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Abstract—The brain is generally considered protected from me-
chanical forces. However, during traumatic events, cells in brain
tissue are exposed to complex mechanical events including tran-
sient acceleration, pressure, and direct stretch. This paper presents
a model to expose cultured cells of the central nervous system
(CNS) to a defined stretch insult. The system is designed to apply
a single transient uniaxial stretch to cultured cells; control of both
the magnitude and rate of stretch allows study of a broad range of
conditions, from physiologic to traumatic. Distinct from previous
cell-stretching systems, we control the fraction of cells deformed
and examine the response of stretched cells or the surrounding
population of unstretched cells, the “mechanical penumbra,” of
the same culture. Finally, we use this new model with cultured
neurons, measuring the acute calcium response in traumatically
stretched cells and the propagation of this calcium influx in neigh-
boring, but unstretched cells. Stretched neurons exhibit a strain
rate and magnitude-dependent response, unstretched exhibit an
“all-or-none” response. This model will further our understanding
of the complex interaction between mechanical stimuli, resulting
biochemical cascades, and interaction between mechanical and
other challenges, thereby furthering our understanding of the ini-
tiation and evolution of cellular damage following traumatic CNS
injury.

Keywords—CNS trauma, /n vitro model, Fura-2.

INTRODUCTION

Mechanical forces on cells are one of the many signals
that can direct and modulate cell structure and function.
An increasing amount of knowledge across many cell types
demonstrates that mechanical signals can trigger both short-
and long-term changes in cell function and structure; exam-
ples include long-term adaptation of the cell cytoskeleton
and temporal changes in gene expression.>#17:18:26

In the central nervous system (CNS), cells can expe-
rience a broad range of mechanical forces spanning from
normal physiological motions to traumatic injury. For ex-
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ample, estimates of tissue strains in the spinal cord during
normal neck flexion-extension show that segments of the
cord deform less than 7-8% in approximately 2-3 5.6 In
comparison, physical model tests and finite element sim-
ulations of the brain motion during impact loading show
that tissue deformations during impact are applied very
rapidly—typically less than 50 ms in duration—and can
exceed 25% in some brain regions.>*?*3447 The defor-
mation patterns throughout the brain during impact vary
spatially, and it is common to observe predicted areas of
high deformation adjacent to regions experiencing little or
no deformation. Most investigators have associated these
areas of high deformation with injury to the tissue, and
have focused their efforts on understanding the molecular
progression of events that occur in these regions following
traumatic injury. Previous work in vitro has shown rapid
deformations applied to neurons and astrocytes cause im-
mediate changes in the resting membrane potential,® are
associated with a calcium influx,'>20-3543 and can initiate
immediate changes in cell morphology.?10:38:44

Currently unknown is how mechanical deformations
of cells in the CNS can trigger changes in adjacent,
unstretched cells within the tissue. This is an area of
investigation akin to studies of anoxic/ischemic injury
to CNS tissue, where the adjacent tissue penumbra
surrounding the infarct region has been a major target of
pharmacotherapy.'> Hypotheses about the mode of propa-
gation of a targeted insult include the release of glutamate,
nitric oxide, potassium, and free radicals, many of which
act as feedback control over one another.?3-32:3345 In turn,
we propose that there may be a “mechanical penumbra”
surrounding the areas that are deformed directly during
CNS trauma. The propagation of biochemical changes
to the undeformed regions could alter the function of
cells in a strain-independent manner. Accordingly, as with
the penumbra in anoxic/ischemic injury, the mechanical
penumbra may represent a significant therapeutic target
for improving function after traumatic CNS injury.

In this report, we present a technique to examine the
response of cultured neurons to a direct stretch, as well as
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the response of adjacent unstretched cells following stretch.
We use finite element modeling to examine the range of pos-
sible strain conditions that we can apply with our device.
We characterize the strain field applied to cultured neurons,
ensure that this deformation does not propagate to the adja-
cent neuronal population, and show that a single mechanical
stretch stimulus can initiate changes in cytosolic calcium
in the mechanical penumbra region. We view this as a first
step in developing a more complete understanding of how
mechanical deformations can trigger changes in cells of
the CNS under conditions that approximate mechanical in-
jury, providing new insights into therapeutic strategies for
treating the injured nervous system after traumatic insults.

MATERIALS AND METHODS

System Overview

The device is a microscope-mounted system that allows
cultures to be viewed using phase microscopy or standard
fluorescence imaging techniques. Cells are plated on a flex-
ible elastic substrate attached to a stainless steel well, and a
cover plate is attached over the stainless steel well to form
a closed chamber containing the cultured cells, supporting
media, and the elastic substrate [Fig. 1(A)]. A pneumatic
pressure pulse applied to the chamber causes the elastic
substrate to deflect and, in turn, stretch the cultured cells
[(Fig. 1(B)]. A stainless steel plate placed underneath the
elastic substrate controls the portion of the substrate permit-
ted to deflect downward during the chamber pressurization.
By altering the geometry of the material removed from the
underlying rigid support plate, one can control both the rela-
tive fraction of the cell population experiencing the applied
stretch (specified by the area of the removed material di-
vided by the original culture area), as well as the anisotropy
of deformation field applied to cultured cells in the stretched
region (determined from the geometry of the section of
material removed from the plate). A fused silica window
(Esco Products Inc., Oak Ridge, NJ) was incorporated into
the stainless steel plate to allow microscopic observation of
the unstretched portion of the culture. “Sham” experiments
were performed by replacing the entire stainless steel plate
with a fused silica plate and exposing the cells to transient
pressure with no substrate deformation. “Control” exper-
iments were also conducted, where the cell cultures were
placed on the microscope stage but received no pressure or
substrate deformation. Injury parameters were controlled
and monitored for each experiment using a custom data
acquisition system. Substrate deformation was directly pro-
portional to the pressure input to the system, and set by a
two-stage regulator attached to a tank of compressed med-
ical grade air (BOC Gasses, Lebanon, NJ). Pressure input
could be controlled to target the substrate deformation to
within 0.05, or 5% stretch. The chamber pressure was con-
trolled by a solenoid (Parker General Valve, Fairfield, NJ).

Open time for the solenoid was operator controlled from
20.5 to 1354 ms. Chamber pressure was monitored using a
dynamic pressure transducer (Entran, Fairfield, NJ), allow-
ing confirmation of the magnitude, duration, and recovery
of the chamber air pressure. Adjustments to the system
compliance were made such that all onset times (20.5, 205,
and 1354 ms) shared the characteristic linear onset and
exponential decay shown in Fig. 1(B) for the 20.5 ms onset
deformation.

Predicting Mechanical Response of Substrate

Finite element simulations were used to examine the
strain field produced in the substrate with different plate
geometries. The strain field resulting from a circular area
of elastic membrane exposed to a pneumatic pressure is
well characterized.”> We studied the less commonly used
rectangular membrane geometry, which can provide arange
of different local strain fields in the membrane based on the
ratio of the length (L) of the membrane relative to its width
(W). Specifically, we were interested in producing a “con-
strained uniaxial” deformation, where the membrane defor-
mation was much larger in one direction than the transverse
direction (E,,/E,, > 1.0). A commercially available fi-
nite element package (ABAQUS/Explicit, Hibbit, Karlson,
and Sorenson, Inc., Pawtucket, RI) was used to generate a
finite element mesh of several different rectangular geome-
tries to encompass the range of geometries that could be
used in the experimental studies. Symmetry allowed model-
ing of one-fourth of the rectangular region; the top and right
edges were modeled with a supported boundary condition,
and the bottom and left edges of the membrane as axes
of symmetry. Shell elements with a finite thickness were
used in all simulations. Pressure loading was applied to the
top surface of the mesh, and a range of pressure loading
conditions was examined to define relationships between
the applied pressure (P) and both the peak membrane dis-
placement at the center of the membrane (§) and regional
substrate strain [E,(x, y), E,y,(x, y)] that occurred across
the membrane. Mesh refinement studies were performed to
ensure mesh convergence across the range of simulations
conducted. A final mesh resolution of 0.02 mm was used in
all simulations.

The membrane material properties used in the finite
element simulations were derived from testing of silastic
membrane specimens (Specialty Manufacturing, Saginaw,
MI) under uniaxial loading in an Instron electromechanical
testing machine (Model 4206, Canton, MA). Membrane
samples (n = 7 samples; each sample 127-pum thick) were
prepared using a typical hourglass test geometry, with the
width (1.27 mm) and the length (5.46 mm) of the narrow
region held constant across samples. Samples were attached
to the testing machine using standard pneumatic grips, and
marks were placed on the material at the grip points to
examine for possible slip of the material at the grips during
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FIGURE 1. Cell stretch device. An exploded view of the device components (A). The top plate screws directly to the microscope
stage (not shown), forming a sealed chamber. A fused silica window allows the imaging of cells adjacent to the region of stretch.
The transient chamber pressure is measured directly for each experiment, as shown in (B).

the stress—strain test. A ramp-loading profile (2.54 mm/min)
was used to stretch the specimens until failure, and the force
was recorded (5 Hz sampling rate) during the testing period.
Cauchy stress—stretch (o — A) relationships for the mem-
brane were computed from the measured force (F), original
cross-sectional area (A,), initial specimen length (L,), and
the applied displacement occurring in each test (3):

_F |
a_AO (1)
o Lot °

An incompressible first-order Ogden hyperelastic
material®® was used to model the behavior of the membrane
during uniaxial loading:

2
o — _M(Aa—l _ ey, 3)
a

where « and p (Pa) represent the material constants of
the Ogden material, A is the stretch ratio along the axis
of elongation, and o is the Cauchy stress in the mate-
rial. Parameters for the Ogden material descriptions were
computed using a least-squares-minimization procedure
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(IgorPro, Wavemetrics, Inc., Lake Oswego, OR, USA) that
best fit the experimental stress—stretch data.

Using the measured material properties, finite element
simulations were conducted to examine (a) the response of
the membrane to dynamic pressure loading, (b) the potential
change in membrane displacement as the rate of pressure
loading was changed, and (c) the variation in the strain
field along the surface of the membrane as the geometry was
changed from square (L/W = 1.0) to increasingly narrower
rectangular shapes (L/W = 24).

Verifying Predictions of Membrane Mechanical
Response to Pressure

To confirm the predictions from the finite element simu-
lations, measurements of the centerpoint vertical displace-
ment of the membrane were made in response to an applied
pressure loading. For these measurements, one membrane
geometry (L/W = 12) was examined and a rigid plate with
a rectangular slit (18 mm x 1.5 mm) removed was placed
underneath the elastic substrate. Once positioned on the
microscope stage, the membrane (n = 7 samples total) was
inflated to a static position and held at a constant pressure.
The z position of the microscope stage was adjusted to focus
on the membrane in both the undeformed and inflated posi-
tions; the net z movement of the stage was used as a measure
of the peak centerline displacement of the membrane to the
static pressure. For each membrane sample, seven separate
pressures were used to develop a measure of the pressure—
centerline deflection curve over the range of pressures used
in the experimental condition.

In addition to verifying pressure-displacement predic-
tions, measurements of the membrane strain field were
completed by tracking the displacement of fluorescent mi-
crospheres attached to the membrane surface during a range
of static inflation conditions.!? We report substrate strain,
rather than cell strain, because of the difficulty quantifying
the cell strain using fluorescent beads (1-um diameter) that
are similar in size to the cultured cells (10 um in diam-
eter), a situation that could create substantial error in the
calculation of strain locally on the cell surface. Silastic
membranes coated with poly L-lysine (PLL) as for primary
cell plating (see below) were incubated in a saline solution
containing a 1:100 dilution of microspheres (nominally 1-
pm diameter, Molecular Probes, Eugene, OR) and incu-
bated for 10 min. Following incubation, membranes were
rinsed twice to eliminate beads in solution, but not attached
to the substrate. Digital images (1280 x 1024) of the beads
attached to the membrane were taken using a DXM-1200
(Nikon Inc., Tokyo, Japan), with a 40 x objective plus an
additional 2 x magnification from the Multi-Image-Module
(Nikon). All bead experiments were done with 50-pm-thick
membranes and a 1.5-mm-slit plate in place. Images were
analyzed with Scion Image (Frederick, MD), which re-
ported the centroid of each microsphere, excluding clusters

of microspheres. Beads in the inflated membrane region,
as well as the adjacent region of membrane supported by a
fused silica plate, were tracked under the inflation pressures
used in the cell culture experiments.

A bead pair was tracked to determine the initial seg-
ment length (dS,) and final segment length (dS¢) between
the beads. A triad of beads, forming three separate line
segments covering a triangular region on the silastic mem-
brane, was tracked to develop measures of the difference
in line segment lengths ((dS? — ng)i; i =1,2,3) for three
bead pairs. In this analysis, we did not explicitly account
for the potential out of plane bead displacement that oc-
curs when the membrane is inflated to its semicircular
shape. However, after analyzing the radius of curvature for
the largest deformation (50%) and using typical segment
lengths (>100-pixels long), we concluded that the error
in substrate strain measurement from omitting the out of
plane displacement was less than 0.2%, within the range
of error from other sources. The Green’s strain tensor (E;;)
was calculated from the following system of equations:

(dSt — dS3), = 2(Exx AX] + 2Ey Ax; Ay; + E,, Ay})

i=1,2,3

where Ax; and Ay; represent the difference in the x and
y coordinates of the beads for line segment i of the initial
bead pairs. To minimize quantization error in the calculation
of strain, triangles with line segments less than 100-pixels
long, areas less than 500 square pixels, or containing angles
less than 6° were excluded from analysis.

Examining the Response of Cultured Neurons
to Mechanical Stretch

All procedures involving animal use were approved
by the Institutional Animal Care and Use Committee
at the University of Pennsylvania. We used two sepa-
rate culture components—a neuronal (silastic) culture and
a separate glia-rich “support” co-culture—to produce a
nearly pure neuronal culture attached to a flexible, elastic
membrane. Primary hippocampal neuronal cells were iso-
lated from E17-E19 Sprague-Dawley rats (Charles River,
Wilmington, MA). Isolated hippocampi were incubated in
trypsin/DNAse (Roche Applied Science, Indianapolis, IN)
solution for 20 min at 37°C, 5% CO,, and then triturated
in a 10-ml pipette after adding soybean trypsin inhibitor
(Gibco, Carlsbad, CA). Cells were centrifuged for 5 min at
1000 RPM and resuspended in 10 ml of Neurobasal me-
dia (Gibco) supplemented with 2% B-27 (Gibco), 0.5 mM
L-glutamine (L-gln, Gibco), 25 uM L-glutamate (L-glu,
Sigma, St. Louis, MO), and 1% Pen/Strep (Gibco), and
filtered serially through Nitex mesh (Cross Wire Cloth,
Bellmawr, NJ). Hippocampal cell suspensions were diluted
and plated in plating media consisting of Neurobasal me-
dia supplemented with 2% B-27, 0.5 mM L-glu, 25 uM
L-gln, 1% Pen/Strep, and 5% FBS (Hyclone, Logan, UT).
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Cells were plated at 750,000 cells/ml (0.5 ml/well) onto
thin, clear, flexible elastic membranes (silastic, Specialty
Manufacturing, Saginaw, MI) coated with 1 pg/cm? PLL
(Sigma) and 1 pg/ml laminin (Collaborative Biomedical,
Bedford, MA). At 3 h in vitro, all cells from the plating
process were fed again with the plating media. Following
feeding, support cultures that were composed primarily of
glial cells were placed above the silastic cultures without
damaging the freshly isolated cells. These support cultures
were prepared a week prior to plating of the silastic cultures,
and were plated initially at 500,000 cells/ml onto matrigel
(1:8 dilution in ddH,O, Collaborative Biomedical) treated
12 mm millicell wells (Millipore, Bedford, MA); support
cultures were not treated with mitotic inhibitors, resulting in
a glial-cell-rich culture. Once placed above the hippocam-
pal culture, the support culture received the same feeding
and media as the silastic culture. The silastic and support
cultures were fed at 4 and 7 DIV with Neurobasal me-
dia supplemented with B-27, L-gln, and 5% FBS. Cultures
were treated with a mitotic inhibitor (5 uM cytosine B-
d-arabinofuranoside, Sigma) for 24 h starting at 4 DIV.
Prior to conducting an experiment, the overlying support
culture was removed from the culture well, leaving cells
that were well attached to the silastic membrane. All ex-
periments were performed with 10- or 11-day-old silastic
cultures. With this plating procedure, the silastic cultures
at 10 or 11 DIV consisted of 91 + 3.3% neurons, mea-
sured as the fraction of type-III beta tubulin positive cells
with respect to all nuclei labeled with Hoechst (Molecular
Probes). Cytosolic calcium levels were measured in the
silastic cultures after stretch using the ratioable fluorescent
calcium dye fura-2AM (Molecular Probes, Eugene, OR).
Fura-2 is a calcium chelator with k4 = 224 nM,'* making
it most sensitive at physiologic levels of calcium. Cultures
were loaded at 37°C for 45 min with 5 uM fura-2, rinsed,
and then allowed to sit for 10 min in CSS (120 mM NacCl,
5.4 mM KCI, 0.8 mM MgCl,, 1.8 mM CaCl,, 25 mM
HEPES, 15 mM glucose, pH = 7.4, osmolarity adjusted to
330 mOsm with sorbitol). MetaFluor (Universal Imaging,
Downingtown, PA) software was used for all image capture
and analysis. Images were captured using an intensified 8-
bit Hamamatsu CCD (Optical Apparatus, Ardmore, PA).
The excitation shutter and filter wheel were controlled us-
ing a Lambda 10-2 (Sutter Instruments, Novato, CA). Flu-
orescence ratio images (F340/Fg9, 510-nm emission) were
captured at 2-s intervals for 1 min prior to stimulus; capture
continued for 5 min at 2-s intervals following the stimulus.

To analyze the fura-2 fluorescence data, individual cells
were first identified using available software, tracked over
the recording time of the experiment, and the maximum
fura-2 ratio was calculated for each cell in the field of
view. To avoid the displacement gradient near the edge
of the deformed region, cells located only in the center
region of the membrane were used for analysis. To present
the response of the entire cell population, the peak fura-2

ratio information was presented using cumulative frequency
plots. With this plot format, the relative fraction of cells
that showed a peak ratio less than a given value could be
read directly. Moreover, the shift in the response of the cell
population under different experimental conditions could
be viewed directly by the shape of the cumulative frequency
plots.

STATISTICS

For calcium imaging of mechanically injured neurons,
a minimum of three separate culture wells were used
for each experimental group studied, with an average of
50 + 20 cells analyzed per culture well. To avoid cell iso-
lation bias, cultures used for each experimental group were
spread across a minimum of two separate cell isolations. An
initial statistical analysis using a nested design showed that
neither cell isolation nor well ID were significant factors in
the analysis, and therefore data within each experimental
group was grouped accordingly. Statistical analyses were
performed using SAS V.8 (Cary, NC). Since the peak cal-
cium levels varied over three orders of magnitude, the fura-2
ratio data were analyzed using a generalized linear model
with a log link function; the natural log of the mean of the
data was modeled as a linear function of the factors.?! The
variance at any combination of main effects (strain, onset,
treatment, and region) was modeled as the square of the
mean of the data. Wald tests were used to determine signif-
icant differences between specific combinations of factors.
A Bonferroni correction was used to adjust for multiple
comparisons.'®

RESULTS

Anisotropy of Substrate Strain Field Is Adjustable through
Membrane Geometry

Across different membrane geometries, the strain field
predicted from finite element simulations at the center of the
membrane changed from an equibiaxial field (square geom-
etry) to a strain field that was aligned principally along one
axis of the membrane (Fig. 2). Although the square geome-
try produced a membrane deformation field that was equib-
iaxial at the centerpoint of the membrane (E,,/E,, = 1),
the membrane strain quickly became nonuniform beyond
the membrane center. For narrow membrane geometries, a
much larger deformation was produced across the width of
the slit (E ) in comparison to the deformation along the slit
length (E,,). Beyond geometries where the length was ap-
proximately 8 times the width of the membrane, the defor-
mation field was principally uniaxial (E,,/E,, < 0.001).
We chose to study this uniaixal deformation field in more
detail, and selected a long, narrow geometry (L/W = 12.0)
that produced a highly anisotropic strain field (E,,/E,, <
1072) for subsequent experiments and simulations. In all
membrane simulations with this geometry, the mesh was
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FIGURE 2. Anisotropy of the strain field at the center of the
membrane surface is dependent on the membrane geometry.
For a square geometry, the ratio of substrate strains at the cen-
ter of the membrane is 1.0. In comparison, narrow membrane
geometries (L/W > 8.0) produced a uniaxial deformation field
at the center of the membrane (E,y/Exx < .001). The dotted
line represents L/W = 12, the ratio used for subsequent testing
with cultured neurons.

successively refined to achieve numerical convergence, and
each thickness simulation was run separately. Acceptable
mesh convergence and model stability was achieved when
the refined mesh predicted a centerline membrane displace-
ment less than 0.1% different from the previous mesh, and
when the deformed mesh contained no significant element
warpage or high artificial strain energy. The simulations
used in this study satisfied these criteria, across the different
membrane thicknesses, material properties, and pressuriza-
tions simulated in the study.

Predicted Membrane Displacement Corresponds
with Measured Displacement Response

For the chosen narrow membrane geometry (L/W =
12), both the measured and predicted vertical (Z) displace-
ment of the membrane were directly proportional to the
applied pressure. Parametric analysis of the measured ma-
terial properties (i, o, and 7) showed that the strain and dis-
placement predictions were sensitive only to the prestressed
membrane thickness. Once prestressed (10%), the nomi-
nally 50-pum-thick silastic membranes ranged in thickness
from 18 to 30 um. Accordingly, finite element simulations
were run at these extremes [dashed lines, Fig. 3(A)]. Using
the measured material properties for the silastic membrane
(u = 660 kPa; o« = 2.81), we found that predictions from
a finite element model of the membrane geometry cor-
responded with the static pressure—centerpoint deflection
relationship measured for a series of membrane samples
[Fig. 3(A)]. We found no difference in the predicted dis-
placement when we used different pressure onset rates from
20 to 100 ms, and therefore feel that the static measure-
ments may be reasonable estimates of the dynamic mem-
brane motion. Peak predicted centerpoint displacement at

a given pressure was most sensitive to initial membrane
thickness, changing the predicted displacement by approx-
imately 25% for thinner membranes (50 wm) used to study
larger substrate stretch conditions. At low pressures, mea-
sures were within 6% of predicted values, increasing to 11%
at 45 KPa. For all membranes, the vertical displacement was
maximum along the centerline and decreased to zero at the
fixed periphery [Fig. 3(B) and (C)]. However, the change
in vertical displacement was gradual along the width of
the membrane (x), decreasing to 79% of its peak centerline
value halfway between the centerline and the membrane
edge [Fig. 3(B)]. Along the length of the membrane (y), the
vertical displacement was constant along the middle 72%
of the membrane, and then rapidly decreased to zero at the
edge [Fig. 3(O)].

Measured membrane strains corresponded to predicted
strains, and were principally directed along the width of
the membrane region. Using the displacement of beads at-
tached to the surface of the membrane before and during
pressurization, a linear relationship between the measured
and predicted strains was measured [R? = 0.995, Fig. 4(A);
(Exx)measured =091 x (Exx)predicted]- Bﬁyond a membrane
strain of 0.5, the statically inflated membranes would rup-
ture and prevent an experimental verification of the pre-
dicted deformations from the FEM. Therefore, the data
from these cell culture experiments at these pressuriza-
tion levels were reported as “>50%.” The minor principal
strains computed from the bead displacements across dif-
ferent pressures was significantly less than the major prin-
cipal strains (p < .001), consistent with predicted behav-
ior. Across the membrane surface, the maximum principal
strain (E,, ) predicted by the FEM was uniform across the
width of the slit [Fig. 4(B)] and across 70% of the length
[Fig. 4(C)], decreasing only near the top membrane edge
(normalized Y position = 1.0). Although the strain in the y-
axis (E,,) was markedly less than the maximum principal
strain, the strain in this direction increased significantly
near the top clamped edge [Fig. 4(D)]. Along the x-axis,
E,, was negligible, and not shown.

The Region Adjacent to the Deformed Membrane
Area Does not Stretch

Across the range of inflation pressures used in exper-
imental studies, there was no detectable displacement or
deformation of the membrane in the region adjacent to
the stretched membrane area (Fig. 5). Fluorescent beads al-
lowed to attach to the membrane and photographed both be-
fore and during a static inflation using typical experimental
pressures showed no detectable displacement compared to
sham (no pressure) controls. In addition, the major principal
strains measured from bead triads in the regions adjacent to
the stretched membrane region were significantly different
(p < .001) from the stretched region; across all substrate
stretch conditions, the deformations measured by the bead
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FIGURE 3. Measured and predicted membrane displacements. (A). Calculations (dashed lines) and measurements (symbols) of
the centerline displacements were made for the range of membrane thicknesses available for testing (18-30 xm). Measurements
fell within the range of predicted displacements over the range of pressures examined. (B). Finite element model predictions of the
membrane deflection (8§) across the width (X) of the membrane showed a gradually decreasing vertical (Z) displacement from the
membrane centerpoint. (C). The vertical (Z) deflection along the length of the membrane (Y) is constant along most of the surface.
Note: In (B) and (C), 0 represents the free centerline edge, and 1 the clamped edge.
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FIGURE 4. Comparison of measured and predicted membrane deformations. (A). The relative displacements of beads placed on
the membrane surface were used to measure deformations in the membrane during inflation. Measured deformations in the central
region of the membrane correlated to the predicted membrane deformations in the same region. [(Exx)meas = 0.91 (Exx)pred; R2
= 0.995) (B-D). Membrane strain profiles across the membrane surface for a FE model using a narrow geometry (L/W = 12). The
largest strain component, Eyy, is uniform across the width (B) and across most of the length (C). The strain component in the y
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with the exception of the clamped edge effects (near Y = 1).

triads in the remote region was less than 1%, within the
precision of the strain measurement of the technique.

Hippocampal Neurons Show an Immediate Increase
in Cytosolic Calcium after Stretch

Similar to previous reports, the increase in cytosolic cal-
cium caused by a single mechanical stretch was dependent
upon both the rate and magnitude of applied deformation
(Fig. 6). Neurons were plated uniformly on the silastic. The
periphery of the slit was avoided for analysis due to the
reduced uniformity of the strain field predicted by the finite
element simulations. Typically, the neurons would show an
immediate increase in the fura-2 ratio that would slowly
return toward prestretch values over the 5-min monitoring
period [Fig. 6(A)]. At no time did the cells detach from
the membrane following stretch injury. For stretch onset
times that simulated mechanical injury (20.5 ms), a single
membrane stretch insult was sufficient to cause a signifi-

cant increase in cytosolic calcium across the cell popula-
tion [Fig. 6(B)]. Although the peak fluorescent response for
individual cells in the population spanned a broad range,
the average cell response increased in proportion to the
applied substrate stretch (p < 0.001). Data is presented as
the cumulative fraction of cells responding at or below a
given fura-2 ratio. Half of the neurons responded below
the reported median, half above the median. For a substrate
strain of 3-6%, the median value of the peak fura-2 ratio
measured across cells in this group was 2.86; the median
value increased to 9.32 at a substrate strain of 12-17%,
and increased further to 15.84 for cells exposed to strain
>50% [Fig. 6(B)]. Using a subsequent ANOVA analysis,
we determined that cell populations subject to dynamic
pressure loading but no deformation (sham experiments),
cytosolic calcium was not significantly increased [median
of 0.48, Fig. 6(B)] compared to control experiments (data
not shown). For the highest strain group (>50%), we ex-
amined the rate dependence of the peak calcium response
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FIGURE 5. Motion and deformation of the silastic membrane region adjacent to the deformed area following a pressurization. The
region analyzed was supported by a fused silica plate, and was adjacent to the unsupported membrane region that was deformed
by the pressurization. Several stretch conditions were studied, encompassing the range of substrate stretch conditions used in
the cell culture studies. Analysis of bead triads in the adjacent region showed no significant membrane deformation occurred in
this area, despite having significant substrate stretch levels in the deformed membrane regions.

[Fig. 6(C)], finding a significant effect with respect to the
onset time (p < 0.001). We measured a decrease in the
median response from 15.84 for 20.5-ms onset to 14.09 for
205-ms onset, and to 3.78 for an onset of 1354 ms.

In the adjacent population of unstretched cells, cytoso-
lic calcium changes were observed for all substrate strains
(Fig. 7). Peak changes in [Ca%t); in the penumbra region
were much lower than the levels measured in the stretched
cells. We do not attribute this decrease to a problem in light
transmission through the fused silica plate, since NMDA
agonist stimulation of penumbral neurons produced the
same relative change in fluorescence ratio whether the fused
silica plate was in the light path or not. Additionally, the
average remote response did not increase significantly in
proportion to the applied substrate strain. While the average
fura-2 response in the remote region increased significantly
over the sham and control values (p < 0.01), the increases
were in an “all-or-none” manner, and not significantly dif-
ferent from one another. The fura-2 ratios increased slightly
with stretch level, with median responses of 1.31, 1.87, and
2.48 associated with strains of 3—6%, 12—17%, and >50%,
respectively.

DISCUSSION

Previous investigations of the biomechanics of nonpen-
etrating CNS trauma have studied the response of nervous
tissue to the mechanical loading that occurs during trauma,
with the goal of understanding as to how the mechanical
energy translates to tissue damage following impact. As

an extension to this previous work, we and other groups
are now examining the neuronal response to rapid de-
formations at the cellular level. With these in vitro-based
models, one can address three main areas of research: the
mechanical-biological coupling process in neurons, the bi-
ological events triggered by mechanical strain and their
differences from chemical stimulation in neurons, and the
propagation of biochemical signals from cells in mechan-
ically injured tissue into undeformed regions. The model
presented in this study simulates a range of deformations
that occur in the central nervous system, from physiologic to
traumatic. Data is presented to show that the acute calcium
transient resulting from mechanical stimulations across this
spectrum can vary considerably. We show that cultured neu-
rons are sensitive to both absolute strain and the time over
which it is applied, and that the stretch-induced calcium
transient propagates to cells in the “mechanical penumbra”
in a stretch-independent manner.

The direct cellular deformation that occurs as brain tissue
is traumatically deformed locally and is a widely studied
physical stimulus to the nervous system. Using a stylus or
other instrument to denude or “scratch” away portions of
the cell population represents a highly localized and severe
cellular deformation, and one can therefore examine the
propagation of injury from lacerated tissue.%'8 However,
such tissue tearing is rare except for instances of penetrat-
ing injury or severe levels of nonpenetrating injury, and is
typically localized in white matter tracts.3® As such, devices
to stretch cells below their structural failure can study a very
broad spectrum of mechanical injury in the CNS. Recent
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studies in neurons and astrocytes have demonstrated how
a single mechanical stimulus can initiate early biochemical
changes, a delayed membrane depolarization, and a longer
term decrease in astrocytic viability.!11:12:35.39

For the model presented here, we selected the substrate
stretch method of deforming neurons, and optimized the
geometry of the model to apply a unidirectional strain field
to the cultured neurons. In addition, to apply substantial
substrate deformations (>50% strain) to the cultured neu-
rons without a corresponding large substrate deflection, we
restricted the fraction of the cell population exposed to the
mechanical stimulus, preventing contact of the substrate
with the stationary objective or additional complicating as-
pects in the microscope mounted setup. The unidirectional
strain field offers some unique possibilities. The brain is a
very heterogeneous tissue, but has several distinct highly
organized regions (hippocampus, tracts, cortex), and some
less organized regions such as the thalamus. Within these
structures, neurons can often appear in vivo as classic bipo-
lar cells, with three morphologically and functionally dis-
tinct compartments aligned longitudinally: an axon, the cell
body, and a dendritic tree. It is likely that the strain experi-
enced by the cells in the CNS during trauma is a combina-
tion of both the local strain gradient and the local cellular
architecture. The current system will allow us to focus in the
future on how the cell architecture, defined either randomly
or using an available micropatterning technique,'®4 will
respond to a defined directional strain insult. By modify-
ing the geometry of the membrane regions used to stretch
cultured neurons, we can examine whether there is a de-

pendence on the strain field components in the neuronal
response to traumatic deformation, potentially giving in-
sight into the strain transducers in neurons.

Both the acute pattern of tissue damage and the
continued increase of lesion growth for up to 1 year
posttrauma’13:2237:42 have led many to examine the im-
portance of how post-acute chemical insults can exacerbate
the initial changes that occur from the mechanical forces
at the time of injury. However, absent in this analysis is
how mechanical forces can initiate changes in neighboring
neurons, and how these initiated changes are tolerated by
the neighboring neurons. In vitro models of targeted neu-
ronal lysis have shown progression of neuronal death as a
function of distance from the traumatized cells, linking this
death to NMDA receptor activation,”’-*" and free radical
generation.’! Media from such traumatically injured cul-
tures has also been shown to be toxic to healthy cultures
via nitric oxide synthase activation.*> We cannot discount
the possible effects of neurotransmitter release causing this
increase in intracellular calcium in the adjacent population,
nor can we eliminate the possibility that the synaptic sig-
naling in the network is altered to promote these changes
in intracellular calcium. In the literature, there is ample
evidence that another cell type in the nervous system, the
astrocyte, will both release soluble ATP and transmit sig-
naling through intercellular gap junctions to propagate self-
sustaining calcium waves in culture.>2%4!

With this in vitro model, we have shown that there is
indeed a transfer of the stretch-induced calcium transient in
the unstretched region of cells immediately adjacent to the
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stretched region. We focused only on the very short time
following the stretch insult to determine if there was an im-
mediate change in the surrounding cells. Longer monitoring
times may be used in the future to determine how these
shifts in intracellular calcium can persist in the unstretched
neurons, leading to a possibly important pathological pro-
cess that can give rise to secondary changes in this cell
population. We do not mean to link the acute changes we
measure in the penumbra directly to longer term changes
in cell viability, but rather present this data to demonstrate
the initiation of a calcium increase in the adjacent neuronal
population.

In summary, we present an in vitro model that allows
us to investigate the links between mechanical forces and
the resulting biochemical dysfunction, eventually leading
to studies the can evaluate the effect of therapeutic agents
on both stretched cells and their unstretched neighbors in
the mechanical penumbra. The system has broader impli-
cations for studying cellular mechanotransduction, since it
can easily accommodate different cell culture types. Fre-
quently, cells in different tissue do not all experience the
same mechanical stimulus, and it is likely that the inte-
grated response of the tissue is a combination of the cellu-
lar response to local mechanical forces and the overlying
response of cells in adjacent regions that experience less
mechanical stimulation. For example, simple compression
of cartilage samples produces a remarkably heterogeneous
strain field among the chondrocytes contained within the
tissue. At the signal transduction level, this raises the pos-
sibility of a “signaling gradient” that is driven by the local
deformation gradient imposed on the cells in the tissue. Cur-
rently, most cell stimulation systems treat the mechanical
stimulus in its purest form, attempting to precisely control
the uniformity of the mechanical stimulation. With this new
system, one can examine the effect of dramatic deforma-
tion gradients between deformed and undeformed cell pop-
ulations, measuring the mechanisms of how biochemical
signals can propagate between the two populations.

With this system, we can pose rigorous questions
about cellular mechanotransduction and measure biolog-
ically relevant outcomes. As we refine our measurements,
we will determine whether cellular mechanotransduction
is a single, graded mechanism, or more complex, with
staged mechanosensors activating different biochemical re-
sponses. This will help us understand the difference be-
tween a physiologic and a pathophysiologic response, and
may be key in designing effective therapy. Further, we can
begin to investigate the difference between a hypoxic or
chemical insult in isolation and one that follows a mechan-
ical trauma. The ultimate measure of a treatment for trau-
matic head injury is cellular function; understanding the
different mediators (receptor, cytoskeletal, plasma mem-
brane, ionic homeostasis) for different traumas is crucial in
designing effective treatments.
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