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Abstract
Extracellular hydrodynamic forces may be transmitted to the interior of cells through the alteration
of integrin conformation and affinity. Integrin activation regulates leukocyte recruitment, cell
activation, and transmigration. The cellular and molecular mechanisms for integrin activation are
not precisely known, although intracellular calcium signaling is involved. Flow cytometry offers a
versatile way to study intracellular calcium signaling in real-time. We report a novel method to
generate defined shear by using a miniature Couette. Testing involved measuring shear induced
intracellular calcium signals of human monoblastoid U937 cells in suspension. The Couette was
connected externally to a flow cytometer and pressurized at 6 PSI (4.1 N/m2). Cells were
subjected to well-defined shear between 0 and 1000 s−1 and delivered continuously within 10 s to
a FACScan at 1 μl/s. Intracellular calcium levels and the percentage of cells activated increased as
shear increased in duration and intensity.

INTRODUCTION
Leukocyte recruitment is regulated by chemokines (1), adhesion molecules (2), and
physiological shear (3). Shear is generated from bifurcation of blood vessels (4), rapid
changes in blood vessel diameters (5), and when cells are bound to the endothelium in blood
flowing vessels (6). Extracellular forces can act on the cell membrane (7), adhesion
molecules (8), and other surface receptors (9-10) to activate cellular processes such as
growth and proliferation (11), protein synthesis, gene expression, migration (12), apoptosis
(13), and regulation of integrin activation (14-15). Flow Cytometry offers a versatile
approach to studying cell adhesion by measuring multiple cell signaling responses to
physiological forces in real-time. Cytometry also compliments data obtained from atomic
force microscopy (16), bioforce probes (17), parallel flow chambers (18), cone and plate
viscometers (19), and magnetic bead micro-rheometer (20).
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The use of a flow cytometer to study the effects of shear on cells is often done in
conjunction with an external device; such as the cone and plate (21-23), parallel ring
viscometer (24-25), turbidimetric aggregometer (26), or pushing cells through connecting
tube with pressurized nitrogen (27-28). Examples of cells responding to shear have involved
the measurement of cell aggregation and disaggregation rates for coupled adhesion
molecules; VLA-4/VCAM-1 (15, 24), β2/L-selectin (29), LFA-1/ICAM-3, Mac-1/ICAM-3
(30), and P-selectin/PSGL-1 (23, 31-32). Aggregation rates depend on receptor-ligand bond
coupling, applied force to the bonds, encounter rate, and contact area between cells. One
method to unravel the complex shear/mechanical signaling pathway is to measure
intracellular calcium response associated with shear. Changes to intracellular calcium are
part of an intricate signaling pathway for cellular processes involving cell migration,
metastasis, and cell growth, proliferation, and apoptosis.

To modulate cellular responses in real-time we have constructed a miniature Couette that
was coupled to a flow cytometer. We measured intracellular calcium changes in real-time.
The novelty of this device involved controlling the strength and duration of shear. One goal
of constructing this device was to estimate the force applied to adhesion bonds between two
bound cells (33-34). The Couette was tested by measuring how shear altered intracellular
calcium levels in real-time. To do this the Couette was pressurized at 6 PSI (4.1 N/m2) and
attached externally to a flow cytometer. Cells were transported to a flow cytometer within
10 s and with minimal transport induced shear. The novelty of the system allowed for well
defined shear to be generated between 0 and 1000 s−1 and for the desired duration. Sample
delivery time was comparable to other flow cytometric techniques. We used shear sensitive
human monoblastoid U937 cells expressing VLA-4 integrin (15). Fluorescent calcium
indicators Fura Red and Fluo-4 monitored relative levels of intracellular calcium.
Fluorescence was detected with a FACScan flow cytometer. The relative fluorescence
(intracellular calcium) was observed to increase as shear increased. We also observed that
the percentage of cells activated increased as shear increased in duration and intensity.

MATERIALS AND METHODS
Materials

Fura Red AM (catalog number F3021), Fluo-4 AM (catalog number M14206), and CFSE
(catalog number C1157) were purchased from Molecular Probes (Eugene, OR).

Cell Lines and Transfectant Construct
Human monoblastoid U937 cells were purchased from ATCC (Rockville, MD) and grown
in RPMI 1640 with phenol red (Invitrogen Corporation, Grand Island, NY). Cell medium
was supplemented with 10% heat inactivated fetal bovine serum, 100 units/ml penicillin,
100 μg/ml streptomycin, 10 mM HEPES, pH 7.4, 100 μg/ml Ciprofloxacin, 2 mM L-
glutamine, at 37°C in a humidified atmosphere of 5% CO2 and 95% air. Site-directed
mutants of formyl peptide receptor in the human monoblastoid line U937 constitutively
expressing human VLA-4 integrin were prepared as described (35).

Cell Preparation and Detection
U937 cells (1×106cells/ml) were loaded with 6 μM Fura Red or 200 nM Fluo-4 for 30 min.
at 37°C and gently mixed every 10 min. Cells were washed with HEPES buffer –HB - (110
mM NaCl, 10 mM KCI, 10 mM glucose, 1 mM, MgCl2, 1.5 mM Ca2+, and 30 mM HEPES,
pH 7.4) and resuspended in HB that was supplemented with 0.1% Human Serum Albumin
(Bayer, Elkhart, IN). We measured cell concentration using a hemocytometer and a stage
microscope after cell preparation. All experiments were performed using HB.
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Cells were kept on ice after staining and washing. Typically, 5 min. prior to each experiment
1 ml of 1×106cells fluorescently labeled cells were manually inserted into the Couette. The
cells were allowed to rest for 5 min. while the inner cylinder was rotated slowly (20 s−1) to
minimize cell settling. Calcium levels in sheared cells were measured in real-time while the
Couette was pressurized at 6 PSI (4.1 N/m2). A FACScan flow cytometer with 488 nm
Argon laser (BD Immunocytometry Systems, San Jose, CA. Installation date of optical
filters, January 1989.) excited calcium sensitive dyes. Emission fluorescence was detected
using 585 nm band pass and 650 nm long wavelength pass filter for Fura Red (FL2 and FL3,
respectively) and 530 nm band pass filter for Fluo-4 (FL1). Voltage settings were 705 / 551
V (FL2/FL3) and 489 V (FL1) for Fura Red and Fluo-4 (and CFSE), respectively. No
detector compensations were applied during data acquisition. Fura Red fluorescence
decreases when this indicator is bound to free calcium while Fluo-4 fluorescence increases.

Vortex
A Fischer Scientific Mini-Vortexer (Fischer Scientific, Hampton, NH) generated a
maximum intracellular calcium response. The shear rate at 3200 RPM was estimated to be
~200 – 12000 s−1 for cells inside a vortexed 12 (outer diameter) ×75 mm tube. Fluid motion
inside a vortexed tube was approximated to be that of fluid motion in a Couette viscometer.
The maximum (SMax) and minimum (SMin) wall shear rate at a given rotational velocity is
approximated (36) as

Equation 1

where RI (ranging from ~5.4 to 2.5 mm) and Ro (5.5 mm) radii of the inner fluid and outer
fluid surfaces and Ω is the angular speed of the inner cylinder.

Monoblastoid U937 cells were incubated at 37°C for 5 min. After 5 minutes cells were
gently re-suspended before monitoring intracellular calcium with the FACScan flow
cytometer. After 60 s, the sample was removed from the flow cytometer and vortexed for 10
s. Then data sampling was resumed.

Miniature Couette
The miniature Couette was composed of six sections; two concentric cylinders (samples
were placed between cylinders), a motor to rotate inner cylinder, support frame to hold
cylinders and motor, tubing to transport samples and pressurize sample volume, control to
set rotational rate of inner cylinder, and water bath to maintain sample at 37°C. Samples
were manually injected between two concentric cylinders through a port. (Automated
sample injection was available.) The inner cylinder was 30 mm high by 19 mm wide (outer
diameter) and composed of Teflon. Teflon minimized cellular reactivity and fluid surface
tension. The outer Plexiglas cylinder was 31 mm high by 20 mm wide (inner diameter) and
5 mm thick. Plexiglas allowed for visual sample observations. Figure 1A shows the device.
These materials gave optimal uniformity in fluid suspension and ease of sample removal
from the miniature Couette. The Couette was enclosed by end caps, 25 mm diameter O-rings
and six screws for each end cap. A metal shaft connected the inner Teflon cylinder to a 5
phase Vexta stepping motor (Oriental Motors, Torrance, CA) through a 5 mm hole in the
center of the upper cap. An 8 mm O-ring was placed around the shaft to seal the end cap. A
set screw in the shaft attached the shaft to the stepping motor. This “blender” configuration
pressurized the sample region. Both lower end piece and stepping motor were attached to an
external aluminum frame. A screw held the lower end cap to the external frame. A hole was
drilled through both the Plexiglas end cap and lower aluminum frame to which a 0.01” ID
(0.25mm) 15 cm long Peek tube (Western Analytical, Wildomar, CA) was attached for
sample extraction to a flow cytometer.
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Six 0.02” (0.50mm) holes were drilled into the sides of the outer Plexiglas cylinder in a
staggered configuration. This allowed samples to be injected into the Couette manually or
under computer control. For simplicity, the data presented were obtained by manual
injection through one port in which a 0.01” ID (0.25mm) Peek tube was attached. The
Couette was pressurized to 6 PSI (4.1 N/m2) through six 0.02” (0.50 mm) ports that were
drilled into the upper cap. Those ports were connected to 0.05” (1.27 mm) Peek tubing and
attached to a manifold. An air pressure regulator was used in conjunction with a 0.2 μm
filter (Pall Corporation, Eastern Hills, NY) to control and filter laboratory air. Air
fluctuations were dampened with the regulator. The flow rate was adjusted to 1 μl/s and was
comparable to flow cytometers. This flow rate helped to minimize transport induced shear
and delivered to the cytometer within 10s. A schematic diagram is shown in Figure 1B.

Modifications to the Couette can be easily made. For example, the Couette can be
pressurized at 20 PSI (13.8 N/m2) for sample delivery on the order of 1 s. For transit times
less than one second the Couette can placed within millimeters of where fluorescently
labeled cells intersect with a flow cytometer’s laser (flow cell). The Couette was designed
with sample volumes of 1.0 and 2.0 ml volumes for 19 mm and 18 mm inner diameter
cylinders, respectively. A decreased inner cylinder diameter gives a larger sample volume.
For Newtonian fluids, the shear rate at the inner and outer radii of the sample region can be
estimated using Equation 1 when the inner cylinder rotates with an angular speed Ω. During
each experiment the miniature Couette was placed in a 37°C water bath, with the stepping
motor above the water. The stepping motor was controlled with a custom built controller
that measured the number of shaft rotations. Then the RPM rate was calculated by the
controller. An RPM value was manually selected using the controller. RPM rates increased
with increments of 5 RPM.

A 1 ml sample volume (19 mm inner cylinder) was used. Shear rate can be altered by
switching to smaller or larger inner cylinders. For example, a 19 mm diameter cylinder gives
a lower shear of 10 s−1 while an 18 mm diameter cylinder gives 5 s−1 for the same rotational
rate. Injection ports were closed after 1 ml sample was added.

Flow Cytometry and Data Analysis
Flow cytometric analysis was done on a Becton-Dickinson FACScan flow cytometer
(Becton-Dickinson Immunocytometry Systems, San Jose, CA). Percentage of events related
to U937 cells were 95% and 70% for FACScan only and data obtained using the Couette,
respectively. Difference was due fluidic changes when air pressure was used to control fluid
flow to the flow cytometer. Data acquisition used CellQuest (Becton-Dickinson
Immunocytometry Systems, San Jose, CA) and data were analyzed offline using Windows
Multiple Document Interface Flow Cytometry Interface (Scripps, La Jolla, Ca). An elliptical
forward and side scatter gate was used to selected U937 cell events. No analysis
transformations of the data were made. Time and fluorescence information were obtained
using an IDL (RSI, Boulder, CO.) based FacsQuery software, developed by Bruce Edwards
(University of New Mexico, Albuquerque, NM). Further analysis was done using GraphPad
Prism 4 (GraphPad, San Diego, CA) and PeakFitv4.12 (SeaSolve, San Jose, CA).

Bimodal Fit
Sheared cells exhibit different degrees of intracellular calcium response that is a function of
intensity and duration of applied shear. The distribution of cells that exhibited intracellular
calcium changes ranged from a resting state to fully activated by shear. We analyzed the
intracellular calcium distributions before and after the application of shear, as shown in
Figure 5B and C. Region a of Figure 5C depicts resting state intracellular calcium level and
Regions b and c are shear activated states. The analysis of resting state intracellular calcium
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levels used a one Gaussian curve fitted to the mean channel fluorescence distribution of
region a. Region c represents the maximally excited state obtained by vortexing cells. This
region was similarly fitted with a one Gaussian curve. Centroid and peak shape values were
recorded for Regions a and c. Region b represents an intermediate level of shear activation
obtained with the Couette. Two Gaussian curves are used to fit Region b. One fit used the
peak centroid and shape values obtained from Region a (resting cells) and the other fit used
peak centroid and shape values obtained from Region c (shear activated cells). Then a
simultaneous two-Gaussian fit to the mean channel fluorescence distribution of Region b
was done. The ratio of the total events under the two histograms (activated and resting) was
taken to estimate the percentage of cells activated under shear (activated / (resting +
activated) × 100.

RESULTS
Uniformity of Real-time Sampling

Uniformity of Couette sample extraction was measured using Flow Check Fluorospheres
(Beckman Coulter, Fullerton, CA). The rate of cell extraction was found to be comparable to
a sample tube pressurized using a FACScan flow cytometer.

Testing Responsiveness of U937 cells
Two methods were used to measure cell responsiveness. The first exposed U937 cells to
shear from a Fischer Scientific Mini-Vortexer at 3200 RPM for 10 s. The second method
obtained calcium signaling without shear by adding 10 μM ATP to activate the nucleotide
receptors constitutively expressed on U937 cells (P2Y2, and P2Y6) (37-39). Typical results
for healthy cells are shown in Figure 2A and B, where an increase in Fluo-4 signal indicated
intracellular activation.

Real-time Flow Using Cells
To determine if changes in FL1 (Fluo-4) signal were due to shear activated U937 cells, three
different staining techniques were used. Figures 3A, B, and C show cell staining with Fluo-4
(upper figure), Fura Red (center figure), and CFSE (lower figure), respectively. Fura Red
fluorescence decreases when the indicator is bound to free calcium while Fluo-4 increases.
Both calcium indictors showed that the intracellular calcium levels change in response to
shear. Figure 3C shows data obtained for U937 cells stained with CFSE (label intracellular
and cell-surface proteins), which is not sensitive to shear. The decreased Fura Red and the
increased Fluo-4 signal verified that cells responded to shear and the data was not a
mechanical artifact originating from the miniature Couette.

Real-time Calcium Response Induced by Shear
U937 cells were stained with Fluo-4 because of its strong fluorescence intensity. A 1 ml
sample was injected into the Couette and allowed to rest for 5 min. Then the Couette was
pressurized and flow rate adjusted to 1 μl/s without shear for 60 to 120 s. Figures 4A, B, and
C show cellular responses when shear was applied for 30 s at 10 (20 s−1), 100 (204 s−1), and
500 (1022 s−1) RPM, respectively. The data in Figures 5A, B, and C show a comparison of
the relative intracellular calcium between the Couette and the maximum calcium response to
vortexing. Figure 6 shows intracellular calcium response to continuous shear. After 60 s,
shear was applied continuously at 0 s−1, 20 s−1, 204−1, and 1022 s−1. Cell settling was
minimized during a 5 min. rest prior to shear by rotating the inner cylinder at 20 s−1. A shear
rate ~100 s−1 was required before a calcium response was observed.
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DISCUSSION
A novel miniature Couette was constructed to generate uniform shear fields for cells in
suspension and for real-time analysis with a flow cytometer. Regulated air pressure pushed
cells with minimal shear from a Couette to a FACScan flow cytometer. We observed 10s
cell transit times for flow rates of 1 μl/s and with the sample volume pressurized at 6 PSI
(4.1 N/m2).

Sample Uniformity and Delivery Time
Flow check Fluorosphere beads and U937 cells labeled with Fluo-4 confirmed the uniform
rate of sample extraction from the Couette. Figures 3A, B, and C showed that changes to
Fluo-4 fluorescence were due to shear and not a miniature Couette artifact. This was
especially evident for Fura Red in which decreases in fluorescence occurs when Fura Red is
bound to free calcium (generated by shear). Finally, we also observed constant fluorescence
from non-shear/calcium sensitive CFSE labeled cells. If the reduction in Fura Red signal
were due to changes in the flow cytometer fluid sheath geometry, the forward and side
scatter signal (used for cell identification in flow cytometers; see Figure 2A inset) would
change. No changes were observed when normal FACScan operation was compared to
Couette experiments (data not shown). Figures 3B and C show that sample delivery time
was ~10 s from when the shear was turned on (measured from start of shear to when counts
were recorded).

Count Rate and Shear
After cells had rested for 5 min. the flow rate was adjusted to 1 μl/s. Upon application of
shear the count rates increased (Figure 3C). The larger than average initial count rate was
likely the result of cell settling. This was minimized by slowly rotating the inner cylinder
while the cells rested prior to each experiment. The effect of cell settling was further
minimized by the addition of a 0.2” extraction port located in the lower end cap. Although
count rates were not always uniform the important parameter, fluorescence, remained
constant unless a shear response occurred.

Shear and Intracellular Calcium
Figures 4 and 6 show that shear modulated intracellular calcium and the response was
proportional to the intensity and duration of applied shear. Maximum calcium responses
were achieved for short shear pulses greater than 200 s−1. When cells were continuously
sheared (Figure 6) the intracellular calcium response was dependent on the shear rate; low
shear (204 s−1) gave a slower intracellular calcium response than those for high shear (1022
s−1). A bimodal fit analysis, described in Materials and Methods, showed that the percentage
of cells activated by the Couette increased with shear. The shape of the calcium response
was observed to change for different experiments. Table 2 shows the percentage of cells
activated in the Couette; higher shear induced a larger fraction of all or none calcium
response (40). Figure 6 illustrates that continuous application of low and high shear elevated
intracellular calcium to similar levels after several minutes. The decreased Fura Red signal
can be due to dye leakage during long experiments. However, cross checking the data
obtained with Fluo-4 showed this effect to be minimal. To improve dye retention cells can
be incubated with a calcium indicator and Probenecid (Molecular Probe, Eugene, OR).

Comparison With Other Shear Devices
Currently there are several techniques to generate shear in conjunction with a flow
cytometer. First, magnetic stir bars can be placed inside of flow cytometer sample tube (24).
This method is the simplest way to generate shear. However, the shear field is not defined.
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Another technique pushes samples through tubes (27-28). This technique is limited by non-
uniformity, duration, and strength of the shear field. A third technique uses a cone and plate
or parallel ring viscometer (15, 21, 24, 29). This device is external to a flow cytometer and
requires a means to transport cells from this device to a flow cytometer. One approach
involves manually remove cells and placing them in paraformaldehyde (41). This introduces
additional shear through sampling handling and has limited real-time potential. A second
approach can remove cells by using a peristaltic pump or syringe pump (21). Most external
devices introduce additional shear through sample handling and have limited real-time
capability. A miniature Couette was designed to overcome the above limitations by moving
cells to a flow cytometer with minimal sample handling and within a defined shear field.

In addition, the miniature Couette can facilitate real-time studies of assays involving cellular
interactions in a suspension. These include interactions between: 1) cells expressing a
receptor and a soluble ligand pair; 2) two different cell lines expressing receptor and ligand
pair (aggregation); 3) two cell lines expressing receptor and ligand, where a small molecule
can be added to block the receptor/ligand binding (disaggregation); and 4) cell/cellular
receptor expression and fluid shear response. Additional shear sensitive cells, such as
platelets (42), can be studied with this system.

Cell Signaling
Shear induced intracellular calcium response can be placed in context for the regulation
VLA-4 integrin affinity in real-time by using a vortex mixer (25). Even though the shear
field generated using a vortexer is poorly defined, the intracellular Ca2+ increase
corresponds to VLA-4 activation/higher affinity (15). The VLA-4 integrin can be activated
by changes to intracellular calcium through the use of Ca2+ ionophores (ionomycin and
A23187), in the absence of shear. Thus, regulation of integrin activity is controlled by
intracellular calcium levels. An example of intracellular signaling is seen in Figure 2A.
Shear induced a decreased intracellular calcium response when it was applied after the
addition of ATP. The decrease was due to the depletion of intracellular calcium stores. Both
ATP and shear activate the intracellular signaling pathways that involve the production of
IP3. IP3 is used in the mobilization of calcium from the endoplasmic reticulum (43).
Further, VLA-4 activation and shear induced intracellular calcium response is abolished
using a calcium chelator BAPTA-AM.

Shear can activate surface receptors that are sensitive to mechanical stress (9, 44). The
activation of these sensors allows for a mechanical stimulus to be transferred to inside the
cell in a process called outside-in signaling. Integrin molecules are mechanosensors. For
example, integrins can sense changes to blood flow (45-47). Intracellular calcium signaling
serves a special role in the regulation of the integrin activation (48-50), since calcium levels
control integrin activation (24). Monitoring calcium and integrin changes are accessible in
real-time with the miniature Couette.
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Figure 1.
Schematic of Miniature Couette. A) A photograph of the miniature Couette shows a 19 mm
diameter Teflon inner cylinder within a 20 mm diameter Plexiglas cylinder. White bar
denotes 10 mm scale. B) A schematic of sample flow and air pressure regulation.
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Figure 2.
Testing responsiveness of U937 Cells. A) U937 cells were stained with Fluo-4. Then cells
were sampled with the FACScan for 120 s, 10 μM ATP was added, and sampling resumed.
At 380 s the sample was vortexed for 10 s and then sampling resumed. Inset shows typical
raw forward and side scatter data used as a gate for final plots. B) U937 cells sampled with
FACScan only and vortexed for 10 s.
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Figure 3.
Characterization of calcium response in the Couette. A) U937 cells were stained with Fluo-4
calcium indicator. A 1 ml sample was injected into the miniature Couette and kept in 37°C
water bath. The flow rate was adjusted to 1 μl/s before the inner cylinder was rotated at 500
RPM (1022 s−1) and U937 cell count rate (filled circles, ●) and fluorescence (circles, ○)
were recorded. B) U937 cell were stained with Fura Red calcium indicator. A 1 ml sample
was injected into the miniature Couette and the flow rate was adjusted to 1 μl/s. Then the
inner cylinder rotated at 300 RPM (613 s−1) for 30 s and turned off (0 RPM). U937 cell
fluorescence (circles, ○) was recorded. C) U937 cells were stained with CFSE (labeled
intracellular and cell-surface proteins), vortexed for 10 s, and sampled with a FACScan
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(filled squares, ■). Cells were also sheared continuously at 100 RPM with the Couette
(circles, ○). Count rates for cells sheared at 100 RPM in Couette are shown (filled circles,
●).
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Figure 4.
U937 cell calcium response to pulsed shear. U937 cells were stained with Fluo-4. A 1 ml
sample was injected into the Couette and placed in a 37°C water bath. The flow rate was
adjusted to 1 μl/s. A) Cells were sheared at 100 (204 s−1), 500 (1022 s−1), and 10 (20 s−1)
RPM sequentially. B) Cells were sheared at 10 (20 s−1), 100 (204 s−1), and 500 (1022 s−1)
RPM sequentially. C) Cells were sheared at 10 (20 s−1), 100 (204 s−1), 500 (1022 s−1), and
500 (1022 s−1) RPM sequentially.
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Figure 5.
Cell calcium response induced with a Couette and vortexer. U937 cells were stained with
Fluo-4. A 1 ml sample was injected into a Couette and placed in a 37°C water bath. Or a
cytometry tube was attached to a FACScan. The flow rate was adjusted to 1 μl/s. A) A
comparison of Fluo-4 response to vortexing (open circles, ○) and for shear at 100, 500, and
10 RPM generated using a Couette (circles, ●). B) Dot plot of Fluo-4 response versus time.
Rectangular Region c represents the region of maximal shear response used to fit a Gaussian
curve of Fluo-4 distribution. C) Dot plot of Couette Fluo-4 response versus time.
Rectangular Region a represents the region used to fit a Gaussian curve to Fluo-4
distribution for the resting state and Region b represents the region used in a two Gaussian
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curve fit to extract percentage of cells activated due to shear. A black bar denotes the time
scale of 60 s.
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Figure 6.
U937 calcium response to continuous shear. U937 cells were stained with Fluo-4. A 1 ml
sample was injected into a miniature Couette and was placed in a 37°C water bath. Cells
were incubated in the Couette for 5 min. The flow rate was adjusted to 1 μl/s. Vertical line
indicates time when shear was applied. After 60 s continuous shear was applied at 0 (circles,
○), 10 (20 s−1; squares, □), 100 (204 s−1; filled squares, ■), and 500 (1022 s−1; filled
circles, ●) RPM. Data are normalized to the first 60 s without shear.
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Table I

Estimated Shear in Miniature Couette

RPM Shear Rate at
Inner Radius (1/s)

Shear Rate at
Outer Radius (1/s)

10 21 19

100 215 193

1000 2150 1930
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Table 2

Percentage of Cells Activated by Shear

RPM Shear Rate
(1/s)

Percentage of Cells Activated
(Activated/( Resting + Activated) × 100

10 20 22±5

100 204 48±15

500 1022 49±14
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