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Fig. 1 Rotating radial flow-bioreactorl RRFB[ A
stainless made disk rotates on the stirrer. Liver tis-
sue slices are evenly spaced between two sheets of
gauze directly placed on the disk. Centrifugal force
due to rotation of the disk is applied to the liver tis-
sue slices. When the culture fluid flows from the
center of the disk, an almost radial outward flow of
the fluid from the center to the periphery of the
disk is seen. Shear stress generated by the centrifu-
gal force and flow of the culture fluid is applied to
the liver tissue.
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Fig. 2 Calculated value of shear stress. Shear stress
was applied to the liver tissue by rotating a rota-
tional radial flow bioreactor at 0 revolutions per
minute RPMO in static culture[] 30 RPM and 120
RPM. Applied shear stress at 30 RPM was calcu-
lated approximately at 0.5 to 20 dyne/cm?

3uQ
T = - _—
7 Hor H

M wr

Where { © =shear stress, u =Viscosity, Q=Flow rate(lml/min), H=height of the flow
circuit (0.5 cm) and r=radius of the flow circuit(3.0cm))
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Fig. 3 Liver tissue culture system. We incorporated
a radial flow bioreactor into the circuit prior to ex-
periments, and used it for all experiments. Reser-
voir 0 SCHOTDURAN, Germany [, pumpO Cole-
parmer instrument Co. USA[and reactor] Able, Ja-
panl were designed to be mounted on the circuit.
The reactor was constantly supplied with 950 02
and 50 CO2. All experiments were carried out in
an incubator at 370 .
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Fig. 4 Changes in the liver’ s structure depending on the intensity of shear stress.
Scanning electron microscope image.
Small pores were well maintained in the sinusoidal endothelial cells in the control liver
tissue at the start of incubatiofd 0 hr@ A Large pores were evidently noted within
the sinusoid in the liver tissue after 12 hr incubation at 0 RPMUO in static cultured
0 BO but were not noted at 30 RPMO C[ They were noted within the sinusoid in the
liver tissue at 120 RPM, similar to 0 RPMO DO
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Fig. 5 Changes in the liver’s structure depending on the intensity of shear stress.

Transmission electron microscope image.

Hepatocyte or non-parenchymal hepatocyte destruction was not noted in the control
liver tissue at the start of incubationO 0 hr@ A Severe destruction of non-
parenchymal hepatocyte was noted in the liver tissue after 3 hr incubation at 0
RPMO voids were evidently seen within the hepatocyte cytoplasm, and intranuclear
structures in hepatocyte were localized at the periphery of nuclear membrane ar-
rowsO BO Similar findings were noted in the liver tissue at 120 RPMI arrowsO DO Se-
vere destruction of non-parenchymal hepatocyte was noted after 3 hr incubation at 30
RPM, however a small number of voids were noted within the parenchymal hepato-
cyte cytoplasm, and intranuclear structures in hepatocyte were not localized at the

periphery of nuclear membraned COJ
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Fig. 6 The time course of changes in LDH release
from the liver tissue.
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Fig. 7 The time course of changes in albumin pro-
duction of the liver.
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Fig. 8 Apoptosis progression was observed on the liver tissue cultured depending
on the intensity of shear stress. Apoptosis was not noted in the control liver tissue
immediately after the liver tissue was excisedd AO x 4000 and it was not virtually
noted in the liver tissue after 3 hr incubation at 30 RPMQO CO x 4000 Most cells in
the liver tissue cultured at 0 RPMJ in static culture B x 400Cand 120 RPM went
into apoptosisO arrows( DO x 4000]

goboooooooooogooodoood
000000000 oO0oo*ooOoooooDoo
goboooooooooooooodoooa
goboooooooooocoobooooooo
goboooooooooooooodoooa
goboooooooooocoobooooooo
goboooooooooooooodoooa
goboooooooooocoobooooooo
goboooooooooooooodoooa
gooooooooobobooooooboooo
o Qoo0o00o0mooooooooo
goboooooooooocoobooooooo
gooooooo
coobOoooocoooboboooooao
LDHrelease 00 000000000 OOOOO

ooooodoobooooboooooooooon
coooOoOoooooboooocoodgn LDHre-
lease D000 O0O0O0MMFg. 600000000
cooooooboooobooooOoooOoooon
ooooooobooooooooooooooon
coooooOLwbH ODOoooooboooobooon
oooo
oobooooooooooocoobooOooono
ooooooobooooooooooooooon
coooooooocoobooooOoooOoooon
ooooooobooooooooooooooon
goooOoOoOOoOoOooOooOoOoDbOOO0OOFg. 7m
ooooooobooooooooooooooon
coooooooocoobooooOoooOoooon
ooooooobooooooooooooooon



14] 12560 ooooooooooooooOoooOoOoOoOoOoOoOoOoOoOOOOO0O0 oOOoOoOoo0 oo oo

gogboopobooboobboobooboo
gogd
goboobooboobboobooboo
gbobobooooooobobobobooo
ooo®*oo000o0o00omooooon
gbobobooooooobobobobooo
gogboopobooboobboobooboo
gbobobooooooobobobobooo
gogboopobooboobboobooboo
gbobobooooooobobobobooo
s0ob00ob0b00oobO0oobDuooboooboooo
gbobobooooooobobobobooo
gogboopobooboobboobooboo
gooobboooooooooobobooobooo
gmgoboobomooboobooboooobg
obobobooooooobooboboboooo
gogboopoboobi10obboobooboo
oboboboooooobebObOobOOO
gogboopobooboobboobooboo
obobobooooooobooboboboooo
gogboopobooboobboobooboo
obobobooooooobooboboboooo
godbooobooobuooboobboob
gbooooooboobobooooooog
gogboopobooboobboobooboo
obobobooooooobooboboboooo
gogboopobooboobboobooboo
obobobooooooobooboboboooo
gogboopobooboobboobooboo
obobobooooooobooboboboooo
gogboopobooboobboobooboo
goobooobooo
gooooooooOooooooooooooobooo
gobobooobooooooooooobbooooDo
goooboooozbooboobooooO2c020 40
gooooooobogo
g d

10 Yamamoto K, Korenaga R, Kamiya A et all Fluid
shear stress activates Ca20] influx into human en-
dothelial cells via P2X4 purinoceptors. Circ Res
870 385—391, 2000

200 Kamegaya Y, Oda M, Yokomori H et all Role of
endothelin receptors in endothelin-1-induced mor-
phological changes of hepatic sinusoidal endothe-
rial fenestrae 0 morphometric evaluation with
scanning electron microscopy. Hepatol Res 2201
89—101, 2002

30 Powers MJ, Janigian DM, Wack KE et allJ Func-
tional behavior of primary rat liver cells in a
three-dimensional perfused microarray bioreac-
tor. Tissue Eng 800 499—513, 2002

40 Miyazawa M, Ueda M, Kitajima M et al] Effect
of shear stress imposition on co-culture of hepato-
cyte and nonparenchymal cells O possibility of
stimulating production of regenerating factord
hepatocyte growth factor0 HGF O Hepatology
340 A658, 2000

50 Kan P, Miyoshi H, Yanagi K et alO Effects of
shear stress on metabolic function of the co-
culture system of hepatocyte / nonparenchymal
cells for a bioartificial liver. ASAIO J 4400 M441—
444,1998

600 Miyazawa M, Ueda M, Shimazu M et al(] Devel-
opment of bioartificial liver for the treatment of
liver failure Effect of shear stress on hepatic pa-
renchymal and nonparenchymal cell cocluture.
Acta Hepatol Jpn 4100 687—688, 2000

70 Ledezma GA, Folch A, Bhalis UJ et all0 Numeri-
cal model of fluid flow and oxygen transport in a
radial-flow microchannel containing hepatocytes.
J Biomech Eng 12101 58—64, 1999

80 Spencer K, Price CPO Kinetic immunoturbidime-
tryO the estimation of albumin. Clin Chem Acta
9501 263—276, 1979

odopo0odoopoOobobooboooooooog
gooooo 190 233—246, 1990

100 Sato Y, Koyama S, Tsukada K et all] Acute portal
hypertension reflecting shear stress is a triger of
liver regeneration following partial hepatectomy.
Surg Today 270 518—526, 1997

110 Helmlinger G, Berk BC, Nerem RMO Calcium re-
sponses of endothelial cell monolayers subjected
to pulsatile and steady laminar flow differ. Am J
Physiol 2690 C367—375, 1995

1200 Lee CY, Zhang JX, Jones JW Jr et alJ Functional
recovery of preserved livers following warm
ischemia 0 improvement by machine perfusion
preservation. Transplantation 74 0 944 — 951,
2002

130 Sato Y, Yamamoto S, Oya H et allJ Splenectomy
for reduction of excessive portal hypertension af-
ter adult living-related donor liver transplanta-
tion. Hepatogastroenterology 49 1652 — 1655,



rmooo 18] 12570

2002 dium. Exp Mol Pathol 6901 119—143, 2000
140 Sugawara Y, Makuuchi M, Takayama T et alO 160 Toutain HJ, Moronvalle-Halley V, Sarsat JP et
Small-for-size grafts in living-related liver trans- al 0 Morphological and functional integrity of
plantation. J Am Coll Surg 19200 510—513, 2001 precision-cut rat liver slices in rotating organ cul-
150 Shigematsu A, Motoji N, Momose Y et alll Viabil- ture and multiwell plate culture effect of oxy-
ity of liver slices exhibiting absorption, metabo- gen tension. Cell Biol Toxicol 1400 175—190, 1998

lism, and elimination of substrates in culture me-

Effect of Continuous Aplication of Shear Stress on Liver-specific
Function and Structure of Liver Tissue

Takahiro Torii, Mitsuo Miyazawa and Isamu Koyama
Department of Digestive and General Surgery, Saitama Medical School

Objectives and MethodsO Rapid blood flow changes occur in the liver following massive liver resection
or in the grafted liver following liver transplantation, under which shear stress change induced by flow
change may determine postoperative results. We observed changes in liver tissue structure and liver-specific
function, and the extent of apoptosis progression in cultured rat liver tissue to which shear stress was applied,
and consequently assessed shear stress effect on liver tissue. Results[] Cultured liver tissue exposed to con-
tinuous application of moderate shear stress expressed and maintained long-term liver-specific function. Evi-
dence also indicated that destruction of the liver structure was inhibited. Cultured liver tissue not exposed to
shear stress or exposed to high shear stress was shown to lose liver-specific function soon after expression.
The liver structure was destroyed in early incubation. Apoptosis progression in the cultured liver tissue ex-
posed to continuous application of moderate shear stress was most inhibited compared to tissue not exposed
to shear stress or exposed to high shear stress. Conclusion] These results suggested that continuous applica-
tion of appropriate shear stress has advantages over other types of stress in protecting liver tissue.

Key words[] liver tissue, shear stress, apoptosis, liver-specific function, liver-structure
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