesis and localization of the vascular diseases. 



2 Our Theory (hypothesis) 
" Flowdependent conceniration poIurizathn theo~'' 

Due to a semi-permeable nature of a vascular endothelium which allows the 
passage of water a d  water-dissolved ions but not macromolemsles such as plasma 
proteins and lipoproteins, flow-dependent concenttation or dqletbn of plasma 
proteins and lipoproteins occurs at a blood-endothelium boundary as shown in 
Figure 1, and this affects the tramport of lipoproteins which carry an important 
nutriment 'cholesterol' from flowing blood to an arterial wall, leading to localized 
genesis and development of atherosclerosis and intirnal hyperplasia in regions of 
low wall shear rate where concentration of these macromolecules builds up, and 
cerebral meurysms in regions of high wall shear rate where depletion of 
macromolecules occurs. 

Figure 1 .  Schematic diagram of flow-dependent concenfmtion polarization of LDL. Due to 
the presence of a filtration flow of water at a vase1 wall, there occurs concentration or 
depletion of LDL at the luminal surface of an arterg, and depending on the flow rate, a 
coastant equilibrium soncsntration is established. EC: endothelid cell, LDL: low density 
lipoprotein, Vw: filmtion velocity of water (From Wada and Karino [9]). 

3 Theoretical Study 

3.1 Method 

The effects of various physical and fluid mechanical factors on the concentration of 
low density lipoproteins (LDL), known to be a substance which cause aterosclerosis, 
at a blood-endothelium boundary in vaioas segments of arteries were studied by 
solving equations of motion, conthuity, and mass transport under the assumptions 
that blood is an incompressible, homogeneous Newtonian fluid, the vessel wall is 



permeable to water (plasma), and blood flow at the inlet of the vessel is a steady 
laminar flow with a parabolic velocity distribution. 

Figure 2. Schematic representation of a straight artmy and definitions 
of symbols used (Fhm Wada and Karino [9]). 

Steady state mass transport of mg~~orndlecules such as LDL in blood flowing 
through a straight artev can be described by 

The bouedarqr conditions applied to solve the above equation are: 

where r, is the r d u s  of the vmwl, C, is the surAzoe concentration of LDL at a blood- 
endothelium boundary, VW is the W t i o n  vdooity of watet* and K is the ovedl  mass 
transfer coeeffickent of LDL at the vessel. wall. 

3.2 Pmedures for computational analyses 

Numerical wlutioa for LDL concentration, C, was obfained by a finite element 
method. To do so, solution dm& was F i  disctetized using two-dimumional, 



bilinear, quadtilateral elements, md the element equation was f m a t e d  by a 
conventional Calerkin-weighted residual method. 

3.3 Results 

3.3.1 Stmight artery [9] 

The axial and radial velocity of blood and the concatration of lipoproteins in blaad 
flowing through straight arteries in a steady fashion were cs lc~ted by tmming 
the filtration velocity of water at the vessel wall, VW = 4x loa c d s  [lo], the o v d l  
mass tmmfr coefficient of LDL at the vessel wall, K = 2x 10'~ cm/s [l 11, and the 
difhsivity of LDL, D = 5 x lo-' cmZh [12]. Figate 3 shows Ehe distribution of the 
concentration of various lipoproteins including LDL in the radial direction at an 
axial location z/d, = 20 (20dismeter downstream *om the entrance of the vessel) 
calculated for a 0.6-cm inner diameter artery at ReynoIds number, Re = 100. Here 
the lo& concentration of lipoproteins and radial distance from the vessel axis were 
n o d  by the concentration at the entrance, C,  and the radius of the artery, r,, 
respwtively. As evident from the figare> it was found firrrt that due to the presence 
of a filtration flow of wata at the vessel wall, concentration polarization of 
lipoproteins occurred at a blood-adothelium boundary whete fluid axial velooity 
was small. The degree of polarization was much greater for large lipoproteins such 
as LDL ( ~ = 5 ~ 1 0 ' ~ c m ~ / s )  ~ ~ V L D L  (D = 1x10'~ cm2/s) than albumin (D = 5x 
10" cm2/s). 



It was also found that the surface concentration of LDL increased non-linearly 
with increasing the axial distance from the entrance of the artery (ddJ, and it was 
greatly affected by the flow rate (Re) as shown in Figure 4. Figure 5 shows t h ~  
relationship between the d a c e  concentration of LDL and wall shear rate or Re. As 
it is evident fiom the figure, concentration polarization of LDL occurred most 
prominently under the condition of low Re and low wall dmr rate (shear stress). 

The effect of the &tion velocity of water at the vessel wall on surface 
c o n c ~ o n  of LDL was also studied. It was found that, as shown in Figure 6, the 
effect of water filtration was very latge at low flm rates (Re), but it bwsme very 
s m a l l a t ~ f l ~ w ~ ~ s p d ; ~  

Wall shew rate, y, [ sert-I] Filhation velacity, VW x 1 O6 [&w ] 
Figare 5. Tlre relationship bctwew thc smfacc Figam 6. Tho offwt of water fi1tratim1 
mnmtmtion of LDL and wall shear rate or Re velocity on surface concentration of LDL 
(From Wada and Karin0 [9]). (From Wada and ICarino [9]). 

A similar analpis was carried out also for the case of an endothelium by s i m m g  
its luminal s.u&ce with a sinusoidal one [13]. It was found that, as shown in Figure 
7, the surfice concentration of LDL hcreased in going distally and took locally 
high and low values at the valleys and hills of the endothelium companding to the 
sites where wall shear rate (shear stress) was low and high, respectively, and it 
increased 4.5% even in a short distance of 154 p (cormponding to the length of 5 
cells). The results indicate that concentration polarization of D L  certainly m u m  
at the l m h d  surface of the endothelium even though the filtration velocity of 
water at the endothelium is extremely d and the flow in the vicinity of the 
endothelium is disturbed microscopically by the presence of the hills and valleys of 
the monolayer of endothelid cells. 



3.3.3 C u d  segments [l4] 

Thmreticd study on the effects of various 
physid and hemodynamic factors on 
transport of LDL from flowing blood to 
the wall of an -artmy wifh a multiple bwd 
was d e d  out by means of computer 
simulation under the condition of a steady 
flow. Here the &ape of the blood vessel 
was obtained from a photugmph of a 
transpasent h m  right earcfnaq artery 
shown in Figure 8A and previoasly used 
in the study of Asahmi and Karino El], h 
evident from tbe thickness of the wall, the 
vase1 contained an atherogclerotic intimal 
tbiokmhg distal to the apex of the inner 
wall of the acute second bend where a 
slow mirculatim flow was farmed and 
wall shear rate (shear stmas) wm low [I]. 
It wss f m d  that due to a dpefllleable 
nature of the vessel wall to plasm, flow- 
dependent eoncwtmtion polarization of 
LDL occurred at thv luminal d a a e  of the 
vessel, creating a region of high LDL 
conoentrati~n distal to the apex of the 
inner wall of ewh bend where the flow 
was locally disturbed by the formation of 



secondary and recirculation flows and where wall s h w  rates (shear stresses) were 
low. The highest surface concentration of LDL occurred &stat to the acute second 
bend where atherosclerotic intimal thickening developed. At Re, = 500, the values 
calculated using estimated difisivity of LDL in whole blood and plasma were 
respectively 35.1% and 15.6% higher than that in the hulk flow. 

3.3.4 End-to-end anastornosed artery [15] 

Computer simulation of blood flow and transport of LDL from flawing blood to an 
arterial wall was carried out also for the case of end-to-end anastomased arteries 
under the conditions of a steady flow. Here the shapes of the blood vessels wwe 
obtained from tracings of transparent dog femoral arteries containing a 45'-cut md- 
to-end anastomosis that were used in the flow study of Ishibmhi et al. [2]. h was 
found that due to a semipermeable nature of an arterial wall to plasma, 
concentration polarization of LBL occurred also in mmtOmo$ed vessels, but only in 
vessels with a stenosis in which a slow recirculation flow o c ~ u d  distal to an 
anastarnotic junction. In the particular vessel shown in Figure BA, the gurface 
concentration of LDL was locally elevated by more thaa 10% in a restricted region 
W to the stenosis where a recirculation flow was formed, whereas in other 
regions, it increased only 5% or less. The highest value of the surface concentration, 
which was found just down$tream of the apex of the stenosis, was 1.19, and the 
location corresponded well to the site where intima1 thickening developed. 

A 3 

llL. --Wi 

Figure 9. Tracings of 45'-cut and end-to-end anastornosed dog f e m d  araerieg h m  which 
computational m&le were ~nstructed. A: Anastornosed artery containing a moderate stenosis 
and intimal thickening on the inferior wall. B: Anastarnosed srtery containing neither a s t e t ~ d  
nor intimal thickening (From Ishibad et al. [2]), 

Re, = 318 
do = 3.97 rnrn 
V,.,= 4 x 10"' mm/s 
~ = 2  x 10-~mm/~ 
D = S  x 1 0 ~ d s  

Rgure 10. Cwtouf map of IDL concentration at the lunsinal surface of an matornosed artery 
containing a modcrate sknosis as observed n o d  to thc: bisector p b  of the vaael. Contor 
lina were drawn at an intend of 2.5% ~haIIge in normalized s h  concentdon of LDL 
(Pram Wada ct al. [Is]). 



4 Experimental Study 

To ,subs~tIate the findings of the theomtical study described above experinwitally, 
the effect of a steady shear flow on c o n d o n  polarbxitiion of maersmolemxles 
was studied using a cuItured bbvine aortic endothelid cell (BAEC) monolayer 
which smed  as a model of an endothelium of an artery or an implanted vascular 
grdl and a suapmdon of plasma protej, and lipoproteins. 

The study was carried out by flowing a cell culture medium containing fetal calf 
serum or bovine plasma lipoproteins iu steady flaw though a parallel-plate flow cell 
shown in Figure 11 in which a cultured BAEC monolayer was installed as a part of 
the parallel-plate under ph@olo@od ranges of wgll shew rate and water filtration 
velocity at the BAEC monolayers and mewring water f i l f o a  velooity at the 
BAEC monolayer whit& varied gecondarily with the change in the con~e~trstioa of 
plasma protein particles at the luminal d c e  of the BAEC monolayer, 

4.2 Results 

With pefisatm containing s m m  or lipoproteins, water filtration velocity varied as 
a function of wall shear mk, and it took the lowest value at y, = 0. The above 
phenmenon was observed only with perfusatas containing lipoprateh. It did not 
occur with a pure cell eulture medium nor a culture medium containing albuminumin As 
shown in F i e  12, water filtration velocity increased or decmsed as flow rate 



increased or decreased from an arbitrarily set non-zero value, indicating that surface 
concentration of lipoprotein particles varied as a direct function of wall shear rate 
(flow rate). Almost the same result was obtained with a perfusate containing serum 
at 20% by volume and a perfusate which contained lipoproteins in an amount 
equivalent to that contained in a perfusate containing serum at 20% by volume as 
shown in Figure 13, indicating that lipoproteins are main contributors to this 
phenomenon. 

Figure 12. The relationship between wall shear 
rate and water filtration velocity at the vessel 
wall which occurs as a result of the change in 
surface concentration of lipoproteins (From 
Naiki et al. [16]). 

Figure 13. Plot of water filtration velocity 
against wall shear rate, showing the effect of 
particle size of lipoproteins on filtration 
velocity (From Naiki et al. [16]). 

5 Concluding Remarks 

Through a computer-aided simulation of the flow and transport of LDL in blood 
flowing through various segments of arteries, we first found that flow-dependent 
concentration polarization of lipoproteins occurs at the luminal surface of the 
arteries under physiological conditions. Then by carrying out flow experiments 
using monolayers of cultured bovine aortic endothelial cell as a model of a vascular 
endothelium and suspensions of lipoproteins as a model of blood, we 
experimentally confirmed that the predicted phenomenon certainly occurs at the 
luminal surface of the endothelium. 

The results from both the theoretical and experimental studies showed that the 
surface concentration of LDL increases with increasing water filtration velocity. If 
we consider a clinical case of chronic hypertension in the light of the above finding, 
it is very likely that, in patients suffering from chronic hypertension, due to 
increased filtration velocity of plasma at the vessel wall, surface concentration of 



LDL is chronically elevated, and this is, in turn, promoting the pathogenesis wd 
progression of atherosclerosis. This may account for the clinical finding that 
atherosclerotic lesions develop prefmtidly in hypertensive subjects. The 
importance of our "Concentration polarization theory" is that, with this theory, we 
can explain not only the effect of flow patterns on surface concentration of LDL 
but also how the surface concentration of LDL is affected by the concentration of 
cholesterol in blood and blood pressure that are the two major factors recognized as 
risk factors of atherosclerosis. As far as we know, this is the only theory which 
predicts the existence of spatial heterogeneity in LDL d a c e  concentration prior to 
the development of vascular diseases such as atherosclerosis, mastmutic intimal 
hyperplasia, and cerebral aneurysms which accompany thickening and thinning of 
vessel walls. The h d h g  from our theoretical and ex- studies strongly 
support our hypothesis that flow-dependent concentration polarization of LDL (a 
d e r  of "cholesterol" that is an important component of a cell membrane and thus 
indispensable to the cells fonning the vessel wall for their growth, division, and 
proliferation) is responsible for localized genesis and development of various 
vascular dismes mentioned above in man by either locally elevating or lowering 
the surface concentration of LDL, thus augmenting or reducing their uptake by the 
cells existing at such sites. 

We are still working on this problem, and now investigating the effects of a 
shear flow and water filtration on surface concentration of LDL at the vessel wall 
and the uptake of LDL by the cells forming the vessel wall by using a co-culture of 
endothelial cells and smooth muscle cells as a realistic model of an arterial wall, If 
we cauld prwe that flow-depegdent concentration or depletion of lipqsroteins is 
certainly occnrring in real arteries in vivo by carrying a t  further detailed studies, it 
might become possible to explain the pathogenesis and localization of most of the 
vascular diseases that accompany a change in inner diameter of the vessel and 
remodeling of vessel wall in terms of an excessive or insuficient supply of an 
important nutriment "cholesterol" from flowing blood to the vessel wall. It might 
become also possible to treat intimal hyperplasia and atherosclerosis by locally 
lowering water pameability at the vessel wall by topically applying certain drugs 
and carrying out some simple surgical procedures. 

This work was supported by h t - i n - A i d  for Scientific Research 15086201 from 
the hiinistry of Education, Science, Sports and Culture of Japan and partly by a 
Grant-in-Aid for Scientific Research 15300150 from Japan Society for the 
Promotion of Science (JSPS). 
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AUTOMORPHOGENESE OF LOAD BEARING FIBROUS TISSUES: 
GENERATION OF TENSILE STRESS, CELL ALIGNMENT, 

AND MATRIX DEFORMATION BY FIBROBLASTS 
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Tokyo Medical and Dental University. 2-3-10 Kanda-Surugadai, Chiyoda-ku, 

Tokyo 101 -0062, Japan 
E-mail: takakuda.mech@tmd.ac.jp 

Tensile stresses generated by fibroblasts cultured in collagen gel were investigated. Specimens 
of thin collagen gel membrane, within which cells were proliferating, were examined under 
various initial and boundary conditions. Generation of tensile stress, cell alignment, and 
matrix deformation were recorded. It was demonstrated that fibroblasts generate tension, 
change their orientation along tensile direction, and create structures of collagen fibers. A 
hypothetical mechanism for such automorphogenesis was proposed, that is, fibroblasts 
generate tension and make tense collagen fibers, and then cells stretch themselves along the 
tense fibers and increase tension in this direction. Thus this mechanism works as positive 
feedback that enable cells to make load bearing fibrous tissues with collagen fibers. 

1 Introduction 

Soft fibrous connective tissues such as tendons and ligaments in our body are 
mechanical components bearing tensile loads. These tissues remodel themselves to 
adapt to the mechanical loadings. They undergo hypertrophy if they are subjected to 
excessive loads, and atrophy to reduced loads [ l ,  21. The mechanism how such 
remodeling realized is hardly elucidated, but fibroblasts are the dominant cell 
population within these tissues and are believed to recognize and respond 
appropriately to the mechanical environment around the tissues. 

Actually some mechanical activities of cells were observed in culture system, 
as the contraction of collagen gel within which fibroblasts were proliferating [3], 
and the alignment of fibroblasts along the lines connecting two particles to which 
collagen fibers were attached [4-61. These observations made us believe that 
fibroblasts express mechanical functions, and these functions could be analyzed in 
detail with the use of in vitro models. Hence we have been developing experimental 
models in which fibroblasts were cultured in thin collagen gel membranes and 
subjected to various initial and boundary conditions [7-91. These models have been 
proved quite convenient for mechanical manipulations and microscopic 
observations. Utilizing these models here we would demonstrate that fibroblasts 
generate tension, change their orientation along tensile direction, and create 
structures of collagen fibers. Furthermore, based on these observations, we would 
discuss automorphogenesis of fibrous connective tissues from the mechanical point 
of view. 
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2 Materials and Methol 

The fibroblasts-like cells were obtained by the explants method from synovial 
membranes of knee joints of Japanese white rabbits. They were cultured in 
modified MEM with nuclmsides (JRH Bioscience) supplemented by 60 pghl 
Kanimycin and 10 % calf serum, and kept in an incubator at 37 degrees Celsius and 
5 % C02 environment. They were subcultured through the dispersion of mlls by 
trypsinEDTA solution. For the experiments, the cells from 1st to 5th subculture 
were used. 

A typical specimen is illustrated in Figure 1. A collagen gel membrane of 
10x10 mm was kept on a stainless steel mesh (#80) with a square hole of 5x5 mm. 
This specimen was made by pouring a mixture of 8 parts of collagen acidic solution 
(CELL MATRM type I-A, NI'lTA Clelatin), 1 part of xlO solution of MEM 
(Nissui), and 1 part of buffered solution (4.77g HEPES/100ml O.Q8N NaOH 
solution) into a silicone rubber mold in which the stainless steel had been set 
previously, and keeping it in a incubator for 15 min for gelaticm. The thickness of 
the sgecimens was about 0.5 rnrn although it could not be set exactly since the 
upper surface of the mold was left open, 

Many miant specimens were W e ,  those kving holes or straight cuts within 
the gel membrane. The fmed boundary conditions were realized on the boundaries 
of the specimens where they were supported by the stainless steel wire mesh. The 
stress fiee boundary conditions were realized on the free boundaries of the 
specimens where a cut was introduced in the specimens by a surgical knife or where 
a hole was made at the preparation of the specimens. 

The distribution of cells in a specimen was also varied. In the case of a 
specimen with uniformly distributing cells was required, cells were dispersed in the 
neutralized collagen solution before gelation. In the case of a specimen with non- 
uniformly distributing cells was required, a monolayer patch of cells was retrieved 
from a culture dish and the mass of 
cells (ca. 1 mm3) was attached on the 
stainless steel mesh near the edge of 
the opening just before pouring the 
neutralized collagen solution. 
Outgrown cells proliferated and 
migrated from the mas$ of the cells, 
and we got specimens with non- 
uniformly distributing cells. 

After gelation, the specimens 
were placed in plastic petri dishes (60 
rmn diameter) filled with the medium 
and kept in the incubator. The 
medium was changed every 3 or 4 

Stainle~is steel mesh 
I.. I 
I.. I 

FEgure 1. Collagen gel specimen. 



days. The specimens were obswed by a phase-contrast microscope (DIAPWOTO 
TMD, Nikon) equipped with an incubating box. The specimens were inspected 
everyday and time-lapse videos were recorded at occasions of interests. 

3 Results 

3.1 Generation of tensile stresses by fibpoblasts 

Setting a small mass of the cells near an inner edge of the stsel mesh at the makina. 
of the specimen, we could make the cells proliferate and migrate in the rsrdial 
direction fiom the mass of the ~ ~ 1 1 s  into the gel membrane [ti]. When the front of 
the cells reached to the central portion of the spe6imen, we d e  rt cut in the gel 
membrane by a surgical knife as illustrated in Figure 2(a). Then the cut opened at 
once as Figures 2 (b) and (c) show. Furthermore, as shown in Figure 2(6), the gd of 
Zhe upper side above the cut in the figure, within which many cells could be 
observed, showed progressive deformation with time. On the other hand, the gel of 
the lower side below the, cut, within which no cells could be observed, did not show 
any deformation. 

The observation indicates that the tensile stress field was generated in the 
membranes. When we cut the gel membrane by a knife, the residual stremes were 
released and tbe cut opened. On the other hand, in the s p e c h a s  which did not 



3.2 Aiignmmt offibmb1asfs in the direction ofthe tensile stress 

In ~rder to investigate the behavior of cells in the stressed gel, a specimen was 
made in which the d l 8  were proliferating md migrating from a mass of the cells 
again, and two knife-cuts were introduced along the both sides of specimen as 
shown in Figure Xa). In such a spechen, we could make the cells proliffx8ting in 
the tensile stress field [9]. In fact, when the cells generated the tensile stresses, since 
only the upper and the lower boundary of the sp~cimen were fixed, the stress should 
be tensile stress betwm the upper a d  the lower botm*. The b~haviw of the 
cells wsrs recorded with the time-lapse video system, at the fimpr when frontal cells 
had reached to the mmbl portion of the spwimen. Typical behavior of the cells is 
shown in Figures 3(b)-(d). The time indiwted in pbtos was m w d  from the 
beginning of the recoKiing. The cells were apparently lying on the s d a e  crf gel 
membrane. Most of clells took the ulongated form in the tensile direction. Cdls took 
the rounded form just before the mitosis, and then nwbarn daughter cells 
recovered dc)ngatd farm in the tengile direction imtn-ly. This re-elongation 
process was very rapid, The cell migrations in the tensile h i o n  were also 
observed. 

In anather experiment for the cell alig-nmest, we utilized the same kind of 

U I 
(a) Iutrodnction of cuts to the specimen 

(c) 5 hours (d) 10 hours 

Figure 3. Cell ali&nrnent in the tensile sfrm d i m .  



specimen as in the section 3.1 and recorded the behavior of cells with the time-lapse 
video system. When frontal cells had reached to the central portion of the specimen, 
the cells took the elongated shape in vertical direction. At this time, we introduced a 
knife-cut at the central portion of the specimen in horizontal direction as before. 
During about 10 minutes after the introduction of the knife-cut, the e l l s  took the 
rounded forms as shown in Figure 4(b). Then as time passed, they took the 
elongated shapes again but in horizontal direction in the figure as Figures 4(c) and 
(d) show. Whole process had completed within an hour. The cells elongated 
themselves as if they knew the direction to elongate, although the details were not 
clear in our phase-contrast microscopy. 1t should be noted that when the number of 
cells was so small in the specimen$, this reorientation phenomena described above 
could not be observed. 

3.3 Matrix defomiition by fibroblasts 

In order to investigate the mat& deformation cawed by ths cells, specimens with a 
small hole with uniformly distributing cells were examined [7, 81. Figure 5 shows 
the experimental results of the specimen with a hole of 0.5 rnm diametsr and 
cells with density of 0.2 x 10'1ml. According to the result of the section 3.1, the 

m 

(a) Introduction QI a cut to the specimen 

(d) 60 min 

Figure 4. Reorientation of cells toward the tensile s t m s  dinstion. 





tensile stress fields were generated within the collagen gel msmbrane. ~ r o k d  the 
hole, the stress field might be such one that it was tensile in the circumferential 
direction and stress-free in the radial direction. In the experiment, the cells aligned 
circumferentially near the edge of the hole, demonstrating clearly that the cells 
oriented themselves along the direction af the tensile stress. As time passed, the 
diameter of the hole decreased and the hole finally d~ppcared.  This seemingly 
resulted from the gel contraction caused by the circumferential tcnsile stress. 

Another example of the matrix deformation cawed by the cells over a long 
period of time is shown in Figure 6. Initially, the &lls were distributing uniformly 
with r density of 0.2 x 10~/ml, and two cuts were introduced along both sides of the 
specimen just after the specimen was prepared. The cells aligned in a direction 
parallel to the cuts, La, along the tensile direction. Under the tensile stress 
generated by the cells, the stretching of sp&wn p r o c e w  w&h time and M y  
the specimen ruptured spontaneously. 

4. I Generation oftensile stresses byfibroblasts 

It is well known that if a specimen of collagen gel containing fibroblasts within it is 
f ~ e l y  drifting in the medium, it will contract as cells proliferate [3]. This 

(a) Specimen with edge mts 

dav 

(c) 9 day (d) 16 day 

Figure 6. Matrix &formation by tensile force generated by cells. 



c o n ~ i o n  is believed to be due to the mechanical function of the cells, i.e. the 
exertion of contracting forces. Conhstingly, if the boundary of ihe specimen is 
attached to surrounding tissues, a situation that may arise most fhquently in vivo, 
tensile stresses should be generated in the collagen gel as the cells contract. 
Although these stresses cannot be observed directly, the existence of thgm is easily 
verifiad by the technique demomimted here. The mult shown in 3.1 is a clear 
evidence for the generation of tensile stresses by the cells. The introduction of 
hife-cut release the generated intemal &resses in the gel and the cut opened 
spontaneously. Progressive shape change of the gel also demonstrates that the cells 
continued to generate tensile stresses. 

4.2 Fib~oblasts alignment along the tensile stress direction 

In the first experiment shown in the sectain 3.2, we observed thit the round-ford 
cells just after the mitosis found the direction of the tensile stress and got elongated 
shape aligned in this d i m ,  This phenomenon suggests that the cells adhered to 
the collagen fibers and s.tretched along the fibers. The fact that the ~eI ls  just after 
the mitosis so quickly took elongated forms may be explained by the existence of 
the well-developed orientation of the collagen fibm in the gel. Similarly, in the 
second experiment in the section 3.2, the cells must be adhered to the collagen 
fibm in the gel before the introduction of the cut since they exhibit elongated forms, 
ARer cutting, the collagen fibers lost their tension. It may correspond to the 
observation that the cells got the rounded form after the cutting. It looks that the 
cells could not keep their elongated form with the collagen fibers that lost tension. 
The cells seemed to last adhesion to the fibers previously adhered, and then begin 
to re-adhere to the other fibers. Our results shows that these fibers should be 
horizontal in the figure and possibly be stretched in this direction. The facts that this 
process took only an hour and the cells did not ~ e e m  to looking for the directions to 
elongate sugpsb that the cells would recognize the tense collagen fibers, We 
believe that the cells require some stable anchon to adhere md want to stretch 
themselves over them. The rigid anchors for the cell adhesion are required, and in 
the case of the soft  material^ such as the collagen fibm, they must be in tension to 
be rigid enough for tha cells. Although interactions between the cytoskeltons and 
the extracellular collagen fibers are believed to be responsible for these phenomena, 
the detail of the p r o c ~ ~ s  canaot be elucidated in these observations. Further 
investigations are required to h o w  how the interaction mechanism works. 

4.3 Mtltrix deformation byfibroblasts and autornorhogenesis 

From the results shown in the section 3.3, we found that the populations of the cells 
could generate sufficient force for the induction of the matrix deformations. Hence 
if randomly orientated cells exert contraction force among them, and if the direction 



of tensile stress is restricted as in the portion near the five surface of the gel 
specimen, the collagen fibers are stretched and change their orientation to align in 
the direction of the tensile stress that may be the direction parallel to the ffee 
surface of the specimen. In this case, the cells would adhere to the aligned collagen 
fibers and they would generate the contracting force along the direction of the 
collagen fibers. Thus the positive feedback loop between the orientation of the 
tensile stress and that of the collagen fibers is realized, and the randomly orientated 
cells in the beginning will align themselves in the tensile direction as they 
proliferate. 

Unfortunately, our experiments presented here also elucidated that the collagen 
matrix utilized for the cell culture experiments was so weak that it would rupture by 
the sole application of the forces generated by the cells within the gel itself. Not 
only the self-orientation mechanism introduced here but also the strengthening 
mechanism for the extracellular matrix is necessary to establish the appropriate 
hypothesis for the automorhogenesis of the load bearing fibrous tissues, and it 
would be presented in our other articles. 
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Tmbecular architcEhrrc is the microstruelure of eaaceflous bone, md it is important to 
understand the hetion between the mBchanical properks of trabccula level and those of 
~mmflous level. This dele daaibes the &tmpy of mechanical and s t m d  pmperbs 
of the 0~nceUous bone bbsefved by ooinpession test and mean idffespt lea-@ analysis, and 
the anisotropy of mechanical properrim af tmbesdae obpwed by bending test and hardness 
test of ~ing1e t n h d a  The former animkpy is considered ftam the viewpoint of the latter 
afiisotropy, that is the depeadtncy of trabecula properties on the direction of trabenrla in the 
oanoellous bane. Findings have m$g& colldvely a po&iZrility that the anisotropic 
meEhanical pmpatisg of qgdkmg born are resultant of anigobropy in trabaular sfmchua 
5 d  trattecula pmperties. 

1 Introduction 

Cancellous bone is made of beam- or platelike trabeculae that construct the 
trabecular architecture [I 1. The mechanical properties as cancelloas bane are 
therefore governed by the mechanical properties of stmstural elements md the 
organization of trabecular architecture. It has been known h t  the mechanical 
anisotropy as the cancellous bone is coming from the anisotropy of trabecular 
architecture partially dependent on its mechanical condition [2]. Pulultiscde 
obsenatim is inevitable in order to anderstand the mechanical properties of 
cancellous bone as the whole. In fact, efforts have been devoted far the 
investigations concerning the mechanical properties as the wcellous bone through 
conventional compression test [3, 41, the structural pqwties  as the cancellous 
bone by means of fabric analysis based on imaging [S, 61, the mechanical properties 
of trabeculae through tensildbending tests or indentation kist [7,8] and so on. 

This article describes the relation between the animtropic elastic properties as 
cancellous bone and the elastic and hardness properties of trabmlar elements in 
conjunction with the structural anisotropy of trabecular architecture. For the 
cancellous bone scale, the conventional compression test and the mean intercept 



length analysis of micro CT images are conducted, and the bending test and Vickers 
hardness test are done fro the mechanical properties of single trerbecula scale. 

2 Methods 

This study uses the cancellous bone of bovine femur as the test speoimen. The 
fie& femurs of young Japanese black cattle are purchmed h m  the meat market 
and stored at forty degrees belaw the hezing point until experiment. In order to 
identify the orientation of the specimen, the x d s  of coordinate system is assigned 
to the anterior direction, and the z-axis is to th0 proximal direction of the bone shaft. 
The y-axL represent% the mediolateral direction so that the coordinate system to be 
right-handed. 

Four rnechanicdstraotural tests are conducted in this study: (1) compression 
test of can~ellous bone, (2) mesn intmept length malysis of catloellow bone, (3) 
beading t t  of single trabecula, and (4) hardness test of single trrabala. The 
femur is bi-sectioned by sagittal x-z plane on a band saw machine, and then cubic 
test specimens of 10 mm on each side along the coardinate axes are cut out ffom the 
region beneath the end plate by a diamond c u e r  (SBT65.0, South Bay Tmhuology, 
Inc., Sm Clmwnte, CA, USA). These specimens are used for the former two tests. 
Single t r a h k  specimens are removed from the cubic specimen for the latter two 
tests. The detail of the choice and separation of s@e trabecula is described in the 
below, Figure 1 sbms the outline of preparation of test specimens. 

Figure 1. v a n  of specimana. A: Bovine femur aeGtiened by sq$itd p h .  B: Cubic test qre&na 
of 10xl0x1Ckm on E B C ~  &i& €2 Tat  of Bingletrxtbecuh rem~ved from cubic test apecmten. 



2.2 Compression test 

Cubic test specimens are sent to uniaxial compression test that is canied out on a 
light duty universal testing machine (mest-100N, Shim-, Kyoto, Japan). The 
test is conducted for three different directions of compression along x-, y-, and z- 
axes within the range of nonde&-uctive compression load. The zem load position is 
identified by removing a small load of 2 N applied to the specimen. The maximum 
load is 40 N for the compression test at the compression speed of 3 millimeters per 
minute. The loading and unloading are repeated sevml times and the stress-strain 
curves are captured by a computer where the strain is calculated based on the 
distance between the compression plates of the testing machine. The elastic moduli, 
Ex, Ey and Ez as the cancellous bone are determined from the slope of strma-strain. 
carve obtained. 

Figure 2. Setup for compwsion &st of 
cancallous bone. Thc specimen is 
placed between the standard 
mnpmion plates of a light duty 
universal testing machine. Three 
directim 6f cbmpree~ion are identical 
to p i m e n  sida 

2.3 Mean intercept length analysis 

Following to the compression test, cubic test specimens are sent to the three- 
dimensional imaging of trabecular architecture. The specimen is mounted on a 
micro X-ray CT-scanning device (NX-HCP-C80-I, Nittetsu Elex, Tokyo, Japan), 
and 150 slices images in x-y plane are scanned with the slice interval of 66 
micrometers. Original slice images of 1024x1024 pixels are obtained by 600 
projections with the accumulation of 32 times. As the result of the computer 
processing to obtain the binary images, the individual slice image is converted to 
5 12x5 12 pixels of 42 square micrometers. 

The mean W c e p t  lengths [5]  are calculated for each cubic specimen based on 
its three-dimensional image data. The interval of the orientation of inspection line 
is one degree both in the longitudinal and latitudinal directions. The data of mean 
intercept length with orientation of inspection line are fitted by the fabric ellipsoid 
[6], and the principal values and direction cosines of principal axes with respeCt to 
coordinate axes 9t.e determined. 



Inspectian line 

2.4 Bending test 

By referring to the t$ree-dimmional micro CT image of each cubic specimen, 
trabula specimens are chcmn f i r  the bnding test. Cubic sp&mm is sIiced to 
plates of 1 millimeter thick dong three different surEwes by using diamond cutter, 
a d  then trabecula qeeimens aligned in x-, y- and zdirections are m o v e d  from 
them slices by suqicd blade under a mi~roscope. Three point bending test was 
conduced for these spechegs on the experimental Betap with the support distance 
of 3 millimeters as shown in Figure 4. The mjm md minor diameters of the 
tmbecula qmimens are meiwareEl by using CCD camera, aad the eross-sectional 
properties are d c ~ l a t e d  by asguMing the elliptic m-oss-sstion. Bending was 
applied to the specimen three time8 with the m i m u m  deflection of 40 mimmetws, 
rurd the defledon and the bending fme we monitored through an exterrsometer 
(EDP-5A-50, Tokyo-Sou, Tokyo, Japm) and a load cell (LVS-lOQGA, Kyowa- 
Dengyo, Tokyo, Japan). The elastic modulus is calculated h m  the slope of load- 
deflection m e  o b m d  TI$@ tisod cycle b a d  an the: barn thmxy of three- 
point bending, 



2.5 Hardness test 

Another set of single trabecula specimens is prepared for Vickers hardness test. 
Each specimen is laid and embedded in the surface layer of plaster bed. The 
fluface of trabecula specimen is finished by using abrasive paper and abrasive soap 
(Metapolish, Fujimi, Tokyo, Japan) as is shown in Figure 5A. The embedded 
specimen is sent to the hardness tester (Hh4V-1, Shirnadzu, Kyoto, Japan). The 
shape of indentation tool is quadrangular pyramid, and the tmting load of 10 grams 
is applied for 10 seconds to the polished surface of specimen. These conditions are 
determined by referring to the preliminary trials. Indentation is carried out for five 
points along the axis of tmbecula specimen (Figure 5B), and the stamp size is 
measured through a CCD camera. Concerning the depth of the test sufitce, 
preliminary trials for a couple of d a c e s  of different depth have confirmed no 
difference in resalts of indentation test. 

\ 
Trabewla 

Plaster bed 

3 Results and Discussion 

Table 1 shows the direction cosines of the principal axes of the fabric ellipsoid with 
resped to the coordinate axes obtained as the result of the mean intercept length 
analysis and fabric ellipsoid fitting. The direction cosines between the first 
principal axis and x-axis, the second principal axis and y-axis, and the third 
principal axis and z-axis are Jmost unity. That $, the anterior, medialilateral and 
proximal directions of the femur are almost identical to the principal dimtion of the 
trabecular architecture of the region of cancellous bone tested in this study. As 
shown in Figure 6, the principal value of the fabric ellipsoid is the largest in the 
third principal direction almost identical to z-axis, and the smallest in the first 
principal direction almost identical to x-axis. These data show the structural 



anisotropy of trabecular architecture of the cubic specimen as the cancellous bone 
tested. 

3.2 Mechanical anisotrapy: cartcellous bone 

The anisotropic mechanical properties observed in the elastic modulus by the 
compression test of cubic spimen of cgncellous bone are shown Figure 7. The 
modu1w is the smallwt in x-direction, and the hgest in z-direction. As the result 

Table 1. D M m  wines ofpr166ipal am. 

SD, 0.0425 0.0427 0.000 

Principal direction 

V 

X Y  z 
Direction 

Figure 6. Principal value of mean intercept 
length (MIL) rcpwgntlng the s t m d  
anisotropy oftrthmlar mhitecture. 



of the mean intercept length analysis and fabric ellipsoid fitting, the x-axis is almost 
identical to the first principal direction corresponding to the smallest principal value, 
and the z-axis to the third principal direction corresponding to the largest principal 
value. Though the difference of significance among the elastic moduli is moderate 
(p<0.05), the correspondence between the anisotropic mechanical property and the 
anisotropic structural property of trabrecular architecture of the cancellous bone 
would be an important aspect in the anisotropic characteristics of the cancellous 
bone. 

3.3 Mechanical anisotropy: single trabecula 

Figure 8 shows the anisotropy observed in the elastic modulus of single trabecula 
aligned in different directions in cancellous bone. The modulus observed by the 
bending test is the largest in the trabeculae aligned along z-axis, and is the smallest 
in the trabeculae aligned along x-axis. The difference between them is moderate 
but significant (pC0.05). The difference among the elastic moduli of trabeculae 
aligned along different direction is similar to the difference observed among the 
elastic compression moduli in different direction of the cancellous bone. That is, 
this similarity suggest us the influence of the material property dependent on the 
orientation of trabeculae on the macroscopic elastic property as the cancellous bone. 

Direction 

Figure 8. Aaisatmpy obeerved in elastic 
modulus a single aabeoula aligned along 
different dimtian in oancellous bane. 

3.4 Mechanical anisotropy: trabecula hardness 

The dependency of Vickers hardness on the trabecula direction in the cancellous 
bone is shown in Figure 9, and it also exhibits the anisotropic characteristics. That 
is, the hardness of trabeculae aligned along z-axis is the largest and the hardness of 
trabeculae aligned along x-axis is the smallest. This difference is again significant 
(pe0.01). The dependency on the trabecula direction in the cancellous bone is 



identical to that f o w l  in the elastic ~ u l u s  of trabecula shown in the prewious 
section. Sinw the positive correlation is known between the elastic modulus and 
the harbss of bone in m e o p i c  level, the mult show in this and previous 
s w t i w  is a reasonable finding for tmbecula in microscopic level. 

Direction 

4 Summary and Rmnmba 

This article have described a set of four mechanid testslanalysis has been 
described for the cancellous bone specimen of macroscopic level and the single 
trabecula specimen of microscopic level and have considered the anisotropic 
charrrcteristics of cancellous bone fiom the both levels. 

Compression test and mean intercept length mlysis have illustrated the 
mechanical and stmcturd anisotropic chmacteri.stics of cancellous bone. Three 
point bending test and Vickers hardness test have illustrated the dependency of the 
mechanical property of trabecula on the trabecula direction in the trabecular 
architecture of cgflcellous bone. These findings, collectively, have suggested a 
possibility that the anisotropic mechanical property as the cancellous bone in 
macroscopic level is dependent on the structural anisotropy of trabeculw 
architecture as well as the mechanical properties of trabecula in micro level 
dependent an the direction of trabecula in the cancellous bone in part. Further 
consideration will be expected to examine the anisotropy of trabecula at micro level 
more in detail. 
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APPLICATION OF COMPUTATIONAL BIOMECHANICS TO CLINICAL 
CARDIOVASCULAR MEDICINE 

Curreetly, there is a strong thst  to develop clinical applications of ccnnpatatiod 
fluid and solid mechanics, partiouimly for e;8~~diov& medicine [I, 21. Rapid 
advances in computm have made thia easier. Neverthele&, there are still many 
problems to ovmome before rtn a@ cliical system can be construmti. Therefore, 
it would be usell to sunrmatize t h e  problem., 

2 Problems fn Computational Biomechanics 

There are four major difficulties in the computational biomechanical analysis of the 
cardiovascular system: the complex geometry, complex boundaries, u n s t w h e s s  of 
blood flow, and blood as a nm-Navtoniau fluid, These have been recognized as  
difficult, but essential problems, since the earliest applications of the computational 
method. Numerous attempts have been made to solve them, although we have not 
y& resolved them satisfactorily. This is true not only for each category of problem; 
combinations of these problems complicate the matter, since each problem is 
essentially non-linear. Moreover, these difficulties in blood flow analysis influence 
each other in a non-linear way, further compounding the problem. Let us discuss 
some of our current ideas. 



2.1 CompIex geometry and modeling 

Every component of the cardiovascular system, including the heart, arterial trees, 
and veins, has a very complex geometry. For example, the h e r  d a c e  of the heat 
is not smooth, but is covered by tmbeculm. The aorta curves and distorts markedly, 
changing its cross-sectid shape, e~pecidly in tenns of average parameters, such 
as its diameter and area. Artery branches and veins merge and the branching a d  
merging patterns are suspected of being related to the pathogenesis of vascular 
disorders, which are the most important causes of death In the industrialized world. 
Since the geometry is complex and the influence of this complex geometry cannot 
be reproduced exactly or evaluated using either experimental or theoretical methods, 
we need a computational method [3]. 

Figure 1. Distribution of atherosclaatie plaque 
in the camtid bifurcation. A muaukable 
athmwIds plaque occupies almost 80% of 
the crosrsectional area of the i n t a d  catotid 
artery of a h. The h e r  (flow divider} 
walls of both the internal and external artery 
are sparcd and the plaque ( i n i d  carotid} 
and intimal thickening (external cartotid) are 
ssea an the outer ddas of the bifurdan. 

Any computational methad requires models, and the mmplex geometry &em 
it necesseuy to model the cardiov~sculm ~~yattxn in an individual, or patient-spm&c, 
mama-. Individual modeling as such can only elucidate tb p a t b o g ~ i s  af vmmlar 
disorders through analy~is b i n  a fluid medumios viewpoint. This is particularly 
true because wall shear strem is considerad rsspomible for the phy~iological and 
pathological changes of tbc arterial wdl (Fig. 1). The wall shear stre8s is ec~tmmely 
susceptible to minute dtemtions in the lumiaetl of tb attmial wall. Therefore, 
to evaluate the exact wall &em strm pattern, we fleed to know the gametry in 
gxeat dezail, and this differs hm person to pmsan, 

However, we idso n d  to be aware that the o v d  BT global configuroltion af 
C ~ ~ ~ ~ Q V ~ S G U ~ W  SyStern pliIlldy det€TIUhe~ the fkSt &order SbUCbm af & %W 

inside it, and hence the disbibution of the physical pmaters that may affect 
pathophysiological phenomena. In this sense, we do not know whether the: 
instantaneous w d  sheBr stress pattan or long-term sventgo pattern actually govsm5. 
the progress of &seam, The atherosolerasis underlying c&ro- atld oardiovancular 
events grows and worsens over very long periods, on the ordm of decades, in the 
human v& system. This sngge- that the p d c t i o a  aM1 preventian of thme 
fatal events should be based on o b m t i o n s  and follow-up over a vary long t h e  
scale. Any computiltiad application should incorporate this very long time wide. 



Figure 2. M d  velocity distribution profile of a healthy frmtrarr a m  using the phase m p  MRI 
method (data courtesy of Pmf. H. Isoada, Hamanaatsu Medid University). A large-soale swirling mation 
of the vortex structure is seen, particularly from late systole to d y  diastole. 

Frequently, newcomers to the field jump into direct explanations that are sometimes 
not conrect from a biological viewpoint. The disease process may not be clearly 
distinguished from physiological alterations of the vascular system, so that analysis 
should be combined with an understanding of the normal aging process. Aging is 
also responsible for large-scale geometric changes in the cardiovascular system, as 
is the growth that form the structures of the body in the young. Computational 
prediction of disease, if possible, should be based on these considerations and 
should consider long-term phenomena. This I true when we model the living 
system using modera technology, particularly imaging technology. 

To date, various image-based technologies have been developed and used for 
the computational mechanical analysis of blood flow. They include computed 
tomography (CT), magnetic resonance imaging (MRI), and ultrasound methods. Of 
these imaging techniques, MEU methods support the greatest expectations because 
of their inherent non-invasive nature (Fig. 2). Non-invasiveness is very important, 
because healthy subjects are candidates for preventive examination in 
cardiovascular medicine. Methods using X-rays, such as CT, cannot be used for 
mass screening of a large population, although their resolution and reproducibility 
may be better than other methods. In any imaging technology, we obtain pixel or 
voxel images of the target organ, so that a method for building a computational 
model out of medical images has been a focus of interest for several years, and 
various methods have been proposed (Fig. 3) 14-61. 



2.2 Cornpiex boundaries 

We typically analyze the blood flow field in a confined region with definite 
boundaries. Free boundary analysis, such as aerofoil analysis, is excgptional in 
blood flow analysis. Conventionally, we can distinguish at least three different kinds 
of regional boundary in a computational fluid dynamic analysis: inlets, outlets, and 
walls [7-91. 

Inlet conditions are very impatant in engineering studies of high Reynolds 
number (turbulent) flow, because upstream phenomena, such as small disturbances 
and vortices, strongly affect the transition, and hence the nature of the whole flow 
field. In arterial flow, we usually assume flat or parabolic profiles for steady flow 
analysis and the so-called Wornemley profile or memuted velocity data for 
unsteady d y s i s  as inlet velocity conditions. Differences in the computed results 
have been examined in m y  cases. Our experience has confumed that discussion of 
the inlet length in viscous flow can be applied to estimation of the length or depth 
affected by the transition, This is valid not only for inlet boundary conditions for the 
entire flow field but also for discussion of some wall changes. In other words, the 
extent of the effects of any kind of disturbing structure in the cardiovascular system 
is limited when the Reynolds number is relatively low. As we do not compute the 
blood flow using a Reynolds number greater than 1000, the viscous inlet length 
would be 10 times the representative length (diameter). If we look at peripheral or 
distal regions, the Reynolds number k about 100, and most of the inlet disturban~a 
die out in a streamwise direction equivalent to 1 or 2 diameters As we have shown, 
the inlet portion itself is strongly affected by the upstream flow. We show a 
combined modd of the left ventricle and aorta (Figure 4), whose velocity profiles 
differ from those of simple aorta models up to severdl diameters downstream &om 
the aortic valve. The global configuration of the a o m  including its curvature and 



distortion, cancel out the inlet C Q D & ~ Q ~  saftgrr several diameter lengths along the 
stream. 

FIgurc 4. A particle-tracking image of the 
blood flow in the left ventricle and aom 
using a combined model. The complex 
swirling motion of the fluid that forms 
inside the left ventricle is convected 
ddwnstteam to the ascending aorta. The 
rcsidnal swirling motion of the fluid 
affects the diNmsbcam flow, particularly 
fmm late systole to diastolc because of 
the reversal of the pressure gradient that 
makw the entite flow field uns;table 
(Computational. results and visualiaaton 
data courtesy of Dr M. Nakamum and 
Mr. T. HasrasakaZ 

Outlet conditions are also important, particularly when we consider the overall 
distribution of the blood flow in a complex branch. Although we usually assume 
that the arterial diameter reflects the average flow rate of the attery daptively, this 
is obviously inapplicable to general physiological conditions. For example, physical 
exercise of muscles or activation of some organs may alter the peripheral resistance 
markedly, so that the distribution of the blood flow changes readily, which modifies 
the flow field in the upstream branching region. There have been some attempts to 
combine the peripheral state and outlet boundary condition by solving a one- 
dimensional fluid equation and combining the results for the upstream flow fields. 
To build a comprehensive model of the cardiovascular system that includes the 
entire circulation, combination of peripheral or organ-level circulation becomes an 
important issue. It is important to consider the venous return to the central 
circulatory system as well as the effect of back-propagated pressure wave reflections 
to the main flow field. 

The third and most interesting boundary is the wall. The arterial wall is made 
of exfremely soft material from an engineering viewpoint, although it is much stiffer 
than the venous wall. Elastic arteries, such as the aorta, are flexible, and their 
diameters alter by more than 10% with each heartbeat. Although it is believed that 
the global characteristics of the blood flow in the large arteries are less affected by 
elastic deformation of the wall, the near wall phenomenon is undoubtedly 
influenced by wall movement. Wall shear stress is one such near-wall phenomena 
and is suspected of being susceptible to wall deformation. In particular, flow 
separation could be affected greatly if it occurs at a site with complex geometry. 
However, there is no widely available, fully reliable, practical coupled analysis 



Figure 5. Wave propagation phenomena 
computed in a model of arterial stcn&s using 
a fluid-solid interaction computational code. 
Top: wall motion, Middle: velocity 
dishibution, Bottom: Pressure wave. Complex 
propagation pattam are reproduced, 
including splitting, reflection, aaelwation 
and deceleration (Computational resuIfs and 
visualiraton data courtesy of Mr. T. Fukui.). 

computational code for the study of fluid-solid interactions. This is mainly owing to 
the different time scales for the fluid and solid phases of the field in terms of basic 
mechanics, as well as technical constraints related to computational iterations. An 
incompressible fluid, such as water, has a much s d e r  time scale for the 
propaption of information, Le., the speed of sound is very high compared with the 
propagation speed of other physical phenomena, such as wall deformation, velocity 
fields, etc. Since we have to match the time scales of various phenomena when 
advancing the computational steps in the combined analysis of h i d - d i d  
interactions, some compromise. must be introduced for the faster part of the 
interaction. This is particularly true when we use a so-called weakly coupled method, 
which seems to be the only plausible approach given the current state of the art. 
Moreover, coupled analysis requires many additional ccmstraints and assumptions, 
such as the lineat material properti@ of the wall and neglecting external fivation 
(tethering) of the arterial system. This is partly why noone has obtained sittisfastory 
computational results in this subject. 

Nevertheless, it is now possible to solve fluid-solid interactions using 
computation, and same results for a limited number of phenomena, such as the 
analysis of pulse wave propagation velocity measurements, have been reported 
(Figure 5). 

2.3 Unsteady bloodflow 

Since the only energy source for the cardiovascular system is the heart, which 
contracts and dilates during the cardiac cycle, the blood flow should be regarded as 
pulsatile, at least in large arteries and veins. Pulsatility introduces an intermediate- 
length time scale to the computational analysis. In addition, the abcive-mentioned 
characteristics, i.e., the complex geometry and flexible wall, make the interactions 
of blood flow and wall motion more complex. Pulsatile movements and deformation 
of the wall pose difficult problems far computation. For example, in a complex 
arterial bifurcation, the pulsatility of the blood flow affects the distribution of the 
flow rate to downstream branches; hence, the wall shear stress distribution pattern 



may be affected greatly. Flow separation from the wall may also be influenced, so 
that the reattachment and size of the vortices is affected. In addition to local fluid 
mechanical phenomena, the upstream condition may differ with the frequency of the 
pulsatility. The frequency of the major pulse, as well as the induced secondary 
motion of the fluid, changes the mass transfer time scale, so that the influence of the 
flow on the physiology and pathology of the wall may be altered completely. 

Note that the flow field evolves in the computation, so that several heartbeats 
should be included to obtain stable results. As with the geometrical consideration 
and boundary conditions, the fiequency of the real heartbeat varies very markedly. 
Since Wormersley's alpha parameter is proportional to the square root of the 
frequency, the more the frequency increases, the less viscous the flow field becomes. 
Therefore, tachycardia enhances the influence of the global configuration of the 
cardiovascular system. The effect of the heartbeat has not been investigated hlly, 
particularly in the context of computational fluid dynamics, and could be of interest 
when discussing the preventive evaluation of various physiological conditions after 
developing a practical analysis system. 

In addition, little attention has been paid to much longer time scales, including 
growth and remodeling in the course of growth, and the even longer time scale of 
the evolutionary process. In the latter case, comparative biological viewpoints 
should also be considered carefblly and should help in understanding the 
computational results. In this context, the configuration of the cardiovascular system 
is a complex combination of the results of physiological and pathological processes 
over an extremely wide range of time scales, from evolutionary to quantum-level 
fluctuations. 

Case - I -1 case - 11 

Case: I11 

Figure 6. Simulation of platelet adhesion (primary thrombus formation) in the blood flow near the 
vascular wall. Particle motion was simulated using a discrete element method and fluid motion was 
simulated using a Stokesian dynamics method. Sirnulat~ng activation of receptors that govern adhesion, 
the mechanisms of the formation, and destruction of a primary thrombus were analyzed. 



2.4 Blood as u non-Newtonian fluid 

It is fkequently asked whether the non-Newtonian viscosity affects the flow field in 
arteries and veins. Of course, it affects the local and global nature of the blood flow 
to some extent, although the influence has not been fully appreciated owing to 
computational restrictions. Roughly speaking, there are two main possible 
approaches for dealing with the non-Newtonian nature of blood. One is based on the 
conventional continuum approach, which assumes a constitutive relationship, such 
as the exponential viscosity law. Although this approach considers many theoretical 
and experimental problems, we do not discuss it further here. The other considers 
the blood to be composed of multi-phase substances and introduces various levels of 
sub-modeling of the behavior of the blood components. This method is currently 
studied actively. 

In this approach, we can introduce subclasses depending on the manner and 
level of modeling. The recent application of so-called particle methods, such as 
smoothed particle hydrodynamics (SPH) and a moving particle semi-implicit (MPS) 
method to the blood flow is one subclass. In this method, continuous fluid is 
expressed using particles that interact physically. This is also a kind of mesh-less 
method to which constitutive laws can be introduced in terms of collision and 
repulsion among particles. This is a promising method because of its intrinsic 
Lagrangean approach, which makes it easy to analyze fluid-solid interactions. 

Another way of thinking is possible because the blood is composed of particles 
and fluid [lo]. For example, platelets have the ability to form thrombi under the 
influence of the blood flow. Red blood cells can deform markedly as they flow in 
capillaries together with white blood cells. Such biological responses can be 
modeled properly using models of physical and even chemical interactions between 
the particles and between each particle and other substances and structures. 
Compared with the simple particle method, we can call the latter method the 
biological particle method, which we believe can open a totally different 
computational scheme that can describe and model non-Newtonian physical laws, as 
well as biological constitutive laws, to promote further computational mechanical 
analysis of blood flow (Figure 6). 

3 Concluding Remarks 

In concluding this article on the computational mechanics' approach to 
cardiovascular fluid-solid interaction studies for developing clinical applications, we 
would like to point out the necessity of being aware that many theoretical and 
fbndamental questions remain unsolved. With advances in computing technology, 
massive computing power has become available. This definitely makes it easy to 
conduct extremely large-scale computing. However, we must always remember that 
the system that we are to solve is truly biological and the biological system is alive. 



What we hope to accomplish is necessarily biology, even if it appears to be a purely 
mathematical or physical problem. A living system always responds to its 
environment, and can remodel itself in order to accommodate a necessary reactive 
mechanism, and evolve through reproduction over a longer time scale. Although 
mechanical (i-e,, numerical) accuracy is undoubtedly imp~rbmt, the biological 
considerations m a i n  paramount. 
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BIOMECHANICAt STUDY FOR SKELETAL MUSCLE INJURY 
AND A VIEW OF MICRO-BIOMECHANICS 

FOR MICROSTHUCTUW OF MUSCLE 

Skeletal muscle injuries are fkquently observed in traffic and sports accidents and 
classified into several injury types depending on the gause of injury. Muscle 
contusion is causd by impact compression normal to the muscle fiber while strain 
injury is caused by sudden stretch. It is important to clarify the mechanism of such 
injuries by considering microstructure of muscle tissue for injury prevention and 
accident recmtruction. However macroscopic correlations b e e n  mechanical 
loading and muscle injury have not been discussed enough in the current situation. 

In this paper, we performed macroscopic impact tests for rabbit tibialis anterior 
muscle to simulate muscle contusion or strain-injury. Pathological and mechanical 
evaluations for such muscle injuries were conducted. Then we reviewed studies on 
microstsucture of skeletal muscle and discussed a view of micro-biomechanics 
study for muscle injury prevention. These works will help us to facilitate the 
elucidation of micromechanism of muscle injury. 

2 Methods 

We used tibialis anterior (TA) muscle of f d e  Japanese white rabbit. Twelve 
rabbits (2.92 i 0.12 kg, mean * S.D.) were used for muscle oontusion tests, 21 
(2.94 i 0.17 kg) were for shah injury tests and other 7 (2.88 k 0.20 kg) were used 
as the control. 



2.1 Muscle contusion test 

Firstly, we performed muscle contusion tests. Crisco et d, performed impact tests 
using gastrocnemius muscle but they impacted muscles pm~utaneously [I]. So it 
was not easy to evaluate the impact energy applied to the muscle quantitatively. 
Therefore we impacted muscle directly using the apparatus shown in Figure 1. 

Figure 1. Impact test system for m c l e  contusion. This system has an impastor launched by n pendulum 
The impacter has a load cell (LUR-A-2KNSA1, Kyowa) to measure the impact force and the data were 
ncotded by a digital oscilloscope (TDS420A, Sony Tektronix). The impact velocity was calculated from 
a movie recorded by a digital high-speed camera (MEMRECAM fxTU, NAC Image TeWbgy) .  

The following procedure was used for the preparation. The animals were 
anesthetized by pentobarbid sodium (30 mgkg) or isoflurane, after which the TA 
muscle and deep peroneal nerve were exposed. Two nigrosin markers were added 
on the surface of the proximal end of the muscle belly and distal tadon to 
determine the muscle length. The in situ length was defined as the distance between 
two markers at a 90-degree angle to the ankle joint. Next we drilled into the tibial 
condyle, and a Kimhner's wire (4 = 7 mm) was inserted into the hole. Finally, the 
distal tendon of the TA muscle was cut. The wire. in the tibial condyle was fixed on 
the holder, and the distal tend~n was directly gripped by a tooth-like jig. 

The muscle was cyclically stretched with 7 mrn amplitude (less than 13% 
strain) at the velocity of 7 mm/w as a preconditioning. Next we performed an 
isometric contraction test to evaluate the initial contraction force of the specbmen. 
The specimen was activated by an electric pulse with a fraquency of 50 Hz during 
10 seconds. The voltage of the pulse required for maximum contraction was 
determined as tenfold the threshold for twitching. A thin wire electrode for EMG 
(ST. Steel 7 Strand, Teflon, A-M Systems) was inserted into the distal end of the 
muscle belly, and another electrode was directly clipped onto the deep peroneal 



nerve. Then the muscle was impacted with an impactor (250 g weight, 5 mtn width 
of impact surfme). 

For er pathological evaluation, the muscle was sliced and stained with 
hematoxylin and =sin after soaking in fonnalin more than 1 week. Then we 
examined severity of muscle contusion microscopically. As mechanical evaluation 
of muscle cantusion, we conducted isometric and tensile tests of injured muscles by 
the appmtus shown in Figure 2. The injured muscle was elongated at 200 rnm/sec 
tensile velocity until break in the activated condition. 

2.2 Strain injury test 

We also performed strain injury tests using the a p p m s  shown in Figure 2. Since 
a linear motor type actwtor performs with high acceleration and accurate position 
control, this type of actuator is appropriate to make an impact stretch to induce 
strain injury. The procedure of the strain injury test was similar with that of the 
contusion test except for the induction process of injury. As the induetion process 
of injury we applied loading/unloding process of stretching at 200 mmlsec to the 
specimen with maximally activated condition. Applied stretch was 20, 25 or 30 % 
of the in situ length based on the results of Hasselman et al. [2]. Pathological and 
mechanical evaluations were done as same prooahm ag the muscle contusion test. 

Figm 2. Stmh injury test system. This a-m cansiats of a tincar motor type actuator (GLM-20, 
TIM), a kneu holder, a load 1x11 (LUR-A-2KNSA1, Kyowa) a digital hi&-rrpced camera (MEMRECAM 
MU. NAC Image TcchnologyX a d  a digital ascilloscope (TDS420A. Sony T&imnix). The losd cell 
detests the load on the muscle and tht data wcrc acquisitioned on the digital oscil1mmp. The elongntion 
of the muscle waa c&uhted h m  the distaace between the n i p s i n  nmkm on the surface ofthe muscle 
Rcorded by the digital high-speed camera. 



3 Results and Discussion 

3.1 Muscle contusion 

Results of the pathological evaluations for the muscle contusion tests were shown 
in Figure 3. The severity of injury could be divided into'3 grades named as a a d e  I, 
II and III. Grade I is the case in which no blood bleeding and failure of muscle 
fiber are observed. Grade 11 is the case in which sporadic bleeding is observed, In 
Grade 111 we observe severe damage spread to whole tissue. Based on these injury 
grades, the relation between the impact energy and injury severity was evaluated as 
s h m  in Figure 4. We observe that the two thresholds may exist between Grade I 
and I1 and between Grade II and III. 

Figure 5 shaws the relation between the changes of the isometric Wntraction 
force and the impact energy. The isometric contraction force dropped suddenly at 
the impact energy of about 0.13 J. According to Figcure 4, this sudden drop is 
induced in the region of Grade 11. The results of the kmde tgsts, firtherrnore, 
showed that the muscles broke at the muscle belly at the energy above 0.13 J, while 
the muscles applied at less than 0.13 J broke at the muscletendon junction WTJ), 

i Pigrrrc 3. Classification of h e  darnap for 
muscle contusion. A: Cases in whlch no blood 
blccding and failure of muscle fiber ate 
a b m d  ( W e  I). B: C&ms having ppomdic 
bleding. ( M e  n). C: C a w  having severe: 
damage s p ~ &  to whole tisue. (Grade m). 
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Figure 4. Relatiomhip behvecn impact energy and injury sevwity for o r b  contusion. 
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Figure 5. Relationship between impact energy and change of isometric rontractlm fawe. The tb&ald 
of impact energy for decr%ase of isometric cbntraotion force can be obscfvod around 0.13 J. 

Figure. 6 shows the relationships between the impact energy and tbe site of 
rupture in the tensile tests, change of isometric contRlctim force and the injury 
severity. Damaged muscle had a tendency to break at the muscle belly and the 
threshold of impact energy was the same level of change of mntmcrion force. 

These evaluations were c~nducted in five minute9 impact. Therefore the 
results are considered to show the instantaneous response of muscle contusion. In 
our microscopic observations, the ratio of the damaged f d c l e s  wm a few percent 
of the number of all fascicles in Cirade Il injury. According to Figure 5, the 
decrease of co-on force of the muscle with W e  11 injury was much larger 
than the decrease expected from the results of the pathological evaluations. It 



indicates that macroscopic mechanical response is governed by not only the ratio of 
damaged muscle fiber but also the damage of perimysium or sarcolernrna, which 
break the continuity of tissue to transmit the contraction foree, and the damage of 
motor neuron. Since the classification shown in Figure 4 was mainly based on the 
muscle fiher breaking, the injury severity could not comespond with the threshold 
of the change of the contraction function. 

2 Strain injury 

Next we discuss the r&sults of muscle strain injury tests. Results of the pathological 
evaluations for the muscle strain injury tests were shown in Figure 7. Strain injury 
severity was also divided into 3 grades named as Grade 1 ,2  and 3. Grade 1 means 
no injury. Grade 2 is the case in which some small inter-fiber blood bleeding is 
observed. In case of Grade 111, blood bleeding and failure of muscle fibers spread 
over whole tissue. 

The relationship between the impact energy and injury severity was shown in 
Figure 8. In the range between 23 and 25% stretch, we observed both Grade 2 and 
3. As shown in Figure 9, when we examined the relationship between the injury 
severity and the absorbed energy, which is defined as the dissipation of energy 
during the induction process of injury, we can say that the pathological threshold of 
strain injury exists around 0.25 J, and Grade 2 injury is a transient state between 



Grade 1 and 3. The isometric contraction force tended to decrease with the increase 
of the absorbed energy as shown in Figure 10. The threshold of decrease of 

Rpre 7. Chsifiatian of tissue damage for 
strain injury. A: Cases in which no blood 
bleeding and failure of muscle fik art 

observed. ( M e  I). B: Casa which have 
some small inter-fiber blood b l d n g s .  ( h d e  
2). C: Cases which have blood bleeding and 
failures of muscle fibers spread over whole 
tissue. ( W e  3). 
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Wgurc 8. Relationship bctwcm impact stretch and injury severity for strain injury, 
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Figure 9. Relationship bctwccn the applied enorgy during the induction pnxms of injury and injwy 
s e v d y  for strain injury. 
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Figure 10. Relationship baween absorbed energy during the. induction pmess of injury and change of 
isometric conhaction force. 

contraction force also existed around 0.25 J. We will centine to discuss the 
correlation between the pathologid and the biomechanical d e ~ t i o n s  of strain 
injury. 

The results of tensile tests for damaged muscle, on the other hand, did not show 
any significatlt differences against the control group in their failure load and 
elongation. Therefore main injury does not cause any sisnificant damage on the 
mechanical properties of tbe passive structural elements, because the failure 



4 View of Micro Biomechanics of Mogcle for Injury Prevention 

A s k e l d  muscle has a b c h i c a l  structure that consists of sub-male fibrous 
stmctpreg such as muscle fascicles or muscle fibers. A muscle fhcicle is a bundle 
of b m s  of muscle fibers surrounded by perimysium. A muscle fiber is a m y w e ,  
which is the fundmwntal system of active contraction and composes of a motor unit 
combining with a motor neuron. 

Thus many studies on muscle fibers have been conducted and experimd 
apparatus and technique have been deve1opa-l. Gordon et al. [3], for example, 
developed an aperimentirl apparatus for isometric and iwtonic  ont traction tests of 
muscle fiber. Later Ford et d. [43 devel@ a technique to fix rt muscle fiber on a 
test system wing A1 foil, which has been used by other fesearch-ers. With such 
techniques, physiologiatl respom of muscle fiber mcfl as contraction against ' 

stretch have beem sltudiled in detail (for ample Mu-i et d [5]3. 
A frnv studies, on the other haad, have been reported on injury or damage of 

muscle micmchue  d their iduwces on mechanical properties or fuIlctions. 
Macpherson et al. [6] sbudiecl effects of injury on the conmutile function of 
Barcomere using permeabilized muscle fiber, They concluded that the longest one 
among a series of sarcozn- could be damaged when the sarcmete length in the 
fiber is heterogeneous. Their r e d 1  tire quite suggestive to chr@ the mechrmism 
of mascle injwy, however the injury mechanism could be influaced by damage of 
sareo1- and other d w - 6 ,  such as motor nearons and peripheral 
circulation. Thus we need further examination for mecMcal propertieg of other 
microstudural elements. 

We n d  to discuss a new mechanical model of muscle for injury 
hulation by considering its microstructure. Yucesoy at al. [7] suggested an 
interesting model, which describes a muscle as two-domain finite element model. 
Each finite elment represents a segment of a bundle of musole fibers, surrounding 
wnnective tissues and the linkir between them. Using this model, t h y  showed the 
impomce of the myofasicial force transmission pathways. Such a m&l that takas 
into account mecbmical properties of two ~r more microsaoctaral oomponents can 
be extended to describe damage of microstrucutral elements and degradation of 
mdunioal properties and functions of muscle tissue. 

Direct eomprwsive impact atld axid stretch for skeletal muscle were conducted. 
MiGroscopic examinations of muscle contusion and shah injury w a e  done to 
dimss the relation between severity of muscle injury and mechanical impact. From 
the results the relation betureen pathological Bange and mechanical change of 
muale tissue caused by mechanical impact was obtained. A view on mioro 



biomechanics of skeletal muscle was also discussed for applying to injury 
prevention. 
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The responses of cells to three mechanical stimuli were examined. (1) Two types of 
vascular endothelial cell finite element models were created and validated under stretched 
substrate conditions. The numerical simulations achieved good reproducibility with the 
solid model and demonstrated a potential for further development with the fluid-filled 
model. (2) The histological change in the tissues caused by freezing and thawing was 
investigated to clarify the influence of bioheat transfer parameters on tissue 
microstructures. (3) Cell damage due to plane shock waves was investigated 
experimentally, and the frequency responses of one and two cells in water were evaluated 
by constructing a mathematical model. The results showed that the structural effects due 
to the deformation processes were quite large at particular frequencies 

1 Introduction 

The characteristics of cells are not determined solely by DNA or genetic 
material. Intracellular responses occur in mechanical, electrical, and chemical 
fields. Therefore, it is quite important to investigate cellular responses Erom a 
variety of mechanical viewpoints, including solid and fluid mechanics, as well 
as heat and mass transfer. 

The description of stresdstrain fields in cells is one of the most important 
cellular issues in solid mechanics [l-31. These states influence the signal 
pathways and morphology of the nucleus and cytoplasm. In recent years, 
hyperelastic models of cytoplasm and a nucleus have been developed and 
validated. These models reproduce the cytoplasm strain states and nucleus 
deformation well [ 1,2]. 

Determining adequate conditions for freezing and thawing in cells is 
another important issue. Freezing is a typical stimulus in heat and mass transfer. 
It has two contrary effects on biological cells and tissues: protection and 
destruction [4, 51. The former effect is used for cryopreservation, and the 
protection of cells, tissues, and foods. The latter effect is using in cryosurgery 
and the destruction of tumors. Investigating changes in the histological 
microstructures and mechanical properties of tissues through freezing, and the 



relationship between the two changes is interesting from both fundamental 
research and application viewpoints. 

The investigation of damage mechanisms in cells is also important. 
Extracorporeal shock wave lithotripsy (ESWL) has become pervasive in 
medicine [6]. Some engineering studies have examined the effects of shock 
waves on living tissue cells. For example, Teshima et al. [7] investigated the 
relationship between DNA damage and maximum applied pressure. Despite 
many medical and engineering studies, the cell damage mechanisms due to 
shock waves have not been identified. 

In this study, we compare two types of cell structure finite element models 
to elucidate the role and mechanical properties of cell components, such as the 
cell membrane and cytoplasm. The histological tissue change with freezing and 
thawing is investigated to clarify the influence of bioheat transfer parameters on 
tissue microstructures. The damage caused by plane shock waves to living cells 
(red blood cells and cancer cells) is also described. Finally, the frequency 
response of an elastic shell model for both single and two interacting cells in 
water is evaluated by constructing a mathematical model. 

2 Modeling and Numerical Simulation of the Mechanical Behavior of a 
Vascular Endothelial Cell under Substrate Deformation 

2.1 Method 

Two models were compared to evaluate their descriptions of mechanical 
behavior in a vascular endothelia cell. The first was a hyperelastic solid model, 
in which the nucleus and cytoplasm were modeled as hyperelastic materials (see 
Fig. l(a)) [2]. The second was a fluid-filled hyperelastic membrane model that 
consisted of a hyperelastic membrane surrounding a fluid-filled cavity (see 
Fig. l(b)) [3]. In both models, the hyperelastic part was modeled as a neo- 
Hookean material that had the same stress-strain relationship as an isotropic 
linear elastic material in the infinite strain range. 

The bottom surface of both cell models adhered to the substrate surface. 
The mean values of Young's modulus determined by Caille et al. [I], i.e., 5100 
and 775 Pa, were chosen for the nucleus and cytoplasm, respectively. The 
material constant of the cell membrane was the same as that of the cytoplasm, 
and the material constant of the substrate was 775 kPa, The bulk modulus of the 
fluid was 2 GPa, which represents the compressibility of water. Then, pure 
uniaxial stretching in the X direction with 4% strain (deformation of the 
substrate in the Y direction was constrained) was applied to the substrate to 
check the deformation, strain, and stress predicted by the cell models. 



(a) Hyprelastic said model (b) Fluid-filled hypmlasbic maabrane model 

Figure I. Finite element mode&. 

Figure 2 compares the outer surface geometry predicted by the cell && at 
the X Y  and YZ symmetric planes. The fluid-filled model cell showd wnwvity 
and increased height due to the stretched substrate. These behaviors were not 
observed in the hyperelastic solid model. The change in cell height has not been 
measmed beca t r~  of the difficulty nzmmnm ' . .  

g @ mitable level of accmcy. 

Stretched state: - Flulrtfilled model - Salkl model 

Figure 3 compares the maximal principal strain near the outer surface of the 
predicted cellular membranes under 4% pure uniaxial substrate stretching. The 
strain distribution in the solid model had a directional dependence, while this 
effect was not as pronounced in the fluid-filled model because the solid 
transmitted the substrate defonnation, but not the fluid or membrane. 

Figure 4 compares the maximum principal stress predicted by the cell 
models near the outer surface under 4% pure uniaxial substrate stretching. The 
stress distributions were similar to the strain distributions shown in Fig. 3. 



Y L X  4 
(a) Hyperelmtic solid model Ib) fluid-filled hypdatic membrane model 

(a) hiLaximat prhipd strain 

F i p w  5. h&ximum pri~ipal littsin and S~IL?SS dibutiom p d i i  by the h ~ l @ i o  soIid model 
under 4% pure uniat'lal atmidng. 

Figure 5 shows the maximum principal ~~ and stress W b ~ t i o n s  
predicted by the hyperelastic model. These distributions indioated that the 
strain/~tr~sa deareased with inmetising eytoplssm heigh4 and the sttain in the 
n~lclsus was less than that in the qtoplwm at the ssurre height. Howewer? the 



stress in the nucleus exceeded that in the cytoplasm at the same height due to the 
high Young's modulus. The volumetric strain and static fluid pressure of the 
fluid-filled cytoplasm in the fluid-filled hyperelastic membrane model were 2.3 
pico-strain and 5 mPa, respectively, both of which were small enough values to 
provide for no effective straidstress in the cytoplasm. Such different responses 
between the two types of models were caused by the lack of a cytoskeletal 
structure in the fluid-filled model. 

3 Morphological Change of the Tissue Histological Microstructures due 
to Freezing and Thawing 

This chapter describes the experimental materials, apparatus, methods, and 
results of a study of the histological change in tissues with freezing and thawing 
using different thermal protocols. 

3. I Experimental materials 

The tissue studied was the second pectoral muscle (fresh tender meat) of 
chickens. This consists of muscle fibers connected by connective tissue. One 
muscle fiber and one cell consisted of myofibrils. The tissues were taken from a 
broiler (raised by Arbor Acres) immediately after slaughter and stored at P C  for 
about one hour. Then, a 10 x 10 x 4 mm sample was removed carefully using a 
microtome blade. This sample was steeped in physiological saline. 

3.2 Experimental apparatus and methods 

3.2.1 Cryostage 

The tissues were frozen and thawed on a cryostage at a uniform temperature. 
The stage consisted of an aluminum block and a 1.5-mm-thick copper plate. The 
sample was set between a glass microslide and a glass coverslip so that the 
muscle fibers paralleled the cryostage surface. The Cu-plate temperature was 
controlled to change from room temperature to -50.0 "C at a predetermined 
cooling rate Hand warming rate W. 

3.2.2 Thermal protocols duringfreezing and thawing 

Four different thermal protocols were followed during freezing and thawing: 
a) slow cooling (H = 1 .O "Clmin) and rapid warming ( W - 100 "Clmin), b) rapid 
cooling (H - 100 "Glmin) and rapid warming ( W - 100 "Clmin), c)  slow cooling 
(H = 1.0 "Clrnin) and slow warming (W = 1.0 "Clmin), and d) rapid cooling 
(H- 100 "Clmin) and slow warming (W = 1.0 'Clmin). The sample was 
maintained at the minimum temperature for 15 minutes. 



3.2.3 Histologicd investigation of tissues 

During freezing and thawing, aRer formalin &ation and pevaffin embedding, 
the tissues were investigated histologically using hematoxylin and eosin (m) 
staining. A dice of the sample was observed microscopidly to compare the 
histological changes in the tisaues between the thermal protocols. 

3.3 Results and discusswn 

Figure 6 shows representative results for HE-stained tissues for each thermal 
pmt0coL In HE staining, the cytoplasm stains pink, wmective tissues stain 
deep pink, and nuclei stain deep violet. 

Before freezing (Fig. Sa), the muscle fibers (control) were compact and 
well-ordereh. By contrast, different thermal protocols cased different changes 
in the histological tissue microstructures [8,9]. 

After slow cooling and rapid warming (Fig. 6b), the muscle fibm had large 
m c b  between them, and the connective tissues were separated from the muscle 
fibers. The muscle fibem shrank with some defomtion. The effects of 
extracellular freezing were evident. 

After rapid cooling and rapid warming (Fig. 64,  tltlmerous small, fine 
cracks were formed in the muscle fibers. These were caused by intracellular ice 
crystals (intracellular freezing). The effect of extracellular freezing was also 
evident from the cracks between the muscle fibers, although these cracks were 
narrower than those observed after slow freezing and rapid waaming. The 
difference in the histologically changes seen in Figs. 6b and 6c resulted from 
freezing at different cooling rates. 

The change in the slow cooling and slow warming sarnple (Fig, 6d) was 
similar to that of the slow cooling and rapid w m i n g  sample. The muscle fibers 
had large a b  between them, and connective tissues were separated from the 
muscle fibers. However, deformation and meanderhg were noticeable in the 
fibers. In addition, the muscle fibers had a few openings be'twem them, due to 
large intercellular ice crystals and muks. Of the four cases, the most 
pronounced histological change in the muscle tissues was with this thermal 
protocol. 

The change in the rapid cooling and slow warming sample (Fig. 6e) was 
similar to that of the rapid cooling and rapid warming sample: numerous small, 
fine cracks appeared in the muscle fibers, caused by intracellular freezing. 
However, the openings were somewhat larger than o b m e d  in the rapid cooling 
and rapid w h g  sarnple (Fig. 6c). This difference was caused by the different 
warming rate. During slow warming following the rapid cooling, the fine ice 
crystals in the muscle fibers became coarser during the recrystallization process. 
Moreover, the deformation of the muscle fibers was somewhat greater than that 
observed for the rapid cooling and rapid wanning sample-. 



During freezing and thawing, the tissues showed raidcable changes in their 
llistologieal microsmcave, depending on the thermaI pmtoo01s. The 
chmcteristic chmge for slew cooling was the formation of large mcks 
between the muscle fibaa, caused by extramllultu freezing. The chmwteristie 
change for rapid cooling was the formation of numerous small, fine cracks in 
the muscle fiber, caused by in~cellular freeeing Them two types of 
histalogiiod change clamaged the tissues. Slow warming tended to promote the 
d e h t r o n  aod mwdering sf muscle fibem. Thw changes in the histological 
microstructure likely affect the mechanical propexties of the tissum. This should 
be investigated using a biosolid rnechrrnios apppch. 

Fi@m 6. Tism stained wing h e , ~ y I ' i  and eosin &r &zing and 'thaw& (veitiwd &sections of 
the muscle fibers). MF and CT denote m w b  fibem and connactivc tissue, mpcctively. a) Corn1 
(before frsczing), b) slow-cwIirtg and rapid-wming (H= 1.0 'Chnin, W- 140 OC/min), c) wid- 
d i n g  and wid-warming (H - 90 *Omin, W - 130 v M n X  d) alow-ading and slow-wmhg (H 
= 1.0 *&in. W = 1.0 '(%n'h$, and a) rapidrooling and slow-warming (H - 90 T h i n ,  W i 
1.0 "Chin). 

4 Response af Suspended CdJs Shark Waves 

4.1 Cell W g e  caused by shock waves 

Using an experimental apparatus for shock-induced damage tests (a free piston 
shock tube), red blood cells and general animal cells were damaged using shock 
waves [I 01. Figure 7 shows the degree of damage to red blood cells and animal 
cells with a shock wave at the maximum pressure applied (surface cells ii-om a 
human blood vessel). Figure 7(a) indicates that the higher the maximum 



pressure, the gnsater the degree of damage. Comparing Figs. 7(a) and 7(b), the 
degree of damage to the red blood cells was much less than damage to the 
animal cells. 

One of the remm for the large difference was the dii?kmnce in intaanal 
cell stnr- af the red blcraid wll and animal cell. Anbd &is eantain naclatr 
arid intermediate filmmts, white red blood Eella lack n d a r  filaments. Their 
stnrcture depends prinwrily on &a propertiea of the htmediaat filament, which 
is made of proteins. 

Figure 7. Degrae of dama$c to red blood cello and animal cells awed by to shock waves at 
m a x i r m u n v .  

To investigate the ed- of the internal cell ell-, the deformation of red 
blood cells and animal cdls was modeled mathemsrtidy. Suppose that one or 
two spherical elastic shells filled with liquid are mpm&d in water, w d  that the 
plane shock wave prv~pagdtix from e x W y  (Fig, I). The radial and tanfs&id 
displacements and presgllre are l i d  for these osillatirm phenorn~~l~l due to a 
shock wave. The coupling apitions for the deformation oscillation and 
pmsure in the n o m l  and tangential directions for gach a l l  are 



where w,, urn, n,, nht, and M am the shell displmement in the radial and 
tangential directions, extetnal pressure, internal pressure, and mass, respectively, 
and the subscript m indicates the m-th order of the oscillation. Mareover, A,,  
Az, A3n, and Aq, are the coefficients of the m-th order expansion s e r i ~  tbat 
includes Young's moddus E and the membrane thickness Ma. 

The i n t d  premm, n,, was derlved f+om the relationship between the 
bulk modulus R and the cell volume. The mechanical properties of the 
intermediate filaments have non-linear stress strain curves in stretch tests 
because the pressure in the cell is thought to vary non-linearly with the cell 
volume. Therefore, the new K is 

where KO and n are the initial bulk modulus and a non-linear parameter, 
mqwtivdy. In this study, w, wag much less than 1, so 



A value of n = 0 indicates that the structure has linear stress-strain properties 
and K =KO. 

If we apply the modified bulk modulus defined in Eq. (4) to the oscillating 
equations (1) and (2), we obtain non-linear oscillating equations for a cell with 
internal structures. 

Figure 9 shows the predicted frequency response with different non-linear 
parameters n for two cells. The amplitude indicates the non-dimensional radial 
displacement of the oscillation. In this calculation, the membrane thickness 
parameter hla = 0.1, initial bulk modulus KO = 1000 MPa, ratio of the two cell 
diameters q = 1, non-dimensional distance d = 2.5, and Young's modulus 
E=3.0  MPa. As the non-linear parameter n increased, the amplitude of the 
second natural ffequency varied to some extent. The stiffness of the cell 
increased rapidly with n, so that when n = 100, the amplitude at 8 MHz was 
greater. From this result, the differences caused by the internal structures may 
possibly affect the cell damage caused by shock waves. 

5 Conclusions 

Comparison of a hyperelastic solid cell model and a hyperelastic membrane with 
fluid-filled cytoplasm model showed that the former reproduced the cellular 
deformation during substrate stretching properly, while the latter predicted the 
opposite displacement of the cell membrane because of the assumption that the 
cytoplasm had no structural components. A cytoskeletal network model should 
be incorporated into the latter model to describe the transfer of the external 
forces between the apical and basal membranes, and between the nucleus and 
these membranes. 

During freezing and thawing, the tissues showed remarkable morphological 
changes in their histological microstructures, depending on the thermal protocol. 
The patterns of the histological change were determined by the freezing pattern, 
which was dependent on the cooling rate. Moreover, the deformation and 
meandering of muscle fibers tended to be promoted by a slower warming 
process. These morphological changes in the histological microstructures affect 
the mechanical properties of the tissues. 

After gathering experimental data on cell damage due to shock waves, the 
deformation process in each case was evaluated using a special mathematical 
model for two-cell deformation. A frequency response analysis demonstrated 
that the effects of the nonlinear parameter on the deformation process were large 
at certain frequencies. More information about the effects of the cell structure on 



the degree of damage is req- and m y  be obtained fmm. both theoretical 
models and experiments. 
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