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Abstract—A novel in vitro system was developed to examine
the effects of traumatic mechanical loading on individual cells.
The cell shearing injury device (CSID) is a parallel disk viscom-
eter that applies fluid shear stress with variable onset rate. The
CSID was used in conjunction with microscopy and biochemical
techniques to obtain a quantitative expression of the deformation
and functional response of neurons to injury. Analytical and
numerical approximations of the shear stress at the bottom disk
were compared to determine the contribution of secondary flows.
A significant portion of the shear stress was directed in the r-
direction during start-up, and therefore the full Navier-Stokes
equation was necessary to accurately describe the transient shear
stress. When shear stress was applied at a high rate (800 dyne
em™ sec™) to cultured neurons, a range of cell membrane strains
(0.01 to 0.53) was obtained, suggesting inhomogeneity in cellular
response. Functionally, cytosolic calcium and extracellular lac-
tate dehydrogenase levels increased in response to high strain
rate (>1 sec™') loading, compared with quasistatic (<1 sec™?)
loading. In addition, a subpopulation of the culture subjected to
rapid deformation subsequently died. These strain rates are rel-
evant to those shown to occur in traumatic injury, and, as such,
the CSID is an appropriate model for studying the biomechanics
and pathophysiology of neuronal injury.

Keywords—Cellular calcium, In vitro modeling, Mechanical
loading, Shear stress, Strain rate.

INTRODUCTION

The high prevalence and socioeconomic impact of trau-
matic brain injury (TBI) has led to the development of
numerous experimental models, from whole animal to cell
preparations, to elucidate the cascade of events that lead to
impaired function or tissue death. The integration of mac-
roscopic and microscopic injury models is necessary to
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better understand the time course and the underlying
mechanisms of TBI. Basic research can be incorporated
with clinical data to determine tissue tolerance criteria and
to advance pharmacological and rehabilitative therapies.

Inertial loading to the head, in particular, may cause
serious impairment to the brain (11). Relevant loading
conditions and the overall physiological response to trau-
matic inertial insults have been obtained and extensively
studied in whole animal preparations (10). These loading
parameters were subsequently applied to physical models
of the brain (18) to obtain spatial and temporal patterns of
deformation associated with TBI. These deformation pat-
terns, in turn, have been used as the input to isolated neural
tissues and cells (2,7,23). Typical strains and strain rates in
tissues during inertial loading that produce injury are 0.1
to 0.3 and 1 to 10 sec™', respectively (29).

TBI is initiated when the level of an insult surpasses the
structural integrity of the brain or its substructures and
subsequently triggers many interdependent chemical
events (9,27). Ultimately, the cellular and molecular
mechanisms that precipitate the systemic response and the
associated time course must be deciphered to intervene
effectively. Understanding the response of a single cell to
mechanical injury is an important step in the development
of efficacious treatments and improved injury tolerance
criteria. The numerous molecular mechanisms of cellular
defense are complex and interrelated; they are virtually
impossible to identify in a whole organism. The isolation
of cells from a whole organism presents a simple system
for which input parameters can be controlled to character-
ize cellular response to traumatic loading. In addition,
well-characterized cellular injury models provide an op-
portunity for testing potential drug therapies in an experi-
mental setting, a necessary step before introduction of
such agents to whole animal or clinical paradigms.

A number of cell culture models have been developed
to investigate the events following a mechanical insult. For
example, Winston et al. (32) developed a flexible substrate
system that was further modified by Cargill and Thibault
(2) to apply a vacuum pulse to injure neural-like cells
while monitoring intracellular free calcium concentration
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([Ca®*],). Recently, Ellis et al. (5) used a similar system to
stretch astrocytes rapidly and examined cellular morphol-
ogy and membrane integrity. While these systems stretch
adherent cells at varying rates, the actual strain on the cells
is unknown and must be approximated as that of the de-
formed substrate. In addition, because the cells are not in
focus during substrate deformation, it is difficult to acquire
immediate functional data, especially for quasistatic in-
sults. An acceleration injury was also modeled by the mul-
tiple impact device of Lucas and Wolf (17), although the
acute cellular deformation was unknown. Shepard et al.
(26) designed a barotrauma chamber to model traumatic
injury to glial cells and assessed injury by trypan blue
staining. Even though cells may undergo pressure changes
during an acceleration injury, the level of stretch in this
model is also unknown.

A biomechanical approach to modeling traumatic in-
jury in vitro begins by selecting forces or deformations,
and their respective rates, which mimic a specific injury
(Fig. 1). Because the mechanical and functional responses
of a cell are dependent on the parameters of the initial
mechanical insult, the loading conditions must be repro-
ducible over a relevant range of magnitudes and rates.
Quasistatic controls must be attainable when modeling in-
ertially induced injury to determine the rate dependence of
the cellular response. The cell shearing injury device
(CSID) was designed to deliver a variable controlled fluid
shear stress as the mechanical input to deform neurons at
rates associated with both quasistatic loading (<1 sec™)
and inertial injury (>1 sec™"). Once the loading conditions
required to produce relevant cell strains and strain rates

loading
conditions
T, dt/dt

mechanical

response
g, de/dt

functional

response
[Ca2+];

FIGURE 1. The biomechanical approach to modeling trau-
matic injury in vitro. A set of loading conditions are selected
to mimic best the injury to be modeled and to elicit the ap-
propriate mechanical response, Variable rates of fluid shear
stress, dt/dt, are used here to deform neurons (e = strain, de/
dt = strain rate} in a noncontact fashion. Then, functional re-
sponses, such as intracellular free calcium measurements
([Ca**];), can be analyzed and correlated to loading conditions.

were determined, these conditions were applied while a
functional response, namely [Ca®*];, was monitored. Ex-
amining the effects of controlled mechanical loading on
cultured neural cells will provide valuable information in
understanding cellular injury mechanisms.

The fluid shear stress input to the cells in the CSID was
produced by rotating a top disk that transferred momentum
through a fluid-filled chamber to a stationary disk on the
bottom of the chamber where the cells were cultured.
Many similar configurations have been previously used to
apply physiological levels of shear stress to cultured cells
in both steady and pulsatile flows (3,4,19). A parallel disk
design was chosen over a cone disk configuration to pro-
duce a shear stress gradient rather than a constant shear
stress over the plate, yielding more information about in-
sult magnitude per experiment. An advantage of the CSID
over similar shearing devices is that rapid loading rates
may be applied (~800 dyne cm™ sec™"), permitting analy-
sis of rate dependence. In addition, a clear light path per-
mits direct visualization of the cells in either incandescent
or fluorescent light microscope configurations.

Externally applied stresses on adherent cells in culture
can produce changes in adhesion dynamics, total cell de-
formation, and rearrangement of cytoskeletal and mem-
brane constituents, such as surface proteins, receptors, and
phospholipid molecules, all of which depend on the ma-
terial properties of the particular cell and influence the
total physiological response, such as intracellular signaling
(31). In particular, changes in membrane properties, such
as permeability, may lead to the unwanted influx of ex-
tracellular milieu and efflux of cytosolic components. The
membrane deformation and deformation rate, therefore,
are of specific interest when modeling an inertial insult for
the purpose of assessing functional outcome. Because the
gross deformations and deformation rates associated with
inertial loading are known, these provide an estimate of
the loading to individual components. The deformation, or
strain, and the corresponding rate, therefore, constitute the
mechanical response to the imposed loading conditions.

Local cell strain has been extensively studied in single
suspended cells using micropipette aspiration (22) to de-
termine mechanical properties (6,24). Confocal micros-
copy in combination with geometric modeling has been
used to estimate cellular deformation in chondrocytes sub-
jected to a mechanical stress (12). Cytoplasmic strains and
strain rates in locomoting neutrophils have been examined
by following groups of phagocytized microbeads over
time (28). A similar technique was used to calculate the
strain fields on the surface of adherent cells (1,14) and was
employed in the present study.

Measurement of [Ca2+]i was also obtained in real-time,
permitting functional changes to be related to mechanical
strain and strain rate, a crucial step in understanding the
sequelae of traumatic injury. Although intracellular free
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calcium is vital for many cell regulatory and signaling
processes, an excessive sustained accumulation is toxic
and believed to mediate cellular injury and death
(20,25,30). Disturbances of membrane integrity, mem-
brane potential, and transport processes may cause an in-
flux of calcium ions and lead to cellular damage.

The magnitude and rate of strain are determining fac-
tors in the cell’s ability to maintain ion homeostasis (29).
It was hypothesized that mammalian cells have a critical
threshold of strain and strain rate, above which they suc-
cumb and fail both structurally and functionally. Thus,
under high rate loading conditions (>1 sec™), tissue de-
formation causes initial membrane damage, allowing non-
specific ionic shifts across the membrane, leading to mass
depolarization and a deletetious influx of free calcium
ions.

In the present study, we have characterized the fluid
shear stress produced by the CSID through analytical, nu-
merical, and experimental means. We have shown that it is
capable of deforming cultured neurons at rates high
enough to incur functional compromise.

DESCRIPTION OF CSID

The device chosen fo stimulate the cultured cells me-
chanically was a parallel disk viscometer (Fig. 2). The
boundary layer formed on a free rotating disk under simi-
lar conditions (thickness & = 3.6%) (16) is on the same
order of magnitude as the gap distance; therefore, it was
valid to approximate the flow field as Couette flow. The
characteristic Reynolds number (Re = hzm/v) for operat-
ing conditions ranged between 1 and 25. The cell substrate
was a flat quartz disk held by vacuum in a stationary cell
plate on the microscope stage. A cylinder with a flat quartz
bottom comprised the top disk and was driven by a low
inertia direct current motor (Pacific Scientific, Rockford,
IL, USA) coupled through a timing belt. Radial and axial
thrusts in the load (rotating cylinder) were taken up by two
opposing angular contact ball bearings.

The gap distance, 4, between the two quartz disks was
adjusted by means of a vertical micrometer attached to the
cylinder, which was set before each experiment. The gap
distance was calibrated by adding known volumes of wa-
ter to the chamber and adjusting the micrometer until the
fluid completely touched the top cylinder and the edges of
the chamber. Because the shear stress varies radially, the
radial position of the cells was found using x- and y-
coordinate vernier rulers. The cell plate also has injection
and ejection ports to aid in the perfusion of buffers, ago-
nists, or antagonists during experimentation. All experi-
ments were performed at 37 + 0.5°C using a custom-built
heating control system (Dowty Electronic Co., Brandon,
VT, USA) with a nickel/chromium heating element elec-
trically insulated with fiberglass sleeving, and a thermo-

B rotating pieces

micrometer

FIGURE 2. The CSID with designated directional components.
Cells are on a stationary coverslip in a chamber filled with
buffer. Shear stress at the cell plate is generated by angular
velocity of the top cylinder, which is coupled to a motor. The
cylindrical variables used in analyses are illustrated: where h
is gap distance in the z-direction, w is angular speed in the
0-direction, and r is radial distance in the r-direction.

couple feedback (Omega Engineering, Stamford, CT,
USA).

Output voltage to the motor and back electromagne-
tic force (EMF) feedback was controlled by an inter-
face board (Automation for Industry, Inc., Littleton,
MA, USA). Maximum acceleration of the motor was
10,500 rad/sec’, and the motor accelerated the load in 4.15
msec. This takes into account a reduction in speed com-
promised for an increase in torque by using a 4:1 gear
ratio. The motor speed varied linearly with input voltage

(7 = 0.99).
METHODS

Analytical Solution

The velocity patterns in the chamber are dictated by the
Navier-Stokes equation:

av 5
p 5+V-Vv =-Vp +pg+ uVv. (1)
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(The directional components are illustrated in Fig. 2.) The
fluid was treated as Newtonian, and the flow as incom-
pressible and symmetric in the 6-direction. In the 6-direc-
tion, the Navier-Stokes equation reduces to the following
partial differential equation:

% % V, Vg vy [32ve 1dvy vy azve]
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for which no closed-form solution exists.

A first-order approximation of the azimuthal velocity
upon start-up was obtained by setting v, and v, equal to 0.
This simplifying assumption was assumed to be valid be-
cause the radius is much greater than the gap distance (r/h
> 50), and thus the geometry can be approximated as two
infinite flat parallel disks. Simplifying Eq. 2 and substi-
tuting nondimensional terms (r* = r/h; t* = tv/h?;, 2% =
Pl vy = vylhow) yields:
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In start-up problems, it is convenient to solve for the
difference between the steady-state solution and the actual
velocity (15):

rwz
Vg = v — v = vgF — PRk (v = T)' 4)

Assuming the solution has the form vy' = rG(z)H(f), the
equation further reduces to a parabolic partial differential

equation:
'g* azv'e*
arr | g2 | )

The boundary conditions are:

Viet(r*,0*)=0 all =0
Vie*(r¥l ¥y =—r¥z* all t*=0. (6a)
The initial condition is:
Vig*(r*,2%,0) = 0. (6b)
Solving by the method of separation of variables, the
azimuthal velocity component is:
Ve (r¥ % 1) =

e n

=1
%k %
r¥z¥ 4+ 2r E o

n=1

exp(—n*wir*)sin(nm 2%).  (7)

For a Newtonian fluid, the shear stress acting on the wall
is the velocity gradient multiplied by the viscosity. The
shear stress at the cell plate can then be approximated by
the following expression (in dimensional terms):

Teell plate =

v wr - . —n’mlvt
W o= | 142 2 (F1)" exp( ) |-
n=1

2 I'%
(8a)

The steady-state solution is approximated by:

. vy or
Teell plate = lim (_'H(a_z)zd))t_)w =-K ‘h— (8b)

Flow Visualization

To visualize the flow patterns during start-up, food col-
oring (0.5 wl) was added to a glass-bottomed replica of the
cell plate 0.5 cm from the outer edge and allowed to dry.
Distilled water was added slowly and the top cylinder
lowered and the gap distance set to either 0.025 or 0.050
cm. The top cylinder was started impulsively to final
speeds of 500 or 1000 rpm (52.5 and 105 rad/s). For
steady-state runs, the dye was injected from a port in the
outer edge of the bottom plate after the top cylinder was
accelerated. Video was recorded (Panasonic SVHS AG-
1960) and superimposed with a frame code generator
(Sony FCG-700). Video was slowed down to one frame
per second to survey the frames of the first few revolutions
after dye dissolution.

Numerical Solution

The full Navier-Stokes equation (Eq. 1) was solved by
the finite element method using the numerical analysis
program FIDAP (F.D.I., Evanston, IL, USA) on a IBM
RS-6000 computer (IBM Corp., Armonk, NY, USA) to
determine the contribution of the radial velocity compo-
nent to the shear stress at the bottom disk. An axisymmet-
ric model representing the flow domain was constructed
using 9-nodal quadrilateral elements. The meshing strat-
egy was optimized to produce finer meshing in the regions
of higher flow gradient near the outer radius. Numerical
simulations were conducted for gap distances of 0.025 and
0.050 cm and top disk speeds of 52.5 and 105 rad/s. For all
simulations, the no-slip condition was applied at both disk
surfaces and chamber sides. For the transient analysis, the
acceleration of the top plate was prescribed as measured
experimentally from the back EMF of the motor (Figure
3). The method of successive substitutions with residual
vector convergence tolerance of 2% was used to obtain
steady-state solutions, whereas an optimized implicit trap-
ezoidal integrator with variable time steps was used for the
transient analyses.

Cell Culture

NTera 2/cl.D1 (NT2) cells were maintained according
to the methods outlined by Pleasure et al. (21). Briefly,
undifferentiated NT2 cells were differentiated by treating
with 10 M retinoic acid (Sigma Chemical Co., St. Louis,



Cell Shearing Device to Examine Response to Injury 669

1000

800
600 —
400

200 W

0 ey

speed of top cylinder (rpm)

-200 T T T T 1 gl T
03 -02 01 00 01 02 03 04 05 06

time (sec)

FIGURE 3. The time versus velocity profile of the motor used
with the CSID as measured by the back EMF signal. Signal
shown is a sample pulse for a rapid acceleration, or high rate,
insult. Angular velocity is given in revolutions per minute
(rpm).

MO, USA) in Dulbecco’s modified Eagle’s medium
{Gibco BRL, Grand Island, NY, USA)/10% fetal bovine
serum (HyClone, Logan, UT, USA) with pen/strep (Gibco
BRL) twice a week for 5 weeks. Differentiated neurons
(NT2-N cells), maintained in Dulbecco’s modified Eagle’s
medium/5% fetal bovine serum with mitotic inhibitors and
pen/strep, were seeded onto poly-D-lysine (10 pg/ml) and
Matrigel (Collaborative Biomedical Research Products,
Bedford, MA, USA) coated disks at a surface density of
1.2 x 10°/cm?, and no differences in cell density were ob-
served across the disk in the 21 days before experimenta-
tion.

Measurement of Cell Strain

A 1:100 dispersion Fluoresbrite 0.5-pm diameter mi-
crospheres (3.64 x 10'!/ml) (Polysciences, Inc., Warring-
ton, PA, USA) in control saline solution [CSS (in mM):
120 NaCl, 5.4 KCl, 0.8 MgCl,, 1.8 CaCl,, 25 HEPES, 15
glucose] was allowed to attach (10 min at 37°/5% CO,) to
the plasma membrane before stimulus. The cells were
placed in the CSID as described below, and video was
recorded (Panasonic SVHS AG-1960) and superimposed
with a frame code generator (Sony FCG-700) before, dur-
ing, and after the mechanical stimulus. The video was
slowed down to one frame per second, and selected frames
were chosen and downloaded to a Macintosh computer for
analysis using NIH Image 1.54. The second frame (66
msec) after loading was used to measure strains during the
stimulus to minimize out-of-focus error associated with

motor start-up. Beads were digitized, and the Lagrangian
strains were computed by tracking triads of beads in the
rf-plane (Fig. 4). A computer program to locate the inten-
sity center of a microsphere was used to minimize error
associated with manual measurement. Principal strains
were therefore calculated to within + 2% of the total prin-
cipal strains, which is far less variability than seen among
a population of cells.

The principal axes were defined as the - and 6-direc-
tions to correspond with the geometry of the system and
verified by solving the eigenvalue Eq. 12 below. For plane
strain:

dS* - dS; = 2E,dada; where i,j = 1102(1,2 = r, 0),
&

and Ej; is the Lagrangian strain tensor given by:

E ; Ou; Oy duy 10
2 (aaj - oa; - da, aaj)‘ (10)

Equation 9 was expanded to find the finite plane strain
components E,;, E,,, and E,,:

Aag

before loading

@

d NN
A% )(_/As S
AX4

during loading

FIGURE 4. The triad method used to calculate cellular strain.
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FIGURE 5. Analytical and numerical solutions to shear stress
at the bottom disk in the CSID. Symbols represent results
from FIDAP simulations for each case of angular speed, o, and
gap distance, h, denoted. Lines are the corresponding results
from analytical approximations.

(AS? - AS?), = 2(E; Aa,Aq, + 2E,Aa,Aa,
+EyAa,Aa,), i=1t03. (11)

The principal strains and directions were found by solving
the eigenvalue problem:

(E;—Ed WP =0 for k=12 12)

E, was taken to be the larger of the two principal strains
and is the strain reported in the results. A similar method
was used to calculate the cytoplasmic deformation in lo-
comoting neutrophils (28).

[Ca®* ], Measurement

[Ca®*], was measured using the dual excitation cal-
cium-sensitive dye Fura-2 (Molecular Probes, Eugene,
OR, USA) and a quantitative fluorimeter (Olympus and
Hamamatsu, Japan). Cells were rinsed with CSS and
loaded by a 30-min incubation at 25°C with 3.6 uM of the
acetoxymethyl ester of Fura-2 (Fura-2 AM). The cells
were then rinsed with CSS and mounted on an Olympus
IMT-2 inverted microscope (Olympus, Japan). The injury
device was lowered onto the cells as described below.
Fura-2 was excited at 340 and 360 nm to detect changes in
[Ca®*];, which cause the ratio of the emission spectra at
these wavelengths to change. Background fluorescence
was subtracted before [Caz‘“]i determination. A calibration

curve was generated (Molecular Probes) and used to cal-
culate the [Ca**]; from individual cells in conjunction with
the fluorescence imaging software CASALS (v.2.2E;
Olympus, Japan).

Simultaneous strain and calcium measurements were
done by first incubating cells with Fura-2 AM for 25 min.
After a buffer rinse, a 1:100 solution of carboxyl-coated
blue FluoSpheres (2.91 x 10''/ml, 0.5 um diameter, exci-
tation wavelength: 360 nm, emission wavelength: 415 nm)
(Molecular Probes) was added to the cells and incubated
for 10 min at 37°C/5% CO,. Cells were rinsed and ex-
periments were conducted on a Nikon Diaphot microscope
coupled to a silicon-intensified tube camera (Hamamatsu,
Japan) that recorded directly to an optical memory disk
recorder (Panasonic, Japan) at 30 frames per second. A
baseline image at 360 nm was taken, and then experiments
were performed during 340 nm excitation. A 360 nm im-
age was taken at the end and averaged with the first prior
to ratio analysis. Both beads and Fura dye were visible at
the emission of these wavelengths. No more than 100
frames were collected to minimize photobleaching, and
measurements were taken from the second frame after the
start of the stimulus. Strain measurements were done in
MetaMorph (Universal Imaging Corporation, West
Chester, PA, USA), and calcium ratios were analyzed us-
ing MetaFluor (Universal Imaging Corporation).

Injury Paradigm

The same protocol was used for both deformation and
[Ca®*); experiments under injury and control conditions.
Cells were prepared either to study deformation (mi-
crobead incubation), [Caz*”]i (Fura 2-AM incubation), or
both. The quartz disk was then placed in the microscope
stage cell plate and held in place using a vacuum. CSS was
added to the cells, and the top cylinder was lowered onto
the microscope stage and adjusted using the vertical mi-
crometer to a gap distance of 0.025 cm. The motor con-
trolling the rotation of the top cylinder was either triggered
from the motor control interface board (rise time = 25
msec, duration = 200 msec, high strain rate protocol) or
by manually dialing the potentiometer controlling the cur-
rent to the motor (rise time = 2.0 sec, duration = 4.0 sec,
low strain rate protocol).

Injury Assessment

Lactate dehydrogenase (LDH) release was assayed
from the extracellular bath (Sigma) before the mechanical
stimulus, immediately after the stimulus, and at 30 min, 3
hr, 15 hr, and 24 hr poststimulus to measure any loss in
membrane integrity. Cell viability in individual cells was
assessed using calcein (4 pM) and ethidium homodimer-1
(4 wM) fluorescent probes (Live/Dead Viability/
Cytotoxicity kit; Molecular Probes) at 24 hr for different
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radial distances because LDH measurements represent an
average value for the entire culture dish.

RESULTS

The analytical approximation to the start-up problem is
plotted in Fig. 5 and shows the development of the shear

FIGURE 6. Flow visualization in the CSID.
(a) Steady state, h=0.025 cm; (b) start-
up t=0, h=0.025 cm; (c) start-up t=66
msec, h=0.025 cm; (d)} start-up t=0,
h=0.050 cm; (e) start-up t=66 msec; {f)
components of the velocity shown for
two separate dye experiments. The v,
component is smaller during steady state
and start-up for narrow (h/r<0.01) gap
distances, depicted in the outer trace,
than for larger {h/r> 0.01) gap distances,
as illustrated in the inner trace.

stress at the bottom disk for different speeds and gap dis-
tances at a fixed radius (1.0 cm). Although the exponential
terms decay with n°, the first 10 terms of the series ex-
pansion contributed to the momentum diffusion from the
rotating disk to the cells for early time points (<20 msec).
Whereas the steady shear stress magnitude can be con-
trolled by both the speed of the rotating disk and the gap
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TABLE 1. Comparison of analytical and numerical calculations for shear stress values and
times to develop maximum stress at the bottom disk of the CSID for a fixed radius

{r=1.0 cm).
Analytical/ h=0.025 cm h=0.025 cm h=0.05cm h=0.05cm
Numerical w=525rad/sec =105rad/sec =525rad/sec =105 rad/sec

Steady analysis

Trmax (dyne/cm?) 21.21/21.46 42.42/43.89 10.60/11.35 21.21/22.06
Unsteady analysis

Toax (dynefcm?) 21.21/21.45 42.42/43.64 10.60/11.35 21.21/22.06
Time to reach 95%

(msec) 23.8/25.2 23.8/24.4 93.5/83.7 93.5/79.6

distance between disks, the transient profile is dictated by
the gap distance. The shear stress was calculated to de-
velop to 95% in 23.8 msec for the small gap distance,
0.025 cm, for both 52.5 and 105 rad/sec. For a 0.050 cm
gap distance, shear stress at the bottom disk took 93.5
msec to develop to 95% for both angular velocities.
Flow visualization indicated that the flow was laminar
and undisturbed for gap distances of 0.025 and 0.050 cm.
At a gap distance of 0.100 cm, recirculation patterns in the
outer radial half of the chamber were evident in the first
revolution, probably due to boundary layer separation;
therefore, this setting was not used. When viewed from the
z-axis, a spiraling pattern of the dye toward the center of
the disk suggested the presence of secondary flow due to
inertial effects (Fig. 6). Flow in the radial direction con-
tributed to the velocity field for both start-up and steady
state profiles. The ratio of v, to v, was less for steady-state
flow than for the start-up regime and less for smaller gap
distances, which better approximate infinite disks.

0.30
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neurites clump singles

FIGURE 7. Comparison of strain in cell processes, or neurites,
cells within a clump, and individual neurons. Bars represent
the average strain for 8 neurites, 13 cells within cell aggre-
gates, and 19 single cells. Error bars are the standard error of
the means.

Steady-state shear stress at the bottom of the chamber
was slightly higher when obtained from numerical solu-
tions schemes (within 7%) (Table 1). Velocity in the z-
direction was negligible for all cases. The time course for
shear stress development in the unsteady problem for the
numerical computation agreed reasonably well with the
analytical approximation. Simulations for a gap distance
of 0.025 cm and both angular velocities tested (52.5 and
105 rad/sec) reached 95% of steady state at 25.2 and 24.7
msec, which were slightly longer times (within 6%) than
analytical calculations. The larger gap distance cases, on
the other hand, developed to 95% of the steady state in less
time, 83.7 msec and 79.6 msec (within 15%).

7,» dominated the total shear stress the first 50 msec for
the larger gap distance and the first 8 msec for the smaller
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FIGURE 8. Time course of strain in neurons in the same ag-
gregate or clump of cells. The same eight cells are averaged
for each time point. Error bars represent the standard error of
the means. The fluid shear stress, 7, illustrated above the
graph, corresponds to the following loading parameters:
magnitude, 20 dyne/cm?; rise time, 25 msec; and duration,
200 msec.
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FIGURE 9. The correlation between cellular strain and relative
calcium changes. A value of 1.0 corresponds to no change.
n = 14 cells for 8 separate experiments.

gap distance. For example, at steady-state conditions T,
was 67% of the total stress for the larger gap distance
versus 31% for the smaller gap distance, and 7,4 was 74%
versus 95%, respectively. This shifting of dominant flow
patterns indicated the better approximation of infinite
disks (where 7, equals 0) for smaller gap distances.

The strain and strain rate for cell bodies and processes
of the NT2-N cells were found to vary widely for a given
shear stress stimulus and arrangement (Fig. 7). All strains
reported are the larger principal strains, in the principal
direction, usually in the 6-direction, whereas the smaller
principal strains were almost always very close to 0. For
an insult with a magnitude of 20 dyne/cm? a rise time
of 25 msec, and a duration of 200 msec, strains varied
from 0.01 to 0.52 (0.18 = 0.03, mean + SEM, r = 32 cell
bodies). Cells in clumps of four or more had lower aver-
age strains (0.12 = 0.05, mean = SEM, n = 13 cell bod-
ies) than single neurons (0.22 x 0.05, mean + SEM,
n = 19 cell bodies). Uniaxial strains in the neurites, cal-
culated as a stretch ratio [\ = (I —1{,)/I,] were also mea-
sured and found to vary from 0.02 to 0.17 (0.08 +0.02,
means + SEM, n = 8 neurites).

The strain from the cells within a group of eight cells
over several frames was calculated to obtain a transient
response to loading (Fig. 8). At the onset of loading, these
strains corresponded to strain rates >1 sec™, a rate thought
to be a threshold for cellular and tissue dysfunctions. Be-
cause the temporal resolution of standard video frame
sampling is 30 Hz, typical strain rates used were estimated
to be 2 to 10 sec™! (high strain rate) and 0.02 to 0.1 sec™!

(low strain rate). The rise time of the shear stress was
either 2 sec or 25 msec, depending on the loading protocol,
and this was taken into consideration when approximating
strain rates. Directly after the stress was removed, strain
levels dropped to 0.04 + 0.01 (mean + SEM, n = 8 cells)
from 0.12 + 0.05. By 0.5 sec after the stress was removed,
most of the cells had returned to the preloaded deforma-
tion state (0.01 +0.005), indicating that the beads were
firmly attached to the plasma membrane, and were not
merely rolling on the surface of the cells.

Plane membrane strain calculated 66 msec into the
loading correlated well with relative calcium changes
(* = 0.75) taken at the same time point (Fig. 9). Quasi-
static, or low strain rate, experiments resulted in no sig-
nificant calcium increase. There was no difference in de-
formation or calcium response for different gap distances
(0.025 cm, average de/dt = 9.2 sec”), n = 5 and 0.050
cm, average de/dr = 2.3 sec”’, n = 3), indicating that
strain rates beyond 1 sec™! unequivocally elicit a calcium
influx (1.17 = 0.05, relative change + SEM), perhaps in a
thresholding fashion.

[Ca®*]; was found to increase within 1 sec of applica-
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FIGURE 10. The rate dependence calcium response in neurons
subjected to high rate and quasistatic shear stress, 7. Each trace
represent an individual cell from a representative experiment.
(a) Rapid fluid shear stress (pulse indicated by solid vertical line:
=20 dyne/cm?, rise time = 25 msec, pulse duration =200
msec) causes an immediate rise in intracellular free calcium. (b)
Quasistatically applied shear stress (indicated by gray box:
7= 20 dyne/cm?, rise time = 2 sec, duration =4 sec} elicits little
or no increase in intracellular free calcium.
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FIGURE 11. Time course of LDH release
in injured neurons. Each bar represents
the average of eight experiments. Error
bars are the standard errors of the
means. Control cells were loaded into the
CSID but not injured; the hatched bars
represent quasistatic experiments (v = 20
. dyne/cm?, rise time = 2 sec, duration =4
[ sec); and the cross-hatched bars symbol-
ize LDH values for high rate experiments
{r =20 dyne/cm?, rise time = 25 msec,
duration = 200 msec). *Significant from
controls (p < 0.02); **significant from
quasistatic controls (p < 0.02).
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tion of fluid shear stress. Resting levels of [Ca®*]; were 50
to 80 nM and rose significantly to levels of 200 to 500 nM
in response to high strain rate loading conditions. Low
strain rate loading conditions produced no significant cal-
cium response (Fig. 10). These results indicate that cul-
tured neurons have a threshold rate dependence to me-
chanical loading. LDH release from NT2-N cells subjected
to high strain rate loading conditions at 24 hr was signifi-
cantly higher than static and quasistatic conditions (Fig.
11). In addition, staining with Live/Dead stain 24 hr after
the insult revealed an increasing number of dead cells
from the center of the disk to the outer radial edge for high
rate experiments (Fig. 12).

DISCUSSION

In vitro modeling of inertial injury in neurons provides
an opportunity to control and simplify the complex load-
ing environment that accompanies TBI, yielding informa-
tion about cellular function that would otherwise be diffi-
cult to attain. In particular, the CSID allows controlled
hydrodynamic stress to be applied, while measuring cel-
lular response. This model isolated a component of trau-
matic injury, namely rapid deformation of neurons, which
is characteristic of several clinically relevant forms of
brain injury (9). The influence of systemic effects was
eliminated, permitting greater control over the immediate
environment. The simplified setting of a cell culture sys-
tem allows greater control when introducing pharmaco-

15 hrs

24 hrs

logical agents and presents a basic framework on which
multiple cell systems and in vivo experiments can be
based.

The usefulness of a cell culture model relies on the ap-
propriate design and implementation of the apparatus. Mod-
eling acceleration injury on a cellular level requires an esti-
mation of the relevant mechanical surroundings to best
mimic the loading conditions that the cells experience. It is
not merely enough to damage cells, because the deformation
of the cells in unknown. Understanding the mechanical re-
sponse is equally important as uncovering the functional out-
come, because it is an initial mechanical event that triggers
biochemical events. Ultimately, it is the mechanism by which
the outcome measure occurs that is of interest and, therefore,
it is critical that the loading be accurately characterized.

A force on the cells was generated by rapid fluid flow,
an input that was readily quantified using basic fluid dy-
namics principles. Although the initial approximation of
the shear stress from the azimuthal velocity was reason-
able, visualization of the flow in the CSID indicated that a
degree of radial velocity contributed to the total flow field
for all configurations. Therefore, a finite element analysis
was conducted to determine the influence of the radial
component of velocity to the shear stress at the bottom
disk. The magnitude of resultant shear stress calculated
from both numerical and analytical means agreed very
well. Smaller gap distances better approximated the as-
sumption of infinite disks used in the first-order analytical
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derivation, which is depicted in the dye experiment where the
ratio of vectors in the r-direction to the resultant vector is
much less for 0.025 cm than for 0.050 cm. The differences
between the two solution schemes (Fig. 5) at small time
points may be attributed to the elimination of v, terms. For
the smaller gap distance used, this difference was not de-
tected, but in the # = 0.050 cm case, deviations in the start-
up profile were evident. As expected, solution of the full
Navier-Stokes equation was a better estimation of the start-
up profile for the shear stress at the bottom disk of a paralle]
disk viscometer configuration, especially for A/r values
>0.02. The azimuthal velocity solution scheme, rather, is
better suited for estimations of steady-state problems.

Although the macroscopic flow patterns can be accu-
rately described, the actual fluid shear stress on the cells is
affected by spatial orientation and location of the cells on
the cell plate and by cellular geometry. To relate mechani-
cal input to cellular response, ideally the force on each cell
should be known. Because of the difficulty in measuring
individual cell forces, we assumed that the shear stress was
uniform across a microscope field of cells and the same as
for an equivalent plane wall. The shear stress distribution
varied <2% for a field of 200 pm. Furthermore, the dis-
tribution of shear stress over the cells was considered
when interpreting the strain data.

The mechanical response, namely cell surface strain,
was measured by using fluorescent video analysis. This
technique can be used in any device given that the sub-
strate does not move during stimulation. Many investiga-
tors report the strain or displacement experienced by the
substrate to which the cells are attached (2,5,32). Without
knowing the complex dynamics of the cell-substrate at-
tachments, it is an estimate to describe strain in this man-
ner. In fact, Barbee et al. (1) found anisotropic strains
between cell bodies and lamellipods in smooth muscle
cells subjected to a uniform substrate strain. Using fluo-
rescent microbeads, it is possible to obtain a more realistic
approximation of strain and strain rate that a cell experi-
ences under a given set of loading conditions.

The wide range of strains observed may be explained
by the variation in local forces, and in the organization and
morphology of the neurons studied. NT2-N cells exhibit
polarity and usually have one axon and many dendrites
projected from a hemispherical cell body when in a two-
dimensional culture. The physical interaction between
cells (i.e., whether cells are in clumps or are by them-
selves) may alter the force a cell actually experiences. The
surface area exposed to flow forces is greater in single
cells than for individual cells within a clump. The actual
force on a hemispherical mound on an infinite wall was
calculated to be 4 times greater than that for a plane wall,
even if the dimensions of the protrusion (cell) are much
less than the dimensions of the chamber (gap distance)
(13). This analysis by Hyman(13) also identified a distri-
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FIGURE 12. Live/Dead stain in injured neurons at 24 hr. Cal-
cein-loaded cells appear green; the dye is trapped in viable
cells, because an active cytosolic esterase must cleave the
acetoxymethyl ester off the fluorescent probe to be seen.
Dead cells appear as small red dots, which are ethidium ho-
modimer-loaded nuclei. This DNA stain can only cross the
membranes of dead cells. Cells were observed using a filter
set with an excitation range of 450-490 nm; dichroic, 510 nm;
emission, 520 nm; and a Nikon 10x fluorescent objective. Geo-
metric axes for velocity directions are shown. {a) Cells at the
center of a disk where v =0; (b) cells at the radius used for
calcium measurements (r= 1.0 cm) on the same disk, v =20
dyne/cm?; and (c) cells at the outer edge (r=2.5 cm) of the
same disk, T = 50 dyne/cm?2.

bution of normal forces over the mound that are dependent
on the local flow field, which would combine with the
tangential forces to determine the deformation of the
mound. Neurons are rather spherical in shape and these
considerations readily apply. This may also explain why
neurites experience less strain than cell bodies, whether
they appear in singles or in clumps. There may also be
differences in regional adhesion properties within a cell
that may account for differences in mechanical behavior.

The orientation of the cells may also influence the me-
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chanical response. For instance, if the processes of a cell
were aligned in the O-direction, it may experience more
stress than a cell aligned in the r-direction, due to a greater
T,e- Similarly, if a cell body were imbedded in an aggre-
gate of cells, it may be protected, both from a mechanical
standpoint (the force would be distributed such that each
cell would be exposed to only a fraction of the total force)
and from a chemical standpoint (diffusion of extracellular
substances would be limited due to reduced surface area,
and uptake of expelied intracellular milieu would be
shared by more cells, reducing the amount of buffering
responsibility per cell). In fact, single cells had higher
strains, higher peak calcium values, and were more likely
to die than cells in clumps of four or more cells as mea-
sured by the Live/Dead stain.

The strain measured in this system is the plane strain on
the top portion of the cell in the r8-plane. Other strains
(i.e., strains in the zr- and z0-planes) may play a role in the
response and, although they were not measured here, war-
rant consideration. The strain rates given here may also be
underestimated. The strain produced in the cells must
slightly lag the onset of stress due to the intrinsic visco-
elastic properties, yet the earliest time point available for
analysis was 66 msec, at least twice as long as the time for
the shear stress to reach a maximum value.

The extent of cellular damage that occurs is hypoth-
esized to be a function of the deformation and rate of
deformation. Due to the viscoelastic nature of cells, the
resulting force in cells deformed at a low rate (<1 sec™) is
lower than for high rate (>1 sec™!) conditions, leading to
different mechanical behavior. In addition, high strain
rates do not allow the cell constituents time to rearrange
and adjust to the stress; therefore, even a small deforma-
tion may be enough for physical disruption of the cell.
Rate-dependent cell damage is hypothesized to arise as
transient membrane pores (29), through which free cal-
cium enters and LDH effluxes. [C212+]i increases measured
within the first 100 msec of loading corresponded with
cellular strain, indicating that a change in membrane prop-
erties may be linked to the deformation response of the
neurons to hydrodynamic shear forces. Furthermore, si-
multaneous measurement of strain and [Ca2+]iindicated
that strains in cells subjected to the same level of stress
varied, as did the calcium response, implicating strain as
an instigator of cellular response. It is important fo corre-
late the strain and strain rate with the extent of damage in
this manner to develop tolerance criteria at the cellular
level.

High strain and strain rates may increase the membrane
permeability. A stretch-induced increase in membrane
conductance to several ions, including calcium, has been
observed in several tissue and cellular systems
(2,7,8,14,23,33). Calcium influx may be caused by an in-
crease in membrane permeability due to high strains and

strain rates. We have shown that high strain levels can be
generated and that [Ca®']; changes are dependent on the
strain rate.

Not only does [Ca®*]; increase, but in cultures with this
acute response cell damage and death were evident at 24
hr, implicating high levels of cytosolic calcium in the in-
jury cascade. When extracellular calcium was removed
from the bathing buffer, the acute calcium response was
reduced and the cells protected from damage at 24 hr,
indicating that, although the calcium signaling cascade
may be complex after mechanical loading, the continued
influx of calcium is necessary for cell death in this model
(data not shown). The immediate (1-min postinjury) re-
lease of LDH, regardless of extracellular buffer composi-
tion, suggests that a mechanical breakdown of the cell
membrane is a prominent part of the acute response, be-
cause a chemical insult gradually causes a loss in mem-
brane integrity over 24 hr. Live/Dead staining at 24 hr
confirms that the neurons are dying and that the rate of
loading, and therefore the rate of deformation, is important
in the response of NT2-N cells to shearing injury. The
detachment of cells at the outer radial edge could be due to
the high rates of loading combined with high levels of
shear stress or to subsequent cell death and detachment.
Because early time points revealed a low number of cells
at the periphery of the disk, the former is a more likely
explanation. The radius at which calcium measurements
were taken (r = 1.0 cm) was exempt from this loss of
cells, however. Viewing the neurons using Live/Dead
staining qualitatively illustrated the cell death resulting
from shear-induced deformations.

The injury model described here has a wide range of
applications within cellular biomechanics. The importance
of loading rate is apparent and should be considered when
describing the effects of mechanical loading of cultured
cells. Within the trauma field, the variable and reproduc-
ible mechanical input to the cells is critical when compar-
ing injury patterns to control conditions. The deformation
and functional responses to various levels and rates of
mechanical inputs can then be confidently measured. A
single cell type or a multicell system can be used and the
extracellular environment can be easily manipulated and
sampled, rendering it a powerful technique for studying
mechanical injury in vitro. The CSID is capable of real-
time monitoring; cells are visible throughout the experi-
ment, because the substrate to which they are attached
does not deflect or deform. The clear light path also per-
mits observation and measurement before, during, and af-
ter the injury in fluorescent and incandescent light, wid-
ening the ability to measure any physiological parameter
for which tools exist. Once a pattern can be established,
various mechanisms can be investigated by adding appro-
priate agonists and antagonists. Additional chemical in-
sults can be superimposed onto the mechanical trauma as
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well, yielding new insight into the response of cells to
simulated injury.
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