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1. Introduction

The preferential location of the atherosclerotic pla-
ques at bifurcation's and at the orifices of the branch
vessels has promoted speculation that fluid shear stress
within these regions may contribute to the patho-
genesis of the circulatory disease like atherosclerosis
and stenosis [1]. At the same time, experimental stu-
dies continue to implicate the endothelial cell injury
as an initiating factor in the lesion formation [2].

Endothelial cells form a continuous layer only a
single cell thick that lines the entire vascular system.
In large and small arteries, these cells respond to a-
cetylcholine and other blood-borne neurochormones
by releasing the substances causing the relaxation of
the smooth muscle of the vessel wall. Endothelial
cells also respond to the mechanical forces generat-
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ed by blood flowing under the pressure. The idea
that the endothelium acts as a transducer of the he-
modynamic forces to control the release of the va-
soactive substances offers a simple explanation for
how local changes in the vascular tone. Yet how en-
dothelial cells sense the fluid forces and couple the
initial mechanical deformation of the plasma mem-
brane to the release of vasoactive substances is poor-
ly understood [3].

When exposed to hemodynamic shear stress, endo-
thelial cells undergo a sequence of the rapid res-
ponses which, if the stimulus is sustained, are fol-
lowed by predictable biochemical [4], gene regula-
tory [S], and morphological changes [2]. The even-
tual outcome for these cells exposed to unidirec-
tional flow is a strcaming of the cell that leads to a
lessening of the shear stress magnitude. Arterial shear
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stress levels on the order of 25 dyne/cm’ cause
enhanced arachidonic acid metabolism and altered
protein synthesis [4]. These observations suggest that
fluid mechanical forces can directly influence the en-
dothelial cell structure and function. Modulation of
endothelial behavior by the shear stress may be re-
levant to normal vessel wall physiology, as well as
the pathogenesis of vascular diseases, such as ath-
erosclerosis |6].

In this paper, I describe a system that can be used
to study the response of endothelial cells to shear
stress generated by flow. In order to evaluate the ef-
fect of flow in a biological environment accurately,
a parallel plate flow chamber with the temperature
and pH control was designed. One application of
the system to a study of the effect of shear stress on
cultured endothelial cells was reported in this paper.

2. Description of Laminar Flow
Chamber System

2-1. Laminar Flow Chamber

The laminar flow chamber for endothelial cell adh-
ered on the micro slide glass was designed to expose
cultured cells with a known hydrostatic shear stress.
The laminar flow chamber, shown in Fig. 1, consists
of four parts: a stainless-steel base block measuring
88 by 38 by 13 mm, two silicon rubber gaskets (Korea
ShinEtsu Silicon Co., Seoul), a glass window, and a
fibronectin-coated micro slide glass on which en-
dotheiial cells were cultured. On the top of the base,
a flow path, 60 by 20 mm by 200 ym in height,
was machined with the numeric-controlled milling
machine and two silicon gaskets were fixed in two
grooves around the flow path. The micro slide glass
with cells held tightly on the base chamber block by
applying a vacuum with vacuum pump (007CA13,
Thomas Industries, Inc., Sheboygan, WI) through 6
holes to the space between the two gaskets to pre-
vent the leakage of circulating medium, as shown in
Fig. 1. Laminar flow chamber sterilized with ethylene
oxide prior to the experiments. The flow chamber
with flow and vacuum lines was turned upside down
and installed on the microscope (IMT-2, Olympus,
Japan).

2-2. Flow Circuit for Laminar Fliow Chamber
The flow chamber was connected between the upper
and lower reservoir through two 4 mm LD. ports
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Fig. 1. Laminar flow chamber driven by hydrostatic
pressure head. (A) Stainless-steel base block was
shown with silicon gaskets and a glass window. Six
holes between silicon gaskets were connected to the
vacuum pump to prevent medium leakage. 1.D. 4
mm inlet and outlet ports were also shown in figure,
(B) Schematic side view of laminar flow chamber.
Flow path was generated between two glasses, a glass
window and a micro slide glass with endothelial cells.

and silicon tubing. A roller pump (MasterFlex L/S
Drive with Easy LoadTM head, Cole-Pharmer In-
strument Co., Chicago. IL) moves the perfusate
from the lower reservoir to the upper reservoir. In
the upper reservoir, medium cup was installed to
maintain the same hydrostatic pressurc head on the
laminar flow chamber. The overflows from the roll-
er pump were directly connected to the lower reser-
voir via overflow lines between the upper and lower
TESCIVOIrs.

The temperature control of circulating fluid was
accomplished with a heating mantle (S501, Misung
Scientific Co., Seoul), a PID-temperature controller
(Misung Scientific Co), a “surface mount” thermo-
couple (30 gauge, K-type, COl, OMEGA Enginee-
ring, Inc., Stamford, CT), and a heat exchanging
mini condenser. A heat exchanging mini condenser
was connected between the upper reservoir and the
laminar flow chamber. Hot-water heated with the
heating mantle was supplied to condenser with the
submergible water pump (UP-7W, HyupShin Water
Design, Seoul) to maintain the perfusate temperature
as 37°C. The supplied volume of the hot-water was
adjusted with the flow regulator (300 cc/min, Dwyer,
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Michigan City, IN). The PID-temperature controller,
which get the temperature information from the “surface
mount” thermocouples attached on the outer surface
of condenser, controlled the gain of the heating man-
tle to adjust the temperature of the hot-water. The
actual temperature of the perfusate was monitored in-
vasively just after the laminar flow chamber with
the needle type thermocouple (HYP2-21-1-1/2-T-G-
48-OS8T-M, OMEGA Engineering, Inc.) and digital
indicator (DP-11 Series, OMEGA Engineering, Inc.).

To regulate the pH of perfusate at 7.4, 5% CO,
with 95% clean air was supplied to the upper and
lower reservoirs. The supplied gas was humidified
in the distilled water and filtered with 0.2 ym PTFE
filter (ACRO 50, Gelman). The amount of filtered
gas to both reservoirs was controlled with the air
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Fig. 2. Schematic illustration of experimental setup
with flow chamber apparatus.

Fig. 3. Photograph of experimental system. 4 mm 1.
D. flow lines were connected with autoclavable
Keck quick disconnect adapters.
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flow regulator (25 cc/min air, Dwyer) and the exces-
sive pressure of supplied gas from the gas tank was
regulated with solenoid valve (SNS-C101, SAGIno-
MIYA, Japan) and check valve (AB-31-02-3, CKD/
P, Japan). The gas outflow ports in the upper and
lower reservoir were also connected to 0.2 um PTFE
filter to prevent the contamination of the gas environ-
ment of the flow system.

The flow lines were composed with 4 mm 1.D. sil-
icon tubing and autoclavable quick-disconnect adap-
ters (L-06841-50 for tubing and L-06841-54 for cou-
pling, Cole-Pharmer Instrument Co.). The cell cul-
ture medium was used as a circulating fluid. Fig. 2
shows the schematic illustration of experimental set-
up with flow chamber apparatus.

The morphology of cells was examined by a CCD
camera (LK-636, TOSHIBA, Japan) attached to the
microscope. Fig. 3 was taken the whole experimental
system during the experiments.

2-3. Shear Stress developed in Flow Chamber

The magnitude of shear stress, 7,, developed in
laminar flow chamber which driven by the hydro-
static pressure head, H, was calculated from the pres-
sure difference, AP, between the upper and lower re-
servoirs and the gab, A, between wide parallel plates
(two glasses in this flow chamber). The pressure dif-
ference between two reservoirs was calculated sim-
ply from the hydrostatic relationship:

where p is the density of the fluid (1 g/em’ for tis-
sue culture medium) and g is the acceleration of
gravity (980 cmy/s” with CGS unit). For pressure drops
in the reservoirs and flow lines were negligible, the
pressure drop within the flow chamber was calculated
with the pressure difference in Eq. (1) as follows:

AP _dp 120 @
AX  dx wh?

with AX the laminar length of the flow chamber, u
the viscosity of fluid (0.007 g/cm/s for culture medi-
um at 37°C), Q the flow rate (ml/s), and w the width
of the flow path. Shear stress 7, (dyne/cm’) gencrat
ed on the endothelial cell monolayer could be cal
culated as follows:

00

T
wh?

&)

For 200 um gab height flow chamber, shear stress
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Fig. 4. Shear stress and flow rate as a function of
the hydrostatic pressure head. For 200 um gab
height flow chamber, shear stress (dyne/cm’) could
be expressed as 7,, and the flow rate (mL/min) as Q
=1.0182H, respectively.

7, could be expressed with the first-order equation:
7,=1.7818H “)

with H the length of hydrostatic pressure head, ex-
pressed in centimeter. Shear stress and flow rate
(mL/min) were plotted as a function of the hydrostatic
pressure head in Fig. 4.

3. Application to Cultured Endothelial
Cell Studies

3-1. Isolation and Culture of Endothelial Cells

Human umbilical vein endothelial cells were iso-
lated from human umbilical vein as previously des-
cribed with modified collagenase digestion tech-
nique [7]. Umbilical cords obtained after normal va-
ginal deliveries are placed in cord buffer (phosphate
buffered saline (PBS), 137 mM NaCl, 2.7 mM KCl,
8 mM Na,HPO,, 1.5 mM KH,PO, with 11 mM glu-
cose) and stored at 4°C until used. The cord was re-
moved and then cannulated at one end with a stain-
less-stee] cannula (syringe adapter, A.H. Thomas,
PA). The vein was flushed with warm cord butfer to
rinse out the blood and allowed to drain. The vein
was finally filled with enough warm 0.2% collagenase
(Clostridium histolyticam, type 1, Worthington Di-
agnostic System Inc., Freehold, NJ) in cord buffer
and incubated at 37°C for 10 minutes.

After incubation, the cord was gently kneaded
twice between the fingers up and down its length.
The collagenase solution was flushed out of the vein
with cord buffer into a 50 ml conical plastic cen-
trifuge tube containing 10 ml of culture medium
(Medium 199 (Gibco BRL, Gaithersburg, MD) with
HEPES (25 mM, Gibco BRL). The tube was cen-
trifuged for 7 minutes at 800 g and the supernatant
decanted. The endothelial cells, form a small peliet
in the bottom of the tube, were gently resuspended
in 4 ml of culture medium and plated in a T-25 tis-
sue culture flask.

To optimize conditions for growing and adhesion
of endothelial cells on the artificial surface, human
fibronectin (Boehringer Mannheim, Mannheim, Ger-
many) of 5 ug/cm’ was coated on the slide glass [8].

3-2. Morphological Response of Endothelial
Cells to Shear Stress

Cultured endothelial cells were seeded on the fi-
bronectin-coated slide glass with 5 10" cells/cm® se-
eding density, and incubated for two davs before ex-
periments.

After removing the culture medium, endothelial
cells were incubated with cytochalasin D (0.1 pg/ml,
Sigma Chemical Co., St. Louis, MO) at 37°C for
one hour before flow starts. After the incubation of
cytochalasin D, drug was removed and endothelial
cells were gently washed in PBS. Micro slide glass
was assembled on the sterilized flow chamber and
the 20 dyne/cm’ shear stress was applied to cultured
endothelial cell for 2 hours. Micrographs were saved
automatically in every 5 minutes in the host PC after
a shear exposure to record the morphological changes
of endothelial cells with shear stress. Increase of
adhesion area was analyzed with the serial mi-
crographs with time. .

Very rapid recovery of cellular area and adhesion
was evoked within 2 hours fluid shear exposure, as
shown in Fig. 5. After the treatment of cytochalasin
D, endothelial cells shrink around the nucleus with
abundant microspikes (shown in Fig. S at 0 min).
The arrow in the upper left corner presents the flow
directions. The numbers below the photograph in-
dicate the lapsed time after shear stress exposure.
As time goes by, endothelial cells recover the cel-
lular area and volume with shear stress by the new
focal adhesion point at the cell periphery, which
was served from the leading edge of microspikes.
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Fig. 5. Shear stress-induced morphological changes
of endothelial cells adhered on 5 ym/cm’ fibronectin-
coated glass with cytochalasin D (0.1 ug/ml) treat-
ment for 1 hour. 20 dyne/cm’ shear stress was ap-
plied for 2 hours. The arrow in the upper left corn-
er presents the flow directions. The numbers below
the photograph indicate the lapsed time after shear
stress exposure.

The cellular area of endothelial cells was recovered
to the original level just after 40~50 minutes passed
from the initiation of flow.

4. Conclusion

In situ laminar flow chamber experimental ap-
paratus including real-time image analysis system
was developed to investigate the mechanotransduc-
tion of endothelial cells. This system was suitable
for the study of physiological response of anchorage-
dependent endothelial cells with its capacity of con-
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trolling the temperature and pH of the circulating
medium. Shear stress-induced morphological changes
of endothelial cells were investigated with this ap-
paratus. This experimental system is also of value for
studies of other cells such as megakaryocytes, leu-
kocytes, and tumor cell invasions.
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