
using
lture
ns to
and

eriod,
l and
and

.
(or

ion,
s for

Vas-

Downloaded From
R. L. Gleason

S. P. Gray

Department of Biomedical Engineering,
Texas A&M University,

College Station, TX

E. Wilson
Department of Medical Physiology

and Cardiovascular Research Institute,
Texas A&M University System Health Science

Center,
College Station, TX

J. D. Humphrey1

e-mail: jhumphrey@tamu.edu
Department of Biomedical Engineering

and M.E. DeBakey Institute,
Texas A&M University,

College Station, TX

A Multiaxial Computer-Controlled
Organ Culture and Biomechanical
Device for Mouse Carotid Arteries
Much of our understanding of vascular mechanotransduction has come from studies
either cell culture or in vivo animal models, but the recent success of organ cu
systems offers an exciting alternative. In studying cell-mediated vascular adaptatio
altered loading, organ culture allows one to impose well-controlled mechanical loads
to perform multiaxial mechanical tests on the same vessel throughout the culture p
and thereby to observe cell-mediated vascular adaptations independent of neura
hormonal effects. Here, we present a computer-controlled perfused organ culture
biomechanical testing device designed for small caliber (50–5000 micron) blood vessels
This device can control precisely the pulsatile pressure, luminal flow, and axial load
stretch) and perform intermittent biaxial (pressure–diameter and axial load–length) and
functional tests to quantify adaptations in mechanical behavior and cellular funct
respectively. Device capabilities are demonstrated by culturing mouse carotid arterie
4 days.@DOI: 10.1115/1.1824130#
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Introduction
Cell-mediated growth and remodeling in arteries is controll

in large part, via mechanosensitive responses by endothelial
~EC!, smooth muscle cells~SMC!, and fibroblasts~FB! to altered
loading: pulsatile pressure, flow, and axial load. The underly
mechanotransduction mechanisms play a fundamental rol
many physiologic~e.g., normal vascular development! and patho-
physiologic~e.g., hypertension, arteriosclerosis, and the deve
ment of aneurysms! processes, as well as in the success or fail
of many clinical interventions~e.g., vein grafts, synthetic vascula
grafts, stents, and balloon angioplasty!. Although much of our
understanding of vascular mechanotransduction has come
studies using cell cultures or in vivo animal models, the rec
success of perfused organ culture systems offers an exciting a
native approach~e.g., Refs.@1–7#!. Organ culture systems ca
provide a more tightly controlled mechanical environment co
pared to in vivo models, and can better maintain vessel geom
structure, and cell-extracellular matrix attachments than cell
ture techniques. In addition, organ culture can isolate the c
mediated mechanisms of vascular adaptation by removing ne
and hormonal-induced mechanisms. EC and SMC function, c
parable to that in control vessels, has been reported in cult
vessels for 6–9 days in large arteries@1,3,4,7# and up to 4 days in
resistance arterioles@5#. In addition to the need to precisely con
trol the loading, correlation of mechanically induced cellular
sponses to local alterations in mechanical loading necessitates
ficient information on the mechanical behavior of the tissue. Th
if combined with biomechanical testing systems@8#, organ culture
offers the opportunity to perform multiaxial in vitro mechanic
tests, at multiple time points of adaptation by the same vessel,
provide data sufficient to perform stress analyses and to dev
mathematical models of growth and remodeling.

The aim of this work is to describe a novel computer-control
organ culture device with biomechanical testing capabilities
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the study of vascular adaptations in small caliber~50 to 5000
micron diameter! vessels. In addition to controlling the pulsati
pressure, luminal flow, and axial load~or stretch! throughout the
culture period, this device enables intermittent biaxial~pressure–
diameter and axial load–length! and functional tests to quantify
adaptations in mechanical behavior and cellular function, resp
tively. Here, we illustrate capabilities of the device by culturin
and testing mouse carotid arteries. We selected the common
rotid artery because it is easy to excise with little dissectio
induced damage, it is long, straight, and cylindrical with
branches, and the contralateral vessel provides a natural co
for each animal. Indeed, reasonably priced (;$27,000) paired
devices allow both carotids to be tested in parallel. Thus,
carotids are well suited for ex vivo and in vitro tests. Our anim
selection was motivated by the availability of genetic ‘‘knockou
models, which may allow future study of vascular adaptat
wherein specific genes have been suppressed.

Device Development
There are many reports of the heart rate, blood flow, and bl

pressure in mice~e.g., Refs.@9–15#!. Reports vary due to many
factors, including age, strain of mouse, and activity level~e.g.,
awake versus anesthetized, restrained versus unrestrained!. Nev-
ertheless, from these reports it appears that for a typical consc
unrestrained, adult mouse, the mean heart rate is 5 to 11 Hz
systolic and diastolic pressures are 120/80 mmHg, the mean
rial blood pressure is 93 mmHg, the mean volumetric blood fl
through each carotid artery is 0.75 mL/min, and the peak syst
blood flow is 2.3 mL/min. A well-designed device should mim
these values. Because the viscosity of a typical culture media
centipoise~cP!, in contrast to;3.5 to 4 cP for the viscosity of
blood, the perfused flow should be increased~i.e., 2.7–3.0 mL/
min! to achieve the in vivo wall shear stress. We have assem
a computer-controlled device capable of accurately controll
mean vessel pressure up to 250 mmHg, mean flow rates up to
mL/min, pulse pressure magnitudes.40 mmHg at frequencies up
to 15 Hz, and axial loads up to 10.0 grams~or stretches up to 2.5!,
while maintaining an adequate biochemical and physiological
sue culture environment. We describe the device in six functio
units: the culture chamber, luminal pressure and flow cont
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Fig. 1 Profile view of incubator chamber and mounting plate. See Table 1 for a
detailed parts list.
to
on
ov-
n

el is
axial loading and extension control, video imaging, the compu
interface system, and physiologic~temperature,pH, humidity!
control ~see Figs. 1 and 2!.

Culture Chamber. The custom chamber is designed to hou
a cannulated specimen as well as to control the temperature
Õ Vol. 126, DECEMBER 2004
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pH in the adventitial bathing media and to provide a barrier
bacterial contamination while allowing long-term tissue culture
a laboratory bench top. The barrier is created by bolting a rem
able top~F! to the chamber~Q! and by sealing access holes o
each end via flexible bellows~K! and bolted bellow mounts~J!;
silicone gaskets make each seal air tight. The isolated vess
Fig. 2 Plan view of the overall organ culture and biomechanical testing device.
See Table 1 for a detailed parts list.
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mounted on custom glass cannulae~T! and connected to the
stretching system via the access hole. Luminal flow enters
chamber through the top surface of the chamber via a threa
polypropylene luer fitting and connects to the cannula via a se
of polypropylene fittings and Pharmed tubing. All components
the culture chamber are autoclavable. The 15-mL adventitial b
~V! is water-jacketed on four sides for temperature control; a fi
side is reserved for viewing/imaging the vessel.

Control of Luminal Flow and Pressure. A high-flow pulse-
generation flow loop~Fig. 2! recirculates culture media via a per
staltic pump~AD! that is capable of generating pulse magnitud
.40 mmHg. The magnitude of the pulse pressure is controlled
positioning a hemostat along the length of a branching elastic
~AE, following Ref.@3#!. Luminal flow drawn from the pulse flow
loop travels into pressure transducerP1 , into the culture chamber
through the vessel, out of the chamber, throughP2 , through the
custom flow meter~AF!, throughP3 , though thepH meter, and
into the distal pressure control reservoir~R-2!. By maintaining the
pressure in two reservoirs~R-1 in the pulse flow loop, proximal to
the vessel, and R-2 distal to the vessel!, the mean luminal pressur
and flow can be controlled independently. This is achieved
flowing a gas mix of 10% CO2 in air through the reservoirs to th
pressure controllers~PC-1 and PC-2!; each pressure controller de
velops a backpressure, thus pressure is independently contr
in each reservoir. The mean vessel pressurePv is approximated as
Pv5P21kDPv , whereDPv5P12P2 andk is an empirical pa-
rameter. The mean flow rate is approximated asQ5mDPf1b,
whereDPf5P22P3 andm andb are determined via calibration
a custom flow chamber containing a small gauge needle betw
P2 andP3 is sized to provide an;15 mmHg pressure drop at th
desired flow rate, thus allowing sufficient resolution. Pump
media from reservoir R-2 back into R-1, via a second perista
pump ~AA !, completes the luminal flow loop. Note, too, that
only steady pressure and flow are desired, a simpler system ca
used in which the entire pulse flow loop is removed, thereby
lowing the mean pressure in the luminal flow loop to be control
solely by R-2 and PC-2, with the flow rate~and thus pressure
gradient! controlled by the peristaltic pump. Thus, for steady co
ditions, flow is recirculated from the distal reservoir through t
pump,P1 , the vessel,P2 , the flow meter,P3 , pH meter, and then
returned to the distal reservoir.

Axial StretchÕLoad Control. The axial length of the vessel i
controlled via two computer-controlled actuators~A! and the axial
load is measured by a load cell~R!. Each actuator is mounted t
an XYZ stage~M!, which in turn is mounted to a one-direction
stage~N!; along with the 1D stage, two manual micrometers~B!
mounted on each XYZ stage allow positioning of each cann
during cannulation and ensure that the cannulae are parallel
ing setup. The stages are mounted on a removable stage pla~P!
that rests on the base plate~O!. The proximal cannula is clampe
rigidly ~to I!, whereas the distal cannula is suspended from
cannula mount~E! via a compliant silicon tube and attached to t
load cell via a custom wire hook~S!. The distal glass cannula i
joined to the wire hook with paraffin wax during system setu
which is easily removed postexperiment with local heating. T
micropositioners~D! allow movement of the load cell independe
of the cannula and its mount, thus aiding in connecting and
connecting the load cell hook from the cannula.

Stretch~defined as the loaded length divided by the unload
length! is measured two ways: a mean stretch and a local stre
The mean stretch is monitored by tracking the distance betw
the mounting sutures; this is achieved by monitoring the posi
of each actuator via the computer interface. The local stretc
monitored by tracking 20-mm-diameter microspheres that can
placed in a central region of the vessel~Fig. 3!.

Imaging System. A video microscope~AC! and monochrome
CCD ~AB! allow continuous imaging of the vessel. Images a
calibrated by viewing a grid of known dimension and generatin
Journal of Biomechanical Engineering
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calibration curve for the horizontal and vertical directions. Sin
the video microscope is continuously focusable~to 83), the fo-
cusing tube is locked prior to calibration and through the conc
sion of each experiment. Viewing and focusing is achieved
translating the video microscope and CCD via the camera mo
~Z!. When viewing mouse carotid arteries, the vertical viewi
field is set to;840 microns; thus, for the 7683494 pixel CCD
the resolution at this viewing field is;1.7 micron/pixel. In addi-
tion to viewing the digitized images on the computer monitor
B&W monitor and VCR allow monitoring and recording at
60-Hz frame rate.

Computer Interface System. The analog components~i.e.,
P1 , P2 , P3 , PC-1, PC-2,pH meters, thermocouples, and axi
load cell! interface with a desktop computer via a multifunctio
data acquisition~DAC! board. The CCD images are collected a
digitized with an image acquisition board. The actuators are c
trolled via a motion control board, and a computer-controlled pe
staltic pump is controlled via an RS-232 serial port. See Tabl
for hardware specifications.

A custom control program was written inLABVIEW 6.0 ~National
Instruments, Inc.! to control the vessel pressure~or circumferen-
tial stretch!, flow rate, and axial load~or axial stretch! indepen-
dently. LABVIEW IMAQ imaging software~National Instruments,
Inc.! was employed to measure the vessel inner and outer d
eter and to track the positions of the microspheres. A video-cal
subroutine allows the user to align arrows, superimposed on
image, with the inner and outer edges of the upper and lower w
thereby manually measuring the inner and outer radii. The loa
maintained by comparing the load cell output to a user-defi
setpoint and tolerance; if the measured load is above the de
range, for example, the actuators are moved a user-defined in
ment so as to decrease the stretch~and load!. Similar control–
feedback loops were programed for pressure and flow control;
mean pressure is controlled by adjusting PC-1 and PC-2 in e
increments up or down, as necessary, whereas the flow is
trolled by adjusting the difference~i.e., pressure gradient! between
PC-1 and PC-2. The setpoints, tolerances, and increments fo
control loops can be adjusted during program operation, thus
lowing the user to define the control rate.

Data sampling from the DAC board is typically set at 1000 H
DAC values are averaged over a user-defined data collection

Fig. 3 Imaging of an isolated mouse common carotid artery
with three 20- mm diameter video-tracking microspheres placed
along the axis, which can be tracked in real time to monitor the
local in-plane stretches. Here, PvÄ93 mmHg, lzÄ1.5, and Q
Ä0.75 mL Õmin. Note that the vessel is translucent and the dark
spot resulted from loose adventitia on the rear surface. The
translucent character allows inner and outer diameter to be
measured optically.
DECEMBER 2004, Vol. 126 Õ 789
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Table 1 List of device components. NS Änot shown.
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riod ~typically 100 to 1000 ms! and a video image is collected~at
a 30-Hz frame rate! and processed at the end of each data col
tion period. Mean values~over the data collection period! for
pressures, input and output voltages from the pressure contro
pH values, temperatures, and axial load, as well as the a
stretch, vessel outer diameter, maximum and minimum value
pressure~i.e., systolic and diastolic pressures!, and acquisition
time are written to a computer file. Data are typically stored ev
second, but this rate can be increased~up to 10 times per second!
or decreased by the user; these data, along with the video-ca
data, can be stored by the user at any time. Waveform data~i.e.,
data at 1000 Hz! can also be collected and stored by the use
any time.

Control of pH, Temperature, and Humidity. A humid,
temperature-controlled gas mixture of 10% CO2 in air is continu-
ously circulated though the free space within the culture cham
Õ Vol. 126, DECEMBER 2004
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for pH and humidity control. The gas mix is bubbled through
500-mL Erlenmeyer flask containing temperature-controlled, s
ile, deionized water. The gas mix enters the Erlenmeyer fl
through a 0.2-micron filter, then travels to the chamber via wa
jacketed tubing~G!, thereby maintaining temperature and humi
ity, and exits the chamber through a second 0.2-micron filter~H!.
Because the growth media used here is bicarbonate buffered,
trol of pH is achieved by maintaining an environment of 10
CO2 in air. Note that the percentage of CO2 in air can be adjusted
from 0 to 20%, via an air- and a CO2 flow controller~see Table 1!,
as needed.

Two independent temperature-controlled baths are recircul
via the peristaltic pump~AD! through the water-jacketing system
to maintain the temperature of the adventitial bath and the cul
chamber. The temperature of each bath is maintained via an
line temperature controller, heater, and thermocouple~see Table
Transactions of the ASME
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1!. The water from one bath is recirculated through the advent
water jacket~W!. The water from the other bath is recirculate
though the water-jacketed tubing that supplies the gas mix to
chamber, then to a custom temperature-controlled insulating c
~C! that surrounds the walls of the chamber top, which minimiz
heat loss. The insulating cover consists of an outer shell of St
foam, with;10 ft of tygon tubing mounted in a meandering pa
along the inside surface to serve as a heat exchanger. The
couples can be placed in the adventitial bath, in the tubing p
viding luminal flow, and in the incubating chamber to confirm t
temperature at these locations.

Experimental Methods

Surgical Preparation and Aseptic Setup. All system com-
ponents that contact culture media were sterilized by autocl
except for the pressure transducers andpH meters, which were
thoroughly washed with 70% ethanol, rinsed with sterile wa
and allowed to dry for 30 min within a laminar flow hood. Surge
and system assembly were also performed in a laminar flow h
The three flow loops were assembled~with a by-pass where the
incubating chamber will be!, set in place on the bench top devic
and pH and temperature control were initiated. The steriliz
mounting components~posts/bellows, cannula mounts, cannu!
were attached to the stages.

Wild-type adult male mice~FBV/N, Jackson Laboratories! were
anesthetized with sodium pentobarbital~100 mg/kg IP! and hep-
arinized ~1000-unit/kg IP!. Both mouse common carotid arterie
were isolated, placed in fresh culture media, dissected free
perivascular tissue, and mounted on the cannulae using sterile
suture. The sterilized specimen chamber was set in place ar
the cannulated vessel, bolted and sealed, and the stage was
place on the bench top device. The load cell was attached to
distal cannula and the flow loops and water-jacket tubing w
connected to the chamber; perfusion was initiated gradually.
vessels were bathed and perfused with Dulbecco’s modi
Eagles medium~DMEM, Invitrogen, Inc., with 4500 mg/L
D-glucose, L-glutamine, 110 mg/L sodium pyruvate, and pyrido
ine hydrochloride!, supplemented with 3.7 grams of sodium bica
bonate, antibiotic~P/S, Invitrogen, Inc., 1000 units/L of penicillin
and 1000 g/L of streptomycin! and 0% to 20% heat-inactivate
fetal bovine serum~HI-FBS, Hyclone!. Typically, both carotids
were cannulated~on separate devices! and subjected to experi
mental loading~luminal flow, pressure, and axial stretch! and
physiological conditions (pH and temperature! within 2 h.

Flow Meter Calibration. Calibration curves were collecte
for 27-, 26-, and 23-gauge needles by maintainingDPf at 5, 10,
15, 20, and 30 mmHg via computer control and by measuring
volumetric flow of culture media (DMEM110% HI-FBS
11% P/S) over time; at least 35 mL of media were collected
calibration point.

Transmural Pressure. If Pv ~calculated askP11(12k)P2)
is, indeed, the luminal pressure, then whenPv is maintained con-
stant, the diameter of maximally dilated~i.e., noncontracting! ves-
sels will also remain constant. Thus, the diameter of maxim
dilated vessels~via administration of 1024 M SNP! was moni-
tored while flow was changed between 0 and 10 mL/min.
Journal of Biomechanical Engineering
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determine the true value ofk for the system, the input value ofk
was adjusted iteratively until the diameter remained constant w
constant pressure. Because much of the pressure drop o
though the cannula, values ofk from five different sets of cannula
with size-matched tips, were collected.

Functional Testing. Contractile function of the vessel wa
assessed at prescribed time points by observing the rela
changes in diameter in response to the subsequent administr
of three agents to the adventitial bath: phenylephrine~PE! to elicit
smooth muscle cell contraction, acetylcholine~ACh! to elicit
endothelial-dependent dilation, and sodium nitropruside~SNP! to
elicit endothelial-independent dilation. By exchanging the adv
titial media with new media containing the desired level of ag
nist, intermittent functional tests can be performed witho
breaching sterility.

Mechanical Testing. Under quasistatic conditions, pressure
diameter (P–d) and axial load–length (f –,) data were collected
over 3 to 5 loading-unloading cycles for pressures of 0 to 1
mmHg at constant axial length,lz* 51.6, 1.8, and 2.0, or ove
cyclic axial lengths up tolz* 52.0 at constant pressures,Pv

560, 100, and 140 mmHg; here,lz* 5,(s)/L(0), where,(s) is
the current~i.e., at growth and remodeling times, measured in
days! mean loaded axial length, andL(0) is the initial unloaded
diameter~at time s50), collected at device startup. The curre
unloaded length was measured and the load offset was che
and adjusted~as necessary! before theP–d tests and before and
after the f –, tests. At the end of the mechanical testing at ea
time s, the video-caliper subroutine was used to measure the in
and outer diameter of the vessel in ten configurations:Pv50 and
lz* 51.2, 1.4, 1.6, and 1.8;Pv540 andlz* 51.4, 1.6, and 1.8;
Pv580 andlz* 51.6 and 1.8; andPv5100 andlz* 51.8. In each
of the ten configurations, given the measured inner and oute
ameter and length measurements, the volume was calculate
V5p(b22a2),, where a and b are the inner and outer rad
~equal to 1

2 the measured inner and outer diameter!, respectively;
the reported volumeV̄ was the mean of the ten calculatedV
values. This measure of volume, combined with the outer dia
eter and total length measured during theP–d and f –, tests, was
used to calculate the luminal radius over the testing cycles aa
5Ab22V̄/(p,) and the thickness ash5(b2a), at eachs. The
mean circumferential stress (su) and axial stress (sz) were cal-
culated as

su5
Pa

h
and sz5

f

p~b22a2!
.

The mean circumferential stretch was calculated, using
midwall radii r mid5(a1b)/2 and Rmid5(A1B)/2, as
lu5r mid /Rmid at eachs and the axial stretch was calculated
lz5,(s)/L(s).

Results

Flow and Pressure Calibration. There was little variation,
between steady and pulsatile conditions, in the calibration cur
for the mean flow rate for the needle sizes used~Table 2!. For
Table 2 Calibration parameters for custom flow meter.

Needle size Calibration parameters

Gauge
ID

~mm!
Length
~Inches!

Steady Pulsed (1/235 mmHg)

m b m b

27 203 0.5 0.021 20.01 0.024 20.08
26 254 0.5 0.045 0.01 0.044 0.00
23 432 1.5 0.132 0.06 0.134 0.04
DECEMBER 2004, Vol. 126 Õ 791
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Fig. 4 „a… Pressure waveforms at various locations along the
luminal flow loop. Notice that the vessel pressure, approxi-
mated as PvÄP2¿k DPv „where DPvÄP1ÀP2…, ranges from 80
to 120 mmHg as desired. „b… Differential pressure waveforms
DPv and DPf„ÄP2ÀP3…. „c… Axial load response to pulsatile
pressure in „a….

Fig. 5 Illustration of independent control of pressure, flow,
and axial load. „a… Step changes in flow while maintaining con-
stant pressure and axial load. „b… Step changes in pressure
while maintaining constant flow and axial load. „c… Step
changes in axial load while maintaining constant pressure and
flow.
792 Õ Vol. 126, DECEMBER 2004

: https://biomechanical.asmedigitalcollection.asme.org on 07/02/2019 Terms of U
example, atDPf515 mmHg, the mean flow rates calculated fro
the calibration curves for steady and pulsatile conditions w
0.30 and 0.29 mL/min for the 27-gauge needle, 0.69 and 0
mL/min for the 26-gauge needle, and 2.04 and 2.05 mL/min
the 23-gauge needle, respectively. For sets of cannula with equ
matched tips, the value ofk was 0.5; that is, due to the symmetr
design, an equal pressure drop occurs proximal and distal to
cannula, betweenP1 andP2 .

Pulsatility. At a pulse frequency of 10 Hz~Fig. 4!, the mean
pressures wereP̄15115.7 mmHg, P̄2584.3 mmHg, and P̄3

551.7 mmHg, withP̄v5100 mmHg, and the mean differentia
pressures wereD P̄v531.4 mmHg andD P̄f532.6 mmHg~note:
for a flow meter needle that was12 in.-long and 26 gauge,Q
51.49 mL/min). The pulse magnitudes were 80.8~157/76.2!
mmHg at P1 , 6.5 ~88.1/80.6! mmHg at P2 , 0.4 ~52.0/51.4!
mmHg atP3 , and 39.3~120.6/81.3! mmHg atPv . The waveform
of DPv ~an indicator of the magnitude and direction of flo
through the vessel! varied from 73.3 to210.3 mmHg~i.e., some
reverse flow!, whereasDPf varied from 35.2 to 28.8 mmHg~i.e.,
no reverse flow!. The axial load varied from 0.51 to 0.40 gram
with an average value of 0.45 grams. These data were colle
for a passive, noncontracting vessel withlz51.7.

Loading Control. To illustrate the capability of independen
control of loading (Q, P, and f !, flow rate was incrementally
increased, then decreased at user-defined values of 0.0, 0.5
1.5, 2.0, and 2.5 mL/min while holding the pressure and axial lo
constant. Similarly, pressure was incrementally increased, then
creased at user-defined values of 40, 60, 80, 100, and 120 mm
while holding the flow and axial load constant. Finally, axial lo
was incrementally increased, then decreased at user-defined
ues of 0.0, 0.2, 0.4, 0.6, and 0.8 grams while holding the flow a

Fig. 6 „a… Pressure–diameter and „b… pressure–axial force
curves during cyclic pressurization tests at fixed lengths on a
freshly isolated mouse common carotid artery. Note the com-
monly observed force responses; see text.
Transactions of the ASME
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pressure constant. There were only small deviations in flow rat
the pressure was adjusted, and likewise for pressure as flow
adjusted~Fig. 5!. We set the control-feedback increment values
0.05 volts~1 volt51 psi) for the pressure controller and 4 micro
for the axial stretch control. Each step change~i.e., 20 mmHg
pressure, 0.5 mL/min, or 0.2 grams! was achieved within 45 s o
user command, remembering that our desired control is over h
to days; of course, different values of control–feedback inc
ments will result in different response times. High values
control–feedback increments may cause the control paramet
overshoot the operation range, however, and to oscillate ab
and below this range. Note, too, that diameter~i.e., circumferen-
tial stretch! can be controlled~for steady pressure and flow con
ditions! rather than pressure, and axial length can be contro
rather than axial load. As an example of the latter, precise histo
of cyclic stretching can be achieved at frequencies on the orde
1 Hz.

Functional and Mechanical Tests. Typical final loading
curves~Figs. 6–8!, plus unloaded length and thickness data, c
lected from a freshly isolated mouse common carotid artery, ill
trate our ability to collect sufficient data to perform stress ana
ses. Notice the characteristic axial force response duringPv –d
testing~Fig. 6!, similar to that reported by many. That is, at lo
axial stretches the axial force decreases with increasing pres
at high axial stretch the axial force increases with increasing p
sure, and at near-in vivo stretch the axial force remains ne
constant with increasing pressure. These data can be collect
multiple time points throughout culture, with each vessel serv
as its own control, thus allowing us to observe subtle change
the character of the mechanical behavior~Fig. 7!. Although many
more tests are required to make statistically significant con
sions, note that, for this vessel, the outer diameter varied by m

Fig. 7 „a… Pressure–diameter data from cyclic pressurization
tests and „b… axial force–length data from cyclic extension
tests at days 0, 1, 2, 3, and 4 during culture at PvÄ100
Á20 mmHg „5 Hz…, QÄ0.50 mL Õmin, and lz*Ä1.80.
Journal of Biomechanical Engineering

: https://biomechanical.asmedigitalcollection.asme.org on 07/02/2019 Terms of U
as
was
at
s

urs
re-
of
r to
ove

-
led
ries
r of

ol-
s-

ly-

ure,
es-
rly
d at
ng
s in

lu-
ore

than 75 microns in the loaded configuration over the 4 days
culture. Clearly, one can only assume isochoric motions dur
intermittent testing.

Within 15 min of dosing with PE (1025 M), the control vessel
~i.e., within 2 h postsurgery! constricted to 72% of the origina
diameter and the vessel cultured for 4 days constricted to 73%
the initial diameter, with much of the constriction occurring in th
first 5 min ~Fig. 9!. Following the addition of ACh (1025 M),
both vessels dilated to 84% of the initial diameter, but then b
vessels constricted to 69% of the initial diameter. Addition of S
(1024 M) resulted in vessels dilated toward the initial diamete

Discussion
It is well known that arteries tend to regulate lumen diamete

response to altered blood flow~e.g., @16#! and wall thickness in
response to altered pressure~e.g.,@17#!. Recent observations simi
larly suggest that vessels grow and remodel in response to
tained changes in axial loading~e.g., @18#!. Although we know
that these adaptations result from mechanotransduction me
nisms, many of the associated details remain unclear. Our aim
to design a device to study mechanosensitive vascular growth
remodeling by imposing precise mechanical loads and chem
environments on small caliber, isolated blood vessels while m
suring changes in functional and mechanical behaviors.

Vasoactivity is a major determinant of vessel caliber in
sponse to acute changes in loading, and it plays an important
throughout growth and remodeling. Thus, it is essential to ma
tain ECs and SMCs in their native phenotypes throughout
culture period. Most investigators culture vessels in cell cult
media ~typically DMEM! with antibiotics and FBS, but the

Fig. 8 Mean Cauchy stress–stretch data for „a… cyclic pressur-
ization and „b… cyclic extension tests at multiple fixed axial
stretches and luminal pressures, respectively. Data are from a
control „day 0 … vessel, with mean volume V̄Ä0.270 mm3, and
unloaded length LÄ5.38 mm, diameter DÄ369 mm, thickness
HÄ50 mm, and H:RmidÄ0.31.
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amount of serum varies from study to study and functional
sponse varies from animal to animal. We observed that, for mo
carotid arteries cultured in 10% HI-FBS, vessel response to
ACh, and SNP was maintained up to 4 days; from 4 to 6 da
response to ACh was gradually reduced, while SMC respons
PE and SNP was maintained similar to control values~not shown!.
We observed similar results when cultured in 5% to 20% HI-F
and when reducing the level of serum 5% per day from 20%
5% and maintaining 5% thereafter~not shown!. Mangiarua et al.
@19# reported SMC function in a rat thoracic aorta at 3 and 6 d
when cultured with Leibovitz L-15 medium and 10% horse seru
yet the endothelium was lost and SMC function was reduced c
pared to freshly isolated controls. Porcine common carotid arte
have been cultured in DMEM with 10% FBS and, although i
tially there is little response to agonists, vasoreactivity is pres
at 6 h and is maintained for 7 to 9 days@4,7,20#. Matsumoto et al.
@4# showed vessel response to 100-mM KCl in rabbit carotid
teries cultured for 6 days in DMEM with 20% FBS~in a device
adapted from Ref.@1#!, but they reported a reduced response co
pared to controls. Labadie et al.@2# reported constriction of canine
carotid arteries to epinephrine at 3 days and dilation to ACh a
days when cultured in medium 199 with 10% FBS. In small ca
ber vessels, Bakker et al.@5# presented a pressurized culture sy
tem ~with very low flow! for rat cremaster arterioles cultured
DMEM with bovine serum albumin~BSA!, HI-FBS, or dialyzed
HI-FBS and showed responses to substance-P and serotonin
days in the vessels cultured with HI-FBS and dialyzed HI-FB
but ACh response was gradually lost, with no response by da

Fig. 9 Typical response to the administration of 10 À5 M phe-
nylehprine „PE…, 10À5 M acetylcholine „ACh …, and 10À4 M so-
dium nitropruside „SNP… in „a… freshly isolated and „b… 4-day
cultured vessels. Note: vessel cultured at PvÄ60 mmHg
„steady …, QÄ0.75 mL Õmin, lzÄ1.65.
794 Õ Vol. 126, DECEMBER 2004
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vessels cultured with BSA showed gradual loss of bo
endothelial-dependent dilators tested, with complete loss by da
Boltz et al. @6# reported responses to norepinephrine, ACh, a
SNP at 2 days in hamster skeletal resistance arteries culture
L-15 with 15% HI-FBS. Kim et al.@21# maintained contractility
for 4 days in ferret aortic strips cultured in a cocktail of phys
ologic saline, DMEM, and antibiotics, with no serum; in fact, th
show that contractility is lost when cultured in the presence
serum. Finally, Lemarie et al.@22# and Lehoux et al.@23# reported
cultured mouse carotid arteries for 1 day and 3 days, respectiv
but no functional tests were preformed. Clearly, the specific b
chemical environment required to maintain vasoreactivity
pends, at least in part, on the animal model, vessel location,
loading environment.

We employed computer control to maintain precise, long-te
mechanical loading and testing. We modeled our biomechan
testing device after that of Humphrey et al.@8#, wherein
computer-controlled multiaxial mechanical tests were perform
on large caliber vessels. Vorp et al.@24# extended the capabilities
of this device to include long-term computer-controlled culture
large vessels, which provided much guidance for the developm
of our system. Guidance was also gained from Gan et al.@25#,
who also reported a computerized biomechanical perfusion de
for large arteries. Note, too, that Faury et al.@26,27# reported
pressure–diameter relations for freshly isolated mouse carotid
teries in wild-type and ELN1/2 mice using a pressure arterio
graph, and Lehoux et al.@24# reported pressure-diameter curv
for normal and MMP-9 knockout mice at 0 and 3 days. Data fro
wild-type animals concur with our pressure-diameter results,
they did not collect axial load–length data.

A particular challenge when testing mouse arteries is the n
for a high-frequency physiologic pulse wave at a low flow rate.
some systems for large vessels~and thus larger flow rates!, pulse
pressure is generated via a peristaltic pump~e.g., Refs.@1,3,28# !.
Alternatively, Moore et al. @29# generated physiologic puls
waves~at a flow of;500 mL/min) by sending a voltage wave
form to a computer-controlled gear pump. Still others have g
erated physiologic pulse waves via piston driven pumps. Br
et al. @30#, for example, described a custom cam-driven pis
pump capable of generating physiologic pulse waveforms at flo
of 30–300 mL/min at 1–2 Hz. It appears, however, that none
these systems is capable of independent control of pulse
quency and flow rate~note: peristaltic pumps can operate at d
ferent flow rates at the same pulse frequency by using diffe
tubing sizes, but these are incremental changes!. Also, in scaling
these systems from;200 mL/min at 1 Hz to our desired flow rat
of 0.1 to 10 mL/min at 5–15 Hz, the pulse generated by
peristaltic pump was significantly reduced (;3 mmHg or less in
magnitude!. Our system uses a high-flow pulse generation fl
loop that takes advantage of the high magnitude and frequenc
pulsatility that can be generated in previously reported syste
but achieves very low luminal flow by drawing only a portio
~controllable! of the flow from the high-flow pulsed loop. Al-
though we employ a peristaltic pump in the pulse generation fl
loop ~FL-1!, any approach mentioned above~e.g., piston, bladder,
or gear pumps! could be employed, perhaps providing more co
trol over the shape of the pulse waveforms.

Finally, it has been proposed that arterial growth and remod
ing tends to restore all stresses to near-homeostatic va
@31–33#, not just individual components in special cases. Unf
tunately, most culture studies alter pressure or flow at a sin
fixed extension to observe changes in circumferential mechan
behavior, without consideration of alterations in axial loading.
mechanotransduction mechanisms and subsequent growth an
modeling are, in fact, triggered by local, multiaxial mechanic
loading, then such data are incomplete. That is, at a minimum,
must have pressure–diameter and axial load–length data,
Transactions of the ASME

se: http://www.asme.org/about-asme/terms-of-use



i
o

a

J
M

m

e

,
t

l

c

m

i
-

m

r

the
.,

od

d
ns

of
od

ap-

ng

J.,
of

ted
ng.,

er,
e

re-

04,
en-

‘A
lar

er-
al

le,
ted

, S.
r,
ar-

.,

nd
to

ed.

6,
-

d

d

of
otid

d

Downloaded From
~assuming incompressibility during mechanical testing! informa-
tion on the wall thickness in at least one configuration to perfo
stress analyses@34#.

In summary, we have designed and tested a compu
controlled vascular organ culture device capable of intermitt
functional and biaxial mechanical testing of small caliber arter
Such a device allows simultaneous study of cell signaling, c
tractile function, and mechanical behavior. In addition, this dev
provides another tool to study vessels from ‘‘knockout’’ mic
Thus, this device promises to provide new insights into mech
cally induced vascular growth and remodeling.
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