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ANNUAL PROGRESS REPORT ON NSF GRANT EET-8815656
ENTITLED "MECHANICAL STRESS AND VASCULAR GROWfH"
Period: September 1, 1988 - May 31, 1989
Principal Investigators:

Robert M. Nerem, Ph.D.
R. Wayne Alexander, M.D., Ph.D.

Work on this project focuses on vascular endothelial cells (EC) and the engineering of
the cell culture environment so as to provide conditions which are more physiologic. The
unique aspects of this project are its (i) systematic study of mechanical stresses of various
types, (ii) use of the most advanced image analysis system available for cellular studies, (iii)
emphasis on subconfluent monolayers and a variety f different mammalian cell types, and
(iv) emph a is on the growth characteristics and growth program of cells. In each of these
areas significant progress has been made as is sumn1arized below.
With regard to the systematic study of mechanical stresses of various types, two new
systems have been designed and are being tested. One of these is a uniaxial, cyclic
stretching device where cells are grown on a compliant membrane which can be stretched
with a sinusoidal motion at a frequency in the range of 0.5 to 3 Hz. Initial results on
endothelial cell morphology have been obtained at 1 Hz and a modified design is now
being constructed in our machine shop. The other new system is a pulsatile flow system
which can be used in one of three modes: (1) non-reversing flow, (2) reversing flow, and
(3) oscillatory flow (where there is zero mean flow). This system is currently in the final
stages of testing.
Our image analysis work uses the Perceptics Biovision system which is based on a

DEC Microvax computer and which was purchased with institutional funds. This system
was delivered in mid-December 1988 and over the past five months considerable operating
experience has been gained. Additional software also has been written, and the Biovision
system provides the capability for multiprobe fluorescence image analysis. In addition to
its application in cell shape/motion studies, it thus is now being used to conduct Fura-2
intracellular calcium measurements.
Although most of our work to date and the focus of this project is vascular EC, we also
want to investigate whether the response of vascular EC to mechanical stress is unique or
whet her it can be generalized to other cell types. Thus, we have initiated studies both with
3T3 fibroblasts and MDCK cells. Also, since all of our previous work has been carried out
with bovine aortic EC, we also have initiated studies with human microvascular EC and
human umbilical vein EC.

Studies are being conducted both for confluent and

subconfluent monolayers. The latter is of interest not only because the cells are in a
growth mode, but also because one can focus on the response of a single cell which is
uninfluenced by its neighbors.
A major objective of this research program is to define the influences of mechanical
stress on the intrinsic and extrinsic growth programs of cells. In addition to measurements
of cell growth, we also are interested in the expression and influence of growth promoting
substances. As a baseline study, we have initiated experiments on the influence of
hydrostatic pressure on cell proliferation. In this study we have measured both 3-H
thymidine incorporation and IGF-1 production by bovine aortic endothelial cells (BAEC)

in culture. Thymidine incorporation studies were carried out on confluent BAEC that were
growth arrested in 0.4% calf serum for 48 hours prior to the experiment. The BAEC then
were placed in either 0%, 0.4%, 2% or 10% calf serun1, and the cultures were then exposed
to either atmospheric pressure or a pressure of 120 mrr1Hg for 24 hours. Preliminary
results have shown a decrease in thymidine incorporation with normal stress.
Preliminary evidence indicates that there is secretion of a immunoreactive Insulin-like
Growth Factor (IGF-1) by cultured rat aortic smooth muscle cells, bovine aortic endothelial
ce lls and hu man umbilical vein endothelial cells. IGF-1 levels are markedly higher in
younger passage cells, and use of a

32 P

labeled antisense RNA probe to detect specific IGF-

1 mRNA species has revealed several transcripts in cultured bovine aortic endothelial cells,
namely the 4.9kb, 1.9kb and 1.3kb messages. We also have measured IGF-1 production by
BAEC exposed to normal stress. The 24 hour production of IGF-1 by BAEC exposed to
normal stress was increased by 332% over cells exposed to atmospheric pressure. We
currently have no explanation for why cells exposed to higher levels of IGF-1 have a lower
rate of thymidine incorporation. Obvious possibilities to investigate include alterations in
IGF-1 receptor number or binding properties, production of other factors with negative
mitogenic effects, and alterations in receptor processing and signal transduction.

A major hypothesis to be tested is that the membrane signals generated by mechanical
stress, e.g. a fluid-imposed shear stress, are not generalized throughout the cell but are
localized and thus account for the characteristic elongation and orientation of the cell

which are observed to occur. In testing this hypothesis, our primary tool will be the
Biovision image analysis system. One application of this system is the measurement of
intracellular calcium, and we already have demonstrated our ability to load cells with Fura2 and obtain images at two wavelengths, which is necessary to perform the image ratioing
required in the measurement of intracellular calcium. Flow studies are now commencing.
Related to the testing of this hypothesis are our studies of the role of protein kinase C
in EC responses to shear stress. Preliminary measurements of PKC activity in solubilized
homogenates of EC have been performed by analysis of C:1 2 + and phospholipid-dependent
p ho sp ho rylation of histone I. W e fo un d that 63o/c of total PKC activity was in

t
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membrane fraction and 37 % in the cytosol of E C grown under static conditions. Exposure
to a shear stress of 30 dynes/ cm 2 for 20 min. caused a decrease in cytosolic PKC activity
consistent with translocation of PKC to the membrane.
\Ve have optimized conditions for loading and imaging EC with dansyl-13-TPA. In this
there was intense fluorescence of the cytoplasm but not the nucleus.

When the

fluorescence intensity was mapped with a "pseudo-color" scale, it is readily seen that the
perinuclear localization is punctate and morphologically resembles Golgi. When the
threshold was lowered, resulting in a larger pseudo-color scale, a topographical pseudocolor map was then generated by use of a pixel by pixel histogram, and this clearly shows
the intense perinuclear localization and the very high concentration relative to other parts
of the cytoplasm.

Finally, the active release of adenine nucleotides (AdN) from EC may be important in
their response to stimuli. Purinergic receptors in fact are found on vascular smooth muscle
and endothelial cells, yet the origins and mechanisms of adenine nucleotide release have
not yet been fully defined. We have attempted to determine whether BAEC are able to
actively release AdN. BAEC were incubated with 3-H Adenosine for 2 hours to label the
intracellular AdN pool. Cells were then placed in a parallel plate flow device to precisely
control the flow conditions. Aliquots of the perfusate were analyzed for radio-labeled AdN
content using HPLC. Under constant flow conditions, AdN were found in the perfusate in
t he fo llowing distribution: 65% AMP, 20% ADP and 15% ATP. Cell morphology wa
unchanged and LDH was undetectable, indicating that there was not significant cell lysis.
T o ascertain whether this release of AdN is an active process, the same experiments were
carried out at 4 ° C. Under these conditions AdN were barely detectable. Warming the
perfusate resulted in an approximately 325% increase in total AdN in the perfusate after 1
minute. These results show that AdN are actively released by BAEC and suggest that
endothelial cells are a potentially important source of AdN.
After only nine months, we feel quite encouraged by the progress we are making. It
should be emphasized that this project is a joint effort of the Vascular Biology Laboratory
at Emory University School of Medicine and the Biomechanics Laboratory at Georgia
Tech. It is a project that neither could do alone. Furthermore, the application of the
results to be obtained goes beyond the stated goal of engineering the cell culture
environment to make it more physiologic and includes the development of in vitro tissue

for the replacement of vascular components and the logical extension to the development
of functional cultured organs.
Finally, there has been one publication to date. This is:

Levesque, M.J. and Nerem, R.M., "The Study of Rheological Effects of Vascular
Endothelial Cells in Culture. Biorheology, Vol. 26, No.2, 1989, pp. 345-357.
There also has been two presentations while the Principal Investigator was a visiting
professor in Japan. These are:
Nerem, R.M., "Cellular Biomechanics," invited lecture at the Annual Meeting of the
J apan Society of Mechanical Engineers, Tokyo, Japan, Ap ril 3-5, 1989.
Nere m, R .M ., "Bio mechani s and the E ndo th e lial Cell," pl enary lecture at the Annual
Meeting f the Ja panese Society of Biorheology, Tsukuba, Japan, July 5-7, 1989.
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June 4, 1990

Dr. Paul Werbos
Division of Electrical and
Communications Systems, Rm 1151
National Science Foundation
1800 G Street
Washington, D.C. 20550
Dear Paul:
Enclosed is a third year budget and three copies of a progress report for the grant
entitled "Mechanical Stress and Vascular Cell Growth", on which Dr. R. W. Alexander and
myself serve as Principal Investigators.
The third year budget has been revised from an amount of $200,000 to $196,000 as you
suggested over the phone. Please let me know if I can be of any other assistance to you.
Sincerely,

Robert M. Nerem

RMN/kb

An Equ:ll Edu c:ltt(ln :lnd EmpiO\menl Opportunity Institution

ANNUAL PROGRESS REPORT ON NSF GRANT EET-8815656
ENTITLED "MECHANICAL STRESS AND VASCULAR GROWfH"

Period: September 1, 1988- May 31, 1990

Principal Investigators:

Robert M.

Nere~

Ph.D.

R. Wayne Alexander, M.D.,Ph.D.

The issue of mammalian cell growth and the factors which influence both the
process of growth and the intrinsic and extrinsic growth program of cells is a critical
one to tissue engineering. In the particular research effort supported by this grant,
the focus is on vascular cell growth and includes both vascular endothelial cells (EC)
and smooth muscle cells (SMC). Although the results to be obtained will have
application in general to vascular biology and pathobiology, in the context of tissue
engineering the goals are more focused.
First, in the use of cell culture to study vascular cell behavior, there is a critical
need to engineer the cell culture environment so as to make it more physiologic. An
important part of this is to engineer such culture systems so as to study vascular EC
and SMC under the active stress conditions in which they reside in vivo. These
conditions are due to the hemodynamics of the vascular system which imposes a
force on the arterial wall and thus provides the mechanical stress environment for
the cellular components of the wall. This stress can be decomposed into a frictional,

tangential stress, i.e. shear stress, and a normal stress, i.e. pressure. The latter not
only acts directly on the endothelial cell inner lining of a blood vessel, but in
distending the wall, it also serves to induce stresses within the arterial wall. Thus, in
studying in culture the active conditions of stress associated with the in vivo
physiologic environment, it is important to separate out the effects of shear stress,
pressure, and cyclic stress. This is the goal of this project.
A second goal of this project is to develop the foundation of knowledge
necessary to construct vascular grafts use in vitro for bypass surgery. Initially, such
grafts will be of a hybrid type, i.e. a graft made of a synthetic material but with an
inner lining of pre-seeded, cultured endothelial cells. However, it should be
possible to grow entire arteries composed of cultured smooth muscle cells,
endothelial cells, and adhesive proteins.
Work on this project is focused on vascular endothelial cells (EC), although
some studies of smooth muscle cells also are being carried out. The unique aspects
of this project are its (i) systematic study of n1echanical stresses of various types, (ii)
use of the most advanced image analysis system available for cellular studies, (iii)
emphasis on subconfluent monolayers and a variety of different mammalian cell
types, and (iv) emphasis on the growth characteristics and growth program of cells.

In each of these areas significant progress has been made as is summarized below.
With regard to the systematic study of mechanical stresses of various types, two
new systems have been designed and are being used. One of these is a uniaxial,
cyclic stretching device where cells are grown on a compliant mernbrane which can

be stretched with a sinusoidal motion at a frequency in the range of 0.5 to 3 Hz.
Initial results for both endothelial cells and smooth muscle cells have been obtained
at 1 Hz, and a series of experiments designed to investigate the influence of cyclic
stress on the secretion of Insulin-like Growth Factor-1 (IGF-1) will be initiated this
summer. This study will be complementary to a study of pressure effects recently
completed which showed a direct effect of hydrostatic pressure on IGF-1 secretion
by endothelial cells, but not by smooth muscle cells (see Abstract No. 1).
The other new system developed is a pulsatile flow system which can be used in
one of three modes: (1) non-reversing flow, (2) reversing flow, and (3) oscillatory
flow (where there is zero mean flow). Initial results indicate that the endothelial
cell has the ability to not only discriminate in its recognition of different flow
environments, but also to transduce that difference in recognition into differing
changes in structure and function (see Abstract No. 2, to be presented at the World
Congress of Biomechanics).
An important aspect of this project is our image analysis work which uses the

Perceptics Biovision system. This system is based on a DEC Microvax computer
and was purchased with institutional funds. The system was delivered in midDecember 1988, and over the past 18 months considerable operating experience has
been gained. Additional software has been written, and the Biovision system
provides the capability for multiprobe fluorescence image analysis.
A major hypothesis to be tested using this system is that the men1brane signals
generated by mechanical stress, e.g. a fluid-imposed shear stress, are not generalized

throughout the cell but are localized and thus account for the characteristic
elongation and orientation of the cell which are observed to occur. In testing this
hypothesis, a primary measurement is that of intracellular calcium, and we have
demonstrated our ability to load cells with Fura-2 and obtain images at two
wavelengths, which is necessary to perform the image ratioing required in the
measurement of intracellular calcium. Flow studies have been initiated, and results
to date have proved exciting in exhibiting a spatial variation which is time
dependent. A poster on these initial observations was presented at the 23rd Annual
Hugh Lofland Conference, held in San Antonio, Texas, May 23-26 of this year;
however, there is still much more work to be done.
Related to the testing of this hypothesis are our studies of the role of protein
kinase C (PKC) in EC responses to shear stress (see Abstract No. 3 ).
Measurements of PKC activity in solubilized homogenates of EC have been
performed, and we have found that 63% of total PKC activity was in the membrane
fraction and 37% in the cytosol for EC grown under static conditions. Exposure to a
shear stress of 30 dynes/cm 2 for 20 min. caused a decrease in cytosolic PKC activity
consistent with translocation of PKC to the membrane. There also is evidence of a
PKC-dependent phosphorylation of vimentin. Finally, the use of PKC inhibitors
blocks the process of endothelial cell elongation and orientati<;>n, which is part of
that cell's response to shear stress. This points to PKC as an important second
messenger in the intracellular transduction of a mechanical signal and in the
resulting cytoskeletal and extracellular matrix changes (see Abstract No. 4).

Finally, the active release of adenine nucleotide (AdN) from EC may be
important in their response to stimuli. Purinergic receptors in fact are found on
vascular smooth muscle and endothelial cells, yet the orgins and mechanisms of
AdN release have not yet been fully defined. We have attempted to determine
whether BAEC are able to actively release AdN, and our data not only suggests that
endothelial cells are a potentially important source of AdN, but that this pathway
may be flow mediated. These studies are continuing.
A major objective of this research program is to define the influences of
mechanical stress on the intrinsic and extrinsic growth programs of cells. In addition
to measurements of cell growth, we also are interested in the expression and
influence of growth promoting substances. With regard to the former, we have
shown an effect of shear stress on the rate of endothelial cell proliferation and that
this decrease is associated with an effect on cell· cycle where cells are held up in
G 0 /G 1• Manuscripts on these findings are now under preparation. In a separate
study we have investigated the influence of the flow environment on the process of
cell division itself, including the various phases of mitosis and the process of
cytokinesis. These results will be presented at the World Congress on Biomechanics
in August of this year (see Abstract No.5).
We also have studied the influence of shear stress on endothelial cells at the
level of gene expression. We have shown that endothelial cells after exposure to
shear stress exhibit a reduced expression of proto-oncogenes in response to
stimulation by Q-thrombin (see Abstract no. 6).

In regard to the expression of growth factors, our study on the influence of
pressure on endothelial cell secretion of IGF-1 has already been noted. These
studies are continuing with the next step being to investigate the effect of cyclic
stretch. An additional set of experiments on the influence of shear stress on the
expression of platelet-derived growth factor (PDGF) by endothelial cells is being
initiated.
Finally, although most of our work to date and the focus of this project is
vascular EC, we also want to investigate whether the response of vascular EC to
mechanical stress is unique or whether it can be generalized to other cell types.
Thus, we have initiated studies both with 3T3 fibroblasts and MDCK cells. Also,
since all of our previous work has been carried out with bovine aortic EC, we also
have initiated studies with human microvascular EC and human umbilical vein EC.
Studies are being conducted both for confluent and subconfluent monolayers. The
latter is of interest not only because the cells are in a growth mode, but also
because one can focus on the response of a single cell which is uninfluenced by its
neighbors.
After only twenty months, we do feel quite encouraged by the progress we are
making. It should be emphasized that this project is a joint effort of the Vascular
Biology Laboratory at Emory University School of Medicine and the Biomechanics
Laboratory at Georgia Tech. It is a project that neither could do alone.
Furthermore, the application of the results to be obtained goes beyond the stated
goal of engineering the cell culture environment to make it more physiologic and

includes the development of in vitro tissue for the replacement of vascular
components and the logical extension to the development of functional cultured
organs.
Publications and Presentations on Grant EET-8815656
There have been two publications.
Levesque, M.J. and Nerem, R.M., 'The Study of Rheological Effects of
Vascular Endothelial Cells in Culture". Biorheology, Vo1.26,no.2,
1989.pp.345-357.
Levesque, M.J. Sprague, E.A, and Nerem, R.M., "Vascular Endothelial
Proliferation in Culture and the Influence of Flow.'' J. Biomaterials (in
press).
In addition there have been a number of invited presentations at conferences.
Nerem, R.M., "A Mammalian Cell's Response to a Fluid Flow
Environment," plenary lecture at the 41st Annual Meeting of the Division
of Fluid Dynamics, American Physical Society, Buffalo, NY, November
20-22, 1988
Nerem, R.M., "Cellular Biomechanics," invited special lecture at the
Annual Meeting of the Japan Society of Mechanical Engineers, Tokyo,
Japan, April3-5, 1989.
Nerem, R.M., "Biomechanics and the Endothelial Cell," plenary lecture at
the Annual Meeting of the Japanese Society of Biorheology, Tsukuba,
Japan, July 5-7, 1989.
Nerem, R.M., P.R. Girard., Doty, S.D., Helmlinger, G., and Zeigler, I.,
"Endothelial Cell Dynamics and Flow," Joint Session, UCLA Symposium
on the Endothelial Cell and on Tissue Engineering, Keystone CO, April 612, 1990.
Nerem, R.M., "The Vascular Endothelial Cell and Its Physical
Environment," Symposium on Polymers as Biomaterials Honoring R.S.
Langer, 199th National Meeting of the American Chemical Society,
Boston, MA, April22-27, 1990
Finally, there also have been a number of contributed papers as listed below:

Nerem, R.M., "Mechanical Influences on Living Cells," Bulgarian Fifth
National Conference on Biomedical Physics and Engineering, Sofia,
Bulgaria, October 14-16, 1988.
Nerem, R.M., "Shear Stress Effects on Anchorage-Dependent Mammalian
Cells," NASA/AIBS Workshop on Gravity and the Cell, Washington,
D.C., December 1-3,1988.
Nerem, R.M., "Active Motion and Deformation in Vascular Endothelial
Cells Exposed to Flow," NATO Advanced Study Institute on
Biomechanics of Active Movement and Deformation of Cells, Istanbul,
Turkey, September 3-13, 1989.
R.M. Nerem, "Hydrodynamic Effects on Single Cells and their StructureFunction Relationship," Panel Discussion on National Interfaces Between
Biomedical and Biochemical Engineering, 21st Annual Meeting of
Biomedical Engineering Society, FASEB Meeting, Washington,D.C., April
1-5,1990.
P.R. Girard and R.M. Nerem, "Role of Protein Kinase C in the
Transduction of Shear Stress to Alterations in Endothelial Cell
Morphology." UCLA Symposium on The Endothelial Cell, Keystone, CO,
April 6-12, 1990.
R. V. Geiger, B.C. Berk, R.W. Alexander, and R.M.Nerem, "Single Cell
Imaging of Intracellular Calcium in Cultured Vascular Endothelial Cells
Exposed to Shear Stress: "Preliminary Observations," 23rd Hugh Lofland
Conference on Arterial Wall Metalsolism, San Antonio, TX, May 23-26,
1990.
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Hypertrophy or hyperplasia of vascular smooth
muscle (VSMC) is a prominent arterial response to
increased blood pressure.
VSMC growth may be
controlled by factors intrinsic to the arterial
wall, such as insulin-like growth factor-1 (IGF1), a mitogenic peptide secreted by both endothelial (EC) and vascular smooth muscle cells.
To assess whether hydrostatic pressure will increase IGF-1 secretion by vascular cells, cultured rat VSMC and porcine EC were exposed to
pressure in culture media supplemented with 10'
serum. Aft~24 h, cells were washed and incubated in serum-free media for 3 h, and radioimmunoassayed for IGF-1. In EC pasal secretion
of IGF-1 was 0.41 ± 0.03 pg/Jlg protein. Hydrostatic pressure induced a dose-dependent increase
in IGF-1 secretion which was maximal at 200 mm Hg
(184 ± 15' increase over basal, p < 0.05). Basal
secretion in VSMC was 0.52 ± 0.09 pg/Jlg protein,
and showed no increase with pressure (100 ± 3'
basal at 200 mm Hg). We conclude that EC but not
VSMC respond to pressure with IGF-1 secretion.
Secretion of IGF-1 by EC represents a novel paracrine mechanism for the control of VSMC growth,
which may be important in the pathogenesis of
hypertension and atherosclerosis.
The author affirms that the material herein will not have been
published as a manuscript prior to presentation at the American Heart
Association meeting or presented or published as an abstract at any
national meeting or world congress held in the United States, that
any animal studies conform with the ..Position of the American Heart
Association on Research Animal Use" (Circulation 1985;71 :849) style,
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to a protocol approved by the institutional committee on ethics of
human investigation or - if no such committee exists - that it
conforms with the principles of the Declaration of Hetsinki of the \Abrld
Medical Association (Clinical Research 1966;14:103).
The submitting author also certifies that all authors named in this
abstract have agreed to its submission for presentation at the AHA
Scientific Sessions and are familiar with the 10-author rule (see
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Abstract No. 2

THE EFFECT OF A PULSATILE LAMINAR SHEAR STRESS ON CULTURED VASCULAR
EN~ DOTHEUAL CELL SHAPE AND ORIENTATION.
G. Helmlinger, S. Schreck, and R. M. Nerem. Biomechanics Laboratory, School of
Mechanical Engineering, Georgia Institute of Technology, Atlanta, Ga 30332-0405 USA.
Confluent monolayers of bovine aortic endothelial cells (BAEC) were exposed to
pulsatile laminar flow, using a parallel plate flow chamber. Two types of pulsatile
flows were investigated: (i) a 1-Hz sinusoidal non-reversing flow with a positive mean
shear stress value, and (ii) a 1-Hz sinusoidal flow with a positive mean shear stress
value, but with reverse flow during some portion of the cycle. Steady flows
corresponding to the mean and maximum shear stress values of the pulsatile flow were
run in parallel as controls. In comparing the effect of a non-reversing pulsatile flow to
that of a steady flow, it is observed that the BAEC tend to elongate and orient slightly
faster in the pulsatile environment and after 30 hours are much more elongated than
BAEC either in a steady flow corresponding to the mean value or that corresponding to
the maximum value of the shear stress for the pulsatile flow. In contrast, for a
reversing pulsatile flow, BAEC initially orient and elongate at a slower rate than BAEC
in steady flow controls or in a pulsatile non-reversing flow with the same mean shear
stress. lnspite of this slower initial rate, by 24 hours BAEC are aligned and are as
elongated as in a steady flow control with a shear stress equal to the maximum of the
reversing pulsatile flow. However, for longer durations of exposure to a reversing
pulsatile flow, the effect of shear stress is altered with BAEC reverting back to a
rounder shape.

Abstract No. 3

ROLE OF PROTEIN KINASE C IN 1HE 1RANSDUCilON OF SHEAR STRESS
TO ALTERATIONS IN ENDOTHELIAL CELL MORPHOLOGY. P.R. Girard and
R.M.Nerem, Bioengineering Center, Georgia Institute of Technology, Atlanta, Georgia 30332-0405.
Endothelial cells exposed to a fluid-imposed shear stress both iD Jim aDd iD mm show an alignment with
the direction of flow and an elongation of cells with a concomitant reorganization of the cytoskeletal
network. The phosphorylation of c:ytoskeletal proteins is thought to play a role in the regulation of
cytoskeletal sttucture. We have implicated protein kinase C (PKC) in shear stress-induced morphological
alterations based on several criteria. In control, static cultures of Be appmdmately 7S% of PKC was
localized in the cytosol In EC subjected to a shear stress of 30 dynes/cm2 for 60 min, there was a 45%
decrease in cytosolic levels concomitant with a 47% increase in membrane levels of PKC. Flow-induced
morphological changes were inhibited when EC were preincubated with the PKC inhibitor, sphingosine
(25 pm), for 90 min prior to exposing the cells to a shear stress of 30 dynes/cm1 for 24 hr.
Immunofluorescent studies of the intermediate filament protein, vimentin, indicated a reorganization of
this network in response to shear stress. EC preincubated with l2p and subsequently exposed to shear
stress or treated with the PKC activating phorbol ester, TP A, showed an increased level of
phosphorylation of vimentin compared to controls. This suggests that PKC-dependent phosphorylation
of specific cytoskeletal proteins may be responsible, at least in part, for the dynamic changes in
cytoskeletal structure and cell morphology which occur during exposure to a flow environment.

Abstract No. 4

FLUID SHEAR STRESS EFFECTS ON FIBRONECl"'N AND CYTOSKELETAL STRUcruRE IN
CULTIJRED VASCUI.AR ENDOnmuAL CEI IS
P.R. Girard, S.D. Doty, 0. Thoumine, and R.M. Nerem, School of Mechanical Engineering, Biomechanics
Laboratory, Georgia Institute of Technology, Atlanta, GA 30332-0405 USA

In !iYQ studies suggest that the hemodynamic environment of the arterial wall plays an important role in
atherogenesis. Vascular endothelial ~lis (EC) exposed to a fluid-imposed &hear stress ill~ and iD !i1m
show alterations in cell shape, orientation, and '1loskeletal structure. Fibronec:tin (FBN), an extracellular
matrix protein (ECM) which interacts with the cytoskeleton via focal contacts, may modulate '1loskeletal
structure and hence cell shape and function. In order to examine ECM-cytoskeletal responses to a fluid
using a parallel plate, flow
dynamic environment, bovine aonic EC were subjected to shear stress iD
1
chamber. Following exposure to a shear stress in the range of 30-50 dynes/cm for 24 hr, ECwere elongated,
and both FBN and the focal contact protein, vinculin, showed structural rearrangements concomitant with actin
microfilament reorganization, including an alignment of these cytomatrix proteins with the direction of flow. A
double-label immunofluorescence study indicated that vinculin, visualized as discrete dots along cell-cell
contact areas in confluent static cultures of EC appeared as discontinuous streaks co-localized along axiallyaligned actin stress fibers in cells exposed to shear stress. During the initial phase of cell elongation, vinculin,
although distributed throughout the cell, appeared to be more highly concentrated in the proximal (relative to
flow direction) cell regions. In addition to the Dow-induced reorganization of cell-assodated fibronectin, there
was also an initial decrease in the amount of fibronectin followed by an increase after longer times of exposure
to shear stress compared t9 static cultures. This biphasic response may allow cell morphological changes to
occur with a subseque.nt increase in -cell adhesion to !'educe the possibility of cell detachment due to shear
forces. These findings suggest that shear stress-induced alterations in cell-assodated fibronectin may modulate
cell behavior in
and that vinailin in focal contacts may serve as part of a transducing network responsible
for the transmission of information from the extracellular matrix to the cell's internal cytoskeletal structure.

mm

mm

Abstract No. 5

1HE INFLUENCE OF SHEAR STRESS ON CELL DMSION IN CUL1URED VASCULAR ENDOTHELIAL
MONOLAYERS
I. Zie&ler. P. R. Girard and R. M. Nerem. Biomechanics Laboratory, School of Mechanical
Engineering, Georgia Institute of Technology, Atlanta , Ga 30332-0405.
Subconfluent monolayers of actively dividing bovine aortic endothelial cells (BAEC) were
exposed to a laminar shear stress using a parallel plate flow chamber. Cells were videotaped
at 400X magnification in order to visualize and quantify the process of mitosis and
cytokinesis in both sheared and static cultures. BAEC in static culture round up when they
divide, and it was observed that as part of this process there was (i) partial detachment of
the cell during the prophase, (ii) complete rounding between metaphase and anaphase and
(iii) reattachment and spreading of the cell during and after cytokinesis. The total time
duration for cell division was 33.7 +/- 7.5 min. When BAEC were exposed to a shear stress of
70 dynes/cm2 for 2 hours, the cell shape was unchanged. During cell division, processes (i)
and (ii) as noted above were observed; however, the process of reattachment and spreading
was more intense. Finally, when BAEC were exposed to the same shear stress but for a
duration of 15 hours, they were found to elongate and align with flow direction. Here, during
cell division, our observations indicate (i) a slight detachment during prophase (as for static
culture), (ii) conservation of the elongated shape during the entire duration of cell division, ·
and (iii) after cytokinesis, an active elongation of the daughter cells. The duration of cell
division for such shear-stress exposed cells was 44.7 +/- 9.9 min. Following cytokinesis, the
process of further elongation of the daughter cells extended over a period of 1 to 2 hours.

Abstract No. 6

SHEAR STRESS ALTERS THE GENETIC GROWTH PROGRAM OF CULTURED
ENDOTHELIAL CELLS
B.C. Berk, P. Girard*, M. Mitsumata*, R.W. Alexander, and R. Nerem*,
cardiovascular Division, Emory University School of Medicine, Atlanta, Georgia
30322 USA, and School of Mechanical Engineering*, Georgia Institute of
Technoloqy, Atlanta, Georgia USA
Endothelial cells (EC) are uniquely situated in the cardiovascular system for
physiological response to alterations in fluid flow and shear stress. In vivo,
the EC mitogenic rate is normally< 0.01%/day, while in subconfluent culture the
rate is 50-100%/day. We hypothesized that the increased proliferation in static
culture is due to the absence of shear stress. To study the effect of shear
stress on EC growth state we compared growth-related intracellular events in EC
grown in static culture with those exposed to shear stress. Bovine aortic EC
were grown on 200 cm2 Mylar sheets in 10\ fytal calf serum until 95% confluent,
and then exposed for 24 hr to 30 dynes/em in a parallel plate flow chamber.
Cell alignment in the direction of flow was documented in all cultures. Shear
stress marke9ly inhibited EC growth in response to 10\ serum. DNA synthesis,
measured by ~-thymidine incorporation, was decreased from 126 ± 21 cpmjug in
static to 31 ± 4 cpmjug in shear stress EC. Alterations in EC growth state were
further studied by analysis of the cell cycle-dependent accumulation of the mRNA
for the proto-oncogene c-~. In response to the potent agonist a-thrombin (13
nM), c-mY£ levels at 1 hr increased 28 ± 8 fold in CON EC, but only 4 ± 2 fold
in shear stress EC. These data suggest that physiological shear stress alters
EC cell-cycle kinetics and expression of EC early growth response genes, and
thereby regulates EC growth state.
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SUMMARY

NSF

GRANT

ECS-8815656

This grant funded a new collaboration in tissue engineering
involving a group in the Bioengineering Center at Georgia Tech and
a group in the School of Medicine at Emory University.
The focus
has been to study in cell culture the influence of mechanical
stress on the growth programs of vascular endothelial cells;
however, the long term goal is to develop a tissue engineered
vascular graft, i.e., a blood vessel substitute engineered from
living cells.
Studies have included as mechanical environments
the direct effect of pressure, the influence of flow and the
associated shear stress, and alterations in cells induced by
cyclic stretch.
The biological end points have included
endothelial cell growth, the secretion of growth promoting
substances, and the signal recognition and transduction mechanisms
involved.
From the work on this grant it is clear that the
mechanical environment of a cell is important to the engineering
of a physiologic cell culture environment.
However, it is equally
clear that there are other components which need to be included.
Paramount among these,
we hypothesize,
are the cellular
interactions which take place between the endothelial cell and the
smooth muscle cell, and this will provide a focus for future
studies.

FINAL
ENTITLED

TECHNICAL

REPORT

"MECHANICAL

Period:

ON

STRESS

NSF
AND

GRANT
VASCULAR

ECS-8815656
CELL

GROWTH"

September 1, 1988-February 28, 1992

Principal Investigators: Robert M. Nerem, Ph.D.
R. Wayne Alexander, M.D., Ph.D.
This grant funded a new collaboration in tissue engineering
involving Dr.

Nerem's

group at

Georgia

Tech

and the

Vascular

Biology Laboratory at Emory University School of Medicine headed
by Dr.

Wayne Alexander,

Director,

Division of Cardiology.

The

focus of this effort has been to study in vitro the influence of
mechanical stress on the growth programs of vascular endothelial
( EC) ,

cells

including

signal

recognition

and

transduction

mechanisms.
It is recognized that in YiYQ EC exhibit low levels of cell
turnover and are in a non-growth promoting mode, while in vitro EC
have

significantly higher

levels

growth promoting substances.
due

to

differences

between

of

cell

turnover

and release

This difference is believed to be
the

.in. vivo

compared to that in which they reside

environment

of

EC

as

in vitro in cell culture.

An important part of this difference is the mechanical stress-free
environment associated with static culture, and thus a key element
of this proposal has been to engineer the cell culture environment
so as to include the types of mechanical stresses encountered in
.Y.i.Y.Q.

Studies to date have included the direct effect of pressure
on EC which has been found to enhance the secretion of insulinlike growth factor-1

(IGF-1), and these are now being extended to

an investigati0n of cyclic stretch effects on

IGF-1 expression

(both mRNA and product) by EC grown on a compliant membrane.
parallel
effects

a

series

of

of

laminar

experiments

shear

stress

have
on

a

been

conducted

confluent

In

on

the

EC monolayer.

These studies have shown that the influence of flow is to reduce
the

rate

of

DNA

synthesis

as

indicated

by

3H-thymidine

incorporation, with flow cytometry measurements providing evidence
that EC are prevented from entering S phase and held up in G0 /G 1 •
Time-lapse

video

pictures

indicate

influences cell cycle progression,

that

the

flow

not

only

but also affects the various

mitotic phases and the process of cytokinesis.

Furthermore,

the

effect of flow is manifested at the gene expression level.
In regard to signaling, in response to flow intracellular Ca2+
is

elevated

and

protein

cytosol to membrane.

kinase

C

(PKC)

is

translocated

from

As part of this project we have initiated an

effort to mathematically model the response of an endothelial cell
to flow, including the intracellular second messengers.
We

also

expression,

examined

the

focusing on PKC.

exposed to flow,
were observed.

for

flow-induced

PDGF

In bovine aortic endothelial cells

increases in PDGF B-chain, but not PDGF A-chain,
PKC appeared to be involved, because phorbol 12-

myristate 13-acetate (PMA)
of PKC alone,

mechanism

however,

induced PDGF B-chain mRNA.

Activation

was insufficient to induce PDGF mRNA.

A

PKC-independent pathway was suggested by the fact that inhibition
of

PKC

failed

expression.

to

block

PMA

or

flow-induced

PDGF

B-chain

These results demonstrate flow-induced PDGF B-chain

expression in endothelial cells that appears to be mediated by

both PKC-dependent and -independent pathways.
An important advance on this project has been the development
of a

laminar pulsatile flow system where endothelial monolayers

can be

exposed to

a

variety of

different,

realistic pulsatile flow environments.

but

physiologically

This provides us with a

rather unique capability,

and it is clear from our results on EC

morphology

localization

and

F-actin

that

EC

distinguish between different flow environments.

recognize

and

Specifically, we

have demonstrated that EC respond differently to a non-reversing
pulsatile

flow as

compared to a

reversing pulsatile

opposed to a purely oscillatory flow.
are physiologically relevant,

flow or as

Since all three of these

this has important implications for

the study of vascular biology and the use of cell culture in such
studies.
It
this

should be noted that
The

project.

received his Ph.D.
T.F.

Wiesner;

degrees

Finally,

were:

R.

V.

Geiger,

in December 1991; G. Helmlinger; K.

and T.

G.

Ziegler.

Helmlinger,

during the
on

includes

T.

this

who

Schnetzer;

Four students received their M.S.

Miller

L.

summers

project,

University and the

a

some

and A.

Hill,

C.

Vanhee,

number of
with

Saylor,

latter a

worked during summer 1990.
a

students

students worked on

based on work conducted with support of this project.

These are:

worked

doctoral

seven graduate

female

NSF
the

Ziegler.

undergraduate

students

support.
former

being

The

latter

from

from Mercer University,

E. Hutchinson and K. Nork,

female biology student at Georgia Tech,

during the summer of 1991.

and T.

Duke
who

the latter

worked on the project

The unique interdisciplinary environment associated with the
conduct of this project's activities also should be noted.

Not

only is this a cooperative effort between an engineering school
and a medical school, but it is one which is strongly integrated.
As part of this we both have acquired identical light microscope
image analysis systems

(Perceptics Biovision) .

readily move data back and forth.

This allows us to

More importantly,

as part of

this integration there are students from Georgia Tech working in
the

laboratories

researchers
Tech.

of

Emory

University

from Emory working

School

in the

of

Medicine

laboratories

and

of Georgia

An example of the latter is that there were two M.D.'s (T.

Jordan and M. Wyatt)

who did research at Georgia Tech as part of

their advanced training at Emory.
From

our

environment

work

of

a

physiologic cell

to

date

cell

is

culture

it

is

clear

important
environment.

to

that
the

the

mechanical

engineering

However,

it

is

of

a

equally

clear that there are other components which need to be included.
Paramount

among

these,

we

hypothesize,

are

the

cellular

interactions which take place between the endothelial cell and the
smooth muscle cell.
the

conduct

of

This has important implications not only to

research

in

cell

culture,

but

development of tissue-engineered vascular prostheses.

also

for

the

Publications

and

Presentations:

Journal

publications

and

meeting presentations through May 31, 1992 are listed below.
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