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Cells in Fluidic Environments Are Sensitive
to Flow Frequency
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Virtually all cells accommodate to their mechanical environment. In particular, cells subject to flow respond to rapid changes in
fluid shear stress (SS), cyclic stretch (CS), and pressure. Recent studies have focused on the effect of pulsatility on cellular behavior.
Since cells of many different tissue beds are constantly exposed to fluid flows over a narrow range of frequencies, we hypothesized
that an intrinsic flow frequency that is optimal for determining cell phenotype exists. We report here that cells from various tissue
beds (bovine aortic endothelial cells (BAEC), rat small intestine epithelial cells (RSIEC), and rat lung epithelial cells (RLEC))
proliferate maximally when cultured in a perfusion bioreactor under pulsatile conditions at a specific frequency, independent of the
applied SS. Vascular endothelial and pulmonary epithelial cell proliferation peaked under 1 Hz pulsatile flow. In contrast,
proliferation of gastrointestinal cells, which in their physiological context are subject to no flow or higher wavelength signal, was
maximum at 0.125 Hz or under no flow. Moreover, exposure of BAEC to pulsatile flow of varying frequency influenced their nitric
oxide synthase activity and prostacyclin production, which reached maximum values at 1 Hz. Notably, the ““optimal”’ frequencies
for the cell types examined correspond to the physiologic operating range of the organs from where they were initially derived.
These findings suggest that frequency, independent of shear, is an essential determinant of cell response in pulsatile

environments.
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Cells in tissue beds experience and respond to a
mechanical environment that is defined by complex
interactions between gravitational forces, local forces
generated by the extracellular surroundings, and
intracellular tension arising from the cytoskeletal
organization (Helmke and Davies, 2002). Extensive
work in animal and cell culture systems has identified
a rapidly expanding list of mechanotransduced cellular
responses, that translate mechanical stimuli into intra-
cellular biochemical processes (Wirtz and Dobbs, 2000;
Barbee, 2002; Bakker et al.,, 2003; Basson, 2003).
Different cell types share a common sensitivity to
mechanical stimuli that determines differentiation
(Lamoureux et al.,, 2002; Lucchinetti et al., 2004;
Mauney et al., 2004), rate of division (Vlahakis and
Hubmayr, 2003), migration (Shreiber et al., 2003), gene
expression (Davies et al., 2001; Garcia-Cardena et al.,
2001), secretion (Frangoset al., 1985; Baskin et al., 1993;
Tilles et al., 2001), endocytosis (Truschel et al., 2002),
and apoptosis (Graf et al., 2003), and use common
molecular machinery for the regulation of these pro-
cesses (Putnam et al., 1998).

Fluids flowing along tubular structures, and within
interstitial spaces, create diverse patterns of shear
stress (SS), which uniquely affect specific tissues and
have clearly been identified as powerful cell control
mechanism. Flow effects are determined by the magni-
tude, nature—steady, oscillatory, or pulsatile (Helmlin-
ger et al., 1996; Li et al., 1998)—and spatial/temporal
distribution of the flow. Exposure to tangential frictional
forces activates flow-sensitive ion channels that hyper-
polarize or depolarize the cell membrane in turn
regulating a variety of cell responses (Blackman et al.,
2000; Garcia-Cardena et al., 2001). Such forces direct
reorganization of cytoskeletal structure (Tzima et al.,
2002; Essig and Friedlander, 2003), altered endocytosis
(Apodaca, 2002), and production of prostaglandins
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(Smalt et al., 1997; Norvell et al., 2004), growth factors
(Waters et al., 1997; Passerini et al., 2003), and nitric
oxide (Uematsu et al., 1995; McAllister et al., 2000;
Bakker et al., 2001). In addition to the impact of SS, cells
exposed to mechanical loads respond differentially to
strain rates (Quinn et al., 2002; Drewes et al., 2003;
Clark et al., 2004), number of loading cycles and periods
of exposure (Robling et al., 2002; Lavagnino et al., 2003),
and strain distribution and gradient (Judex et al., 1997,
Helmke et al., 2003). Moreover, these parameters may
act synergistically (Zhao et al., 1995) or in opposition to
each other (Wang et al., 2001).

Many organs are subject to pulsatile forces, at
frequencies that are organ-, context-, and species-
specific. Respiration rate, for example, scales with size
such that the normal breathing rate in the rat is five
times faster than the human pace (12—17 breaths per
min) (Huanget al., 2000). Analogously, the adult human
resting heart rate is half that of the human embryo
(Makrydimas et al., 1997; Oncken et al., 2002). Tissue
generation, function, injury, repair, and regeneration
may be differently modulated by all these frequencies.
The dearth of references, however, that deal with the
impact of flow on non-vascular cells (Anderson and Vora,
1995; Bhat et al., 1995; Ajubi et al., 1996; Van der Pauw

Contract grant sponsor: National Institutes of Health; Contract
grant numbers: HL60407, HL67246, and GM/HL49039.

*Correspondence to: Mercedes Balcells, Harvard-MIT Division of
Health Sciences and Technology, 77 Massachusetts Avenue,
Building 56-322, Cambridge, MA 02139. E-mail: merche@mit.edu

Received 18 October 2004; Accepted 12 November 2004
DOL: 10.1002/jcp.20281



330

et al., 2000; Nauman et al., 2001; Torok et al., 2001;
Tanaka et al., 2003; Warden and Turner, 2004) stands in
stark contrast to the extensive literature on this aspect
of vascular cell physiology (for reviews see Fisher et al.,
2001; Gimbrone et al., 2002; Resnick et al., 2003).

The present study investigates the role of frequency
on cellular proliferation and metabolic function. We
hypothesized that cells that reside in organs subject to
physiologic flow conditions respond to particular fre-
quencies that optimally enhance cell phenotype and
maintain cells functionally differentiated. Further-
more, we expected the inherent “optimal” frequencies
fall within the narrow range of the physiological
frequencies that affect the tissue beds in which the cells
in question normally reside. By examining the fre-
quency-dependent proliferation of cells from four differ-
ent organs exposed to pulsatile stimuli similar to those
encountered in their physiological context, we showed
that cells respond to particular flow frequencies inde-
pendent of average shear.

MATERIALS AND METHODS

Physical description of the perfusion system

The perfusion bioreactor (Fig. 1) is comprised of eight
independent channels of tubing forming closed loops, each
divided into three segments (inlet, test, and outlet segment). In
every channel, perfusate (cell culture medium, described
below) flowed from a custom-made glass reservoir through a
40 cm-inlet length silicone rubber tubing (L;,, Silastic®
laboratory tubing, 4.78 mm ID x 7.92 mm OD, Dow Corning,
Midland, MI), and thereafter circulated through the 9 cm-
length test segment containing the cultured cells. After
passing over the test segment, the medium flowed through a
40 cm-outlet length tubing (L,y:), and was returned to the
reservoir via 20 cm of the same silicone rubber tubing. The
entire apparatus was placed in an incubator at 37°C under 10%
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Fig. 1. Schematic diagram of the pulsatile perfusion system. A per-
istaltic pump (B) propelled perfusate from a reservoir (A) through the
inlet length tubing (C), and test segments containing the cultured cells
(D). Medium flowed through the outlet length tubing (E), and returned
to the reservoir via 20 cm of the same silicone rubber tubing (F).
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COs. The gas permeability of the Silastic tubing enabled the
maintenance of pH and oxygen exchange into the perfused
media, which were confirmed with direct measurements.

A programmable peristaltic Ismatec®™ pump (Cole-Parmer,
Vernon Hills, IL) propelled the media from 1.5 to 177 ml/min at
a maximum pressure of 22 psi. A custom-developed analog
circuit designed to generate a 0—5 V DC square waveform, with
a 60% duty cycle, allowed the regulation of the flow profile. An
ultrasound flowmeter (Transonic Animal Research, Ithaca,
NY) monitored instantaneous and average volumetric flow.
Small changes in vessel diameter were recorded using a digital
camera connected to a light epimicroscope. The pressure
gradient within the test tube was measured using a custom-
made differential pressure meter consisting of a differential
pressure sensor (Motorola, MPX10DP, Andover, MA) and a 324
Quad operational-amplifier chip. These data were processed
through an A/D converter, and stored for off-line analysis on a
digital computer.

Cell culture

Bovine aortic endothelial cells (BAEC) (CSL -certified,
Kirkland, WA), rat lung epithelial cells (RLEC) (ATCC,
Manassas, VA), and rat small intestine epithelial cells (RSIEC)
(ATCC) were cultured in DMEM (Gibco, Grand Island, NY)
supplemented with 10% (v/v) fetal bovine serum (FBS,
HyClone, Logan, UT), 35 uM streptomycin sulfate (S, Gibco),
50 U/ml penicillin (P, Gibco), and 2 mM glutamine (G, Gibco).
Human umbilical vein endothelial cells (HUVEC) (Cambrex
Bio Science, Walkersville, MD) were cultured in EBM-2
medium (Cambrex) supplemented with 7% (v/v) FBS and the
bullet kit of growth factors and cytokines (CC-3162) as recom-
mended by the manufacturer. Primary cultures were estab-
lished, maintained, and passaged to passage 4 on tissue culture
polystyrene (TCPS) plates. Test segments were prepared as fol-
lows: 14 cm-length Silastic" laboratory tubes (ID =4.78 mm,
OD =17.92 mm, Dow Corning) were rinsed with successive
20 min incubations in 0.2% SDS solution (Fluka, Steinheim,
Germany), and distilled water in an ultrasonic bath. After
autoclave sterilization of the tubes, the Silastic® tubes were
coated with 100 pg/ml bovine fibronectin (Sigma-Aldrich, St.
Louis, MO) in PBS for 2 h while rotating at 10 rph at 37°C.
Subsequently, BAEC, RLEC, RSIEC, or HUVEC were seeded
onto the inner surface of the fibronectin pre-coated tubing at
2.3 x 10* cell/cm? (30% confluent) and rotated axially at 10 rph
while in incubation for 24 h.

The behavior of BAEC, RSIEC, and RLEC was examined
within a frequency range of 0-1.5, 0-0.5, and 0-1.5 Hz,
respectively. Those intervals were chosen based on an average
bovine heart rate of approximately 1 Hz (Lefcourt et al., 1999),
rat small intestine contraction rate of 0—0.4 Hz (Bercik et al.,
1994; Krantiset al., 1996), and rat respiratory frequency of 1 Hz
(Huang et al., 2000). As a control of cell type that is exposed to
laminar steady flow under healthy physiological conditions
(Hofstaetter et al., 2001), HUVEC proliferation was also
studied within the interval 0—1.5 Hz.

Proliferation assays

Cell number was measured after trypsinization using a
particle counter (Beckman Coulter Corporation, Miami, FL).
The initial attached cell number was determined 24 h after
seeding (day 0). The remaining seeded tubes were either placed
within the perfusion system for additional 24—48 h under flow,
or mounted in the system without flow as a sham control. FACS
analysis using anti-Ki-67 antigen (Dako, Glostrup, Denmark)
was performed to assess the percentage of cells in active phases
of the cell cycle. The trypan blue exclusion assay assessed the
viability of cells after passage and culture. Homogenous
seeding and maintenance of cell adhesion was validated at
various points in time through direct examination of the tubes
and sampling of the perfusate.

Endothelial nitric oxide synthase (eNOS) activity and
prostacyclin (PGI;) production

A 6-keto-prostaglandin F1, enzyme-immunoassay (EIA)
system (Amersham, Woburn, MA) was assayed for PGI; in
serum-free perfusate collected after 24 h of cell exposure to
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pulsatile flow. eNOS activity in cell lysates, obtained by EDTA
(1 mM)/Tris (256 mM) treatment followed by sonication
immediately after cessation of 24 h flow exposure, was
determined using the [*H]-L-arginine/L-citrulline assay kit
(Cayman Chemical, Ann Arbor, MI). Results were normalized
to the total amount of protein determined by the BCA protein
assay kit (Pierce, Rockford, IL).

Statistical analysis

All experiments were carried out in quadruplicate, and data
reported as the mean + SD. Statistical analysis was performed
by ANOVA for repeated measures followed by a non-paired
t-test. Values of P < 0.05 (two-tailed analysis) were considered
significant.

RESULTS
System validation

Mean SS and cyclic stretch (CS) remained constant
over the range of applied frequencies. Cells were
exposed to pulsatile flows of two different mean SS
values, 1.354+ 0.1 and 5.11 + 0.41 dyn/cm?, with average
flow values of 86.7+5.3 and 360.4+18.3 ml/min,
respectively. At low flow frequencies, the flow profile
followed closely the input electric signal, a square wave
of 60% duty cycle (Fig. 2A). As the frequency increased,
the profile became more sinusoidal (Fig. 2C). A Womers-
ley-type approximation, which considered the axial
translation of the tube wall under pulsatile flow
conditions (Moore et al., 1994b), was applied to estimate
the velocity profiles (see Appendix). The velocity profiles
obtained were parabolic for all frequencies independent
of the flow profile (Fig. 2B, D) and allowed calculation of
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the instantaneous wall SS for each time point of the
cycle. Average of the instantaneous SS values in a cycle
verified that mean SS did not change for all flow
frequencies studied. The observed minor high frequency
oscillations (Fig. 2A, C) originating from the eight
rollers of the peristaltic pump head were present in all
cases and were not considered a source of data
variability. Additionally, no significant dimensional
changes in the test segments were detected with flow
exposure. Tube diameters were constant and CS
invariant with only a 0.30% +0.05% change across
frequencies.

Cell proliferation and metabolic function

At a mean SS of 1.35+0.10 dyn/cm?, each cell type
studied presented a similar trend; proliferation was
indistinguishable from the steady flow case at all flow
frequencies except within a narrow frequency range
(Fig. 3). Cells were able to discriminate as little as a 4%
decrease of the maximum frequency value applied.
BAEC and RLEC proliferated maximally at a frequency
value of 1 Hz, while RSIEC did so at 0.125 Hz or under no
flow conditions. These “optimal” frequencies fall within
the range of the natural frequencies for flow through the
correspondent tissue beds. Cell numbers, after exposure
to the optimum frequencies, increased two- to three-fold
for all cells 24 and 48 h after seeding and flow expo-
sure. Interestingly, at the optimal frequency BAEC
and RLEC became confluent after 24 h, indicating a
faster doubling time than the 20 h period observed on
TCPS static cultures. At other frequency values, cells
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Fig. 2. Flow and velocity profiles obtained at 0.25 Hz (A, B) and 0.99 Hz (C, D). The profiles shown were
obtained at average shear stress (SS) of 1.35 + 0.1 dyn/cm?. Each velocity profile shown corresponds to a
relevant time point in the flow cycle indicated by the symbols W, ¢, X.
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Fig. 3. Cell numbers after 24 h flow exposure. Ratio between cell
numbers at day 1 and 0 measured on bovine aortic endothelial cells
(BAEC) (A), rat lung epithelial cells (RLEC) (B), and rat small
intestine epithelial cells (RSIEC) (C) subjected to no flow, steady flow,
and pulsatile flow of varying frequencies. Cell number measured at

continued to proliferate, but at a slower rate and did not
reach confluency within the duration of the experi-
ments. Similarly, RSIEC did not reach confluency
during the length of the experiments under any condi-
tion applied. The number of unattached cells in the

day 0 was 3.6+0.13 x 10°. Flow experiments were carried out at
average SS of 1.35+ 0.1 dyn/cm?. P < 0.05 comparison made between
value of proliferation quotient at a given frequency value and that
obtained at ;...

perfused culture medium 24 h after flow exposure re-
mained less than 5% of the total attached cell number for
all investigated frequencies, and was statistically in-
distinguishable from the number of unattached cells
observed in controls under no flow. Accordingly, cell
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Fig. 4. Cell proliferation at low and high mean SS and different flow frequencies for BAEC (A), RLEC
(B), RSIEC (C), and human umbilical vein endothelial cells (HUVEC) (D). P < 0.05 comparison made
between value of proliferation quotient at a given frequency value and that obtained at f,,,.
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detachment was regarded as having an insignificant
effect on observed changes in cell number.

In an additional set of experiments, cells were
subjected to a higher mean SS of 5.11 +0.41 dyn/cm?
(Fig. 4A—C). Similar to the lower mean SS case, maxi-
mum proliferation was achieved at 1, 1, and 1/8 Hz flow
frequency for BAEC, RLEC, and RSIEC, respectively. At
other frequency values, there was no statistically
significant difference in proliferation compared to the
steady flow case. Given that flow in the umbilical vein is
non-pulsatile under normal physiological conditions
(Hofstaetter et al., 2001), HUVEC served as an addi-
tional control. HUVEC proliferated maximally under
steady flow conditions under the two levels of SS applied
(Fig. 4D).

FACS analysis of Ki-67 positive cells, eNOS activity,
and PGI, production of BAEC exposed at different
frequencies at the low SS level previously applied
mirrored the same trend as the cell counts, with maxi-
mum proliferation, enzyme conversion activity and
PGI; secretion at 1 Hz (Fig. 5A-C).

DISCUSSION

It is well established that fluid pulsatility, together
with SS and CS, modulates cellular behavior [Fisher
et al., 2001; Gimbrone et al., 2002; Resnick et al., 2003
for reviews]. Our study now shows a flow frequency-
dependent change in cell biology independent of mean
SS and total flow. The calculated average SS, CS, and
total flow were constant for all flow patterns applied
across frequencies. All cells examined were constituent
of a tissue or organ exposed under physiologic condi-
tions to flows, and their optimal biologic responsiveness
appears to center around the frequency of organ
operation. Aortic endothelial and lung epithelial cells
showed increased cell number within the narrow fre-
quency range of blood flow through vessels and air flow
through bronchi. Proliferation of intestinal epithelial
cells in contrast was maximum under two distinctive
conditions, no flow and 0.125 Hz. This result is entirely
consistent with the dual nature of gastrointestinal
physiology, which, unlike the vasculature or bronchi,
possesses two operative states: a quiescent or rest state
where no contraction is observed, and an active state
with contractile frequency of approximately 0.125 Hz.
Finally, HUVEC, which served as a non-pulsatile cell
system, showed maximum proliferation under steady
flow conditions reinforcing our hypothesis and validat-
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ing our methods. eNOS activity and prostacyclin
production by BAEC similarly track with frequency.
These data constitute a preliminary indication that
signaling and metabolic events, like proliferation, are
optimized at the inherent frequencies to which they are
exposed in their physiologic environments.

Frequency-dependent cell function has important
implications for a variety of sciences including tissue
generation, regeneration, and engineering. One might
now envision that specific congenital anomalies could
arise as a result of alterations in flow frequency.
Similarly the remodeling of diseased tissue may follow
not only stress and stretch but frequency as well. The
concept of tachycardia-mediated cardiomyopathy is well
appreciated. But of immediate interest as well is the role
these findings might play in tissue engineering (Langer
and Vacanti, 1993). The development of biological
substitutes to restore, maintain, or improve tissue
function currently employs cells within porous scaffolds.
The in vitro culture of cell-scaffold constructs under
conditions that support efficient nutrition of cells,
combined with the application of mechanical forces to
direct cellular activity and phenotype, is an important
step towards the development of functional grafts for the
treatment of lost or damaged body parts (Niklason et al.,
1999; Butler et al., 2000; Raimondi et al., 2002). In this
context, bioreactors provide controlled environments for
reproducible and accurate application of specific
regimes of mechanical forces to cell constructs (Moore
et al., 1994a; Peng et al., 2000; Qiu and Tarbell, 2000;
Blackman et al., 2002; Guyot and Hanrahan, 2002). Our
study presents an alternative to high density/high
efficiency cell seeding towards the generation of con-
fluent functional cell implants. Exposure of sub-con-
fluent cell constructs to optimum pulsatile conditions
enhanced cell proliferation. Thus, conventional cell
culturing conditions may be enhanced with the con-
sideration of input frequency and SS, narrowing the gap
between the physiological and in vitro conditions.

By studying flow frequency independent of other
environmental stimuli, we have added a new parameter
to the existing body of knowledge on the effect of mech-
anical forces regarding the behavior of sub-confluent
cells. There appears to be an intrinsic frequency for
cells residing in pulsatile flow conditions that affects
functionality and viability. We hope to leverage our
data to further elucidate the underlying mechanisms
that govern mechanically induced cell signaling and
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Fig. 5. Effect of flow frequency on BAEC proliferation (A), endothe-
lial nitric oxide synthase (eNOS) activity (B), and prostacyclin (PGIy)
production (C). Data obtained after exposure to a frequency below
the optimum (0.25 Hz), at the optimum (1 Hz), and at a frequency
higher than the optimum (1.5 Hz). Shear stress applied was 1.35 +
0.1 dyn/cm?. The extend of proliferation is given as measure of Ki-67

positive cells by FACS analysis, eNOS activity is expressed as
percentage of enzyme conversion normalized to total protein produc-
ed per cell lysate and PGI; production is measured in the conditioned
medium and normalized per total cell number. P < 0.05 comparison
made between value at a given frequency value and that obtained
at foax.
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proliferation by investigating the role of frequency in the
direct expression of other biochemical and transcrip-
tional events.
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APPENDIX

Characterization of the perfusion system:
Entrance length and SS evaluation

The Reynolds number (Re) represents the ratio of
inertial to viscous forces. For a fluid flowing through a
cylindrical tube:

Re=p-D-V/u (1)

where D is the tube diameter, V is the fluid velocity, p is
the density, and p the dynamic viscosity. The segments
L;, and L, in our system correspond to the inlet and
outlet lengths, respectively. The inlet length of a tube
is the distance over which the axial velocity profile
develops to within a small percentage of its ultimate
shape. A conservative estimate for the unsteady inlet
length is given by:

L=n-r-(Re) (2)
where r is the radius, (Re) the Reynolds number, andn a
numerical factor derived mathematically (Fung, 1984).
Since the approach to parabolic profile is asymptotic,
there is no unique value of n, thus many values can be
found in the literature (Caro et al., 1978, McDonald,
1974). Applying Eq. 2 using the value of n recommended
in the latter reference (McDonald, 1974) and the
maximum Reynolds number of 2,100; 40 cm were
obtained as optimum inlet and outlet length.

SS was calculated following a Womersley-type solu-
tion, assuming laminar flow of a Newtonian fluid
through a straight rigid tube with a periodic axial
pulsatile pressure gradient (85). Under these condi-
tions, the solution for the instantaneous axial velocity
profile is given by:

u(r,t) = ;—(io (R* - 1?)
o0 G JO (i3/2O(nI‘/R) X (3)
b [ inot
i ; mno Jo (13/2%)

where R is the radius of the tube, o is the fundamental

angular frequency, and v is the kinematic viscosity.
The constants G, are determined by the Fourier

coefficients of the pressure gradient waveform:

VP = Z Gneinmt (4)
n=0
and
on= Ry /DY, (5)
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This waveform can then be used to calculate the
instantaneous SS according to:

ou(r,t)

wt) =n—7p, .

(6)
where p is the dynamic viscosity.
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