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Biomechanics of Spinal Cord Injury: 
A Multimodal Investigation Using Ex Vivo Guinea Pig 

Spinal Cord White Matter
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ABSTRACT

The primary injury phase of traumatic spinal cord injury (SCI) was investigated using a novel com-
pression injury model. Ventral white matter from adult guinea pigs was crushed to 25%, 50%, 70%,
and 90% ex vivo. During compression, the physical deformation, applied force and the compound
action potentials (CAP) were simultaneously recorded. In addition, axonal membrane continuity
was analyzed with a horseradish peroxidase (HRP) exclusion assay. Experimental results showed
both a CAP decrease and increased HRP uptake as a function of increased compression. The per-
cent CAP reduction was also consistent to the percent HRP uptake, which implies that either met-
ric could be used to assess acute axon damage. Analysis of the HRP stained axon distribution demon-
strated a gradient of damage, with the highest levels of staining near the gray matter. The patterns
of axon damage revealed by histology also coincided with higher levels of von Mises stress, which
were predicted with a recently developed finite element model of ventral white matter. Numerical
values obtained from the finite element model suggest stress magnitudes near 2 kPa are required
to initiate anatomical tissue injury. We believe that data from this study could further elucidate the
deformation-function relationship in acute spinal cord injury.
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INTRODUCTION

TRAUMATIC SPINAL CORD INJURY (SCI) is a serious
medical condition that encompasses a complex se-

quence of biomechanical and biomolecular events. Me-
chanical insult to the spinal cord white matter has been
shown to induce acute ionic imbalance, axonal swellings,
myelin damage/thickness reduction, increased membrane
permeability, conduction block and tissue degeneration
(Shi and Blight, 1996; Teng and Wrathall, 1997; Li et
al., 1999; LoPachin et al., 1999; Nashmi and Fehlings,

2001; Peasley and Shi, 2002).While the modes and sever-
ity of injury vary widely, neurological deficits caused by
mechanical trauma can be generally categorized into two
phases—an initial injury generated by distress forces and
a subsequent secondary injury of biomolecular origin.
The role of the primary damage is an active area of re-
search since it is well recognized that the magnitude and
location of the initial trauma dictates the necrotic zone
and directly impacts the secondary/degenerative re-
sponse. However, current experimental techniques also
have certain shortcomings that need to be addressed. For



instance, current planar or three-dimensional (3-D) cell
cultures neither represent the in vivo cytoarchitecture nor
endogenous matrix conditions. While in vivo techniques
eliminate these problems, the confounding vascular re-
sponse can affect the characterization of the primary dam-
age (Shi and Blight, 1996; Li and Shi, 2007). Also many
in vivo studies have either guided their efforts toward 
the regeneration/chronic aspects of injury (Joshi and
Fehlings, 2002; Goto and Hoshino, 2001; Nashmi and
Fehlings, 2001) or their experimental techniques (com-
pression clips, weight drop, contusion screw) did not per-
mit direct quantification of the applied load (Goto and
Hoshino, 2001; Shields et al., 2005; Shi and Blight, 1996;
Nashmi and Fehlings, 2001).

Thus, in terms of the initial mechanical trauma, a
meaningful relationship between applied force, resultant

deformation patterns and corresponding tissue damage
(functional and anatomical) remains elusive. To this end,
we have devised a multi-modal paradigm that can si-
multaneously track functional outcomes and anatomical
damage to precise loading (compression) schemes. The
model we have employed utilizes guinea pig spinal cord
white matter strips that preserve the native axonal and
extra-axonal architecture. Parameters such as the applied
load, geometric deformation (change of cross section
area), average and local anatomical disruption (axonal
damage), and functional deficits (loss of axonal conduc-
tion of electrical impulse) were concomitantly recorded
from the same tissue sample. Furthermore, we correlated
the spatial tissue damage (anatomical) to local tissue
stresses derived from a newly developed finite element
model (FEM) of spinal cord white matter (Galle et al.,

OUYANG ET AL.

20

FIG. 1. Diagram demonstrating isolation of ventral white matter and experimental apparatus. (A) The whole spinal cord from
sacral to cervical levels was removed from guinea pig and the ventral white matter was isolated. (B) Mechanical compression
was induced by a newly designed soft tissue tester. A computer-controlled actuator was coupled to a linear slider, which was in
turn attached a to a load cell. A rectangular Teflon indenter was fixed to the load cell bottom. Concurrent with compression, the
tissue electrophysiological response was recorded. (Inset) Pictorial of the ventral white matter in different stages of compression.
(C) A magnified view of the ventral white matter under compression. The indenter was controlled to compress the cord to 0%,
25%, 50%, 70%, and 90%. (D) Schematic of the sucrose gap recording device. Isotonic sucrose solution was filled in the gaps
to separate isotonic KCl and oxygenated Krebs’ solution. Electrical stimuli was initiated at the left side of the sucrose gap and
action potentials were recorded at the opposing end.
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2007). The intent of the FEM is to provide a computa-
tional model of injury as well as yield a normalized met-
ric that bridges the gap between applied loads and the
severity/distribution of anatomical damage. We believe
that data from this study may provide key insights into
tissue characteristics and damage thresholds that corre-
spond to clinical SCI situations.

METHODS

Isolation of Spinal Cord Ventral White Matter

A total of 17 guinea pigs with body masses of 255–350
g were analyzed in this study. The experimental proto-
cols adopted were similar to previous investigations (Shi
and Blight, 1996; Shi and Pryor, 2002; Shi and White-
bone, 2006) and were approved by the Purdue Univer-
sity Animal Care and Use Committee (PACUC). The 
tissue extraction process first involved animal anestheti-
zation (ketamine 60 mg/kg and xylazine 10 mg/kg) and
subsequent perfusion with cold oxygenated Kreb’s solu-
tion. The vertebral column was then removed and a com-
plete laminectomy performed. Next, the spinal cord was
carefully extracted with microscissors and separated by
cutting longitudinally across the sagittal plane. Ventral
white matter strips were isolated by cutting each half of
the cord radially (Fig. 1A). To ensure maximum tissue
viability, the ventral white matter sections were immedi-
ately stored in oxygenated Kreb’s solution for at least one
hour prior to further testing.

Compression of Ventral White Matter 
and Electrophysiological Recording

A novel soft tissue tester (Fig. 1B) was implemented
into the standard sucrose gap recording device (Shi and
Pryor, 2002; Shi and Whitebone, 2006). In brief, a 4-cm-
long ventral white matter strip was positioned across the
sucrose gap chamber with its center placed in the central
compartment of the chamber while its two free ends were
placed in the side compartments (Fig. 1D). The central
compartment was perfused with oxygenated Kreb’s so-
lution maintained at 37°C, while the two side compart-
ments were filled with isotonic (120 mM) KCl. Two gaps,
each located between the central and side compartments
were perfused with sucrose (320 mM) to prevent ionic
exchange between the middle and side compartments. To
prevent solution exchange between chambers, the ventral
white matter strip was sealed with vacuum grease and
thin pieces of plastic on either side of the sucrose gaps.
The cord sample in one end of the chamber was stimu-
lated and the corresponding CAPs were recorded from
the other end via Ag-AgCl wire electrodes. Stimuli were
delivered in the form of 0.1-ms constant current unipo-

lar pulses every second. Recordings were acquired at 1hz
frequency and amplified by a bridge amplifier (Neuro-
data Instruments, Delaware Water Gap, PA) interfaced
to Labview (National Instruments, Austin, TX).

The compression apparatus consisted of a rectangular
teflon tissue indenter (2.7 mm � 12.1 mm cross-sectional
dimensions) mounted to a load cell (model 31; Sensotec,
Columbus, OH). The load cell was anchored to a linear
slider and the motion of slider was governed through an
actuator (model LTA-HS; Newport Corporation, Irvine,
CA) and a single-axis controller (model ESP 100; New-
port Corporation, Irvine, CA). The controller was inter-
faced with LabView7 (National instruments, Austin,
TX). For the experimental setup, the white matter strip
was placed on the tissue holding stage (located in the
middle chamber of the sucrose gap chamber), and the in-
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FIG. 2. Diagram illustrating the transverse view of ventral
white matter in horseradish peroxidase (HRP) and finite ele-
ment analysis. (A) An example of HRP-stained ventral white
matter. There is a small portion of gray matter retained in the
ventral white matter strip due to the limitation of the surgical
process. (B) An approximation of the ventral white matter, with
its defined sub-regions. The prescribed regions were denoted
as medial (M), region in the center of the white matter next to
the gray matter; intermediate (I), middle area of the white mat-
ter; and lateral (L), outermost region of the white matter.
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denter was moved downward in a controlled fashion un-
til it contacted the cord (Fig. 1C). The thickness of the
cord strip was determined to be the distance from the tip
of indenter to the surface of the tissue holding stage.

Each tissue sample was then compressed at a rate of
0.05 mm/sec to one of the following levels: 0% (pre),
25%, 50%, 70%, or 90% of its original thickness.
Changes in the CAP were simultaneously measured dur-
ing compression. In addition, photographs were taken on
transverse view of ventral white matter to determine the
cross sectional area changes during load application.

Digital Imaging and Analysis of HRP-Stained
White Matter Sections

The HRP exclusion assay procedures were similar to
those in previous studies (Shi, 2004; Shi and White-
bone, 2006). Following compression testing and elec-
trophysiological recording, the ventral white matter
strips were immediately moved to an oxygenated Kreb’s
solution containing 0.015% HRP and stored for 1 h. The
strips were then fixed in 2.5% glutaraldehyde for an ad-
ditional 1.5 h. 30-�m tissue sections were transversely
cut from the injured cord zone using a vibratome. Tis-
sue was subsequently processed with diaminobenzidine
to reveal the extent of HRP uptake into damaged axons
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FIG. 3. Simultaneous single specimen recording of force (N)
and compound action potential (CAP) amplitude (mV) as a
function of compression magnitude. Compression velocity was
set at 0.05 mm/sec. Negative sign in the force time history in-
dicates compressive load.

FIG. 4. (A) Analysis of changes in compound action potential (CAP) amplitude during compression showed the CAP amplitude de-
creased nonlinearly as nominal compression increased (samples compressed to full 90% are shown). In addition, the normalized force
amplitude (normalized by force at 90% compression) increased as compression increased. The connection between CAP amplitude and
force was found to be inversely related. (B) The CAP amplitude decreased as the applied force increased in a linear fashion, with R2 �
0.958. (C) The normalized transverse cross-sectional area of ventral white matter decreased as compression increased with R2 � 0.936.
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(Shi and Borgens, 2000). Digital images of the HRP
stained cord sections were taken by a Macintosh Quadra
800 computer connected to a Leitz Orthoplan micro-
scope and JVC TK-1070U color video camera. The
cross section of the ventral white matter was divided
into three regions of equal width. The lateral region (L)
represented the outermost zone of white matter. The in-
termediate region (I) consisted of the middle section
whereas the medial region (M) comprised the innermost
portion of white matter (Fig. 2). The stained axon count
in each region (L, I, and M) and the overall stained axon
count were tabulated for each sectioned sample. The
numbers of axons labeled with HRP was expressed as
a density (axons/mm2) or percentage. For percentage
calculations, the value of 4300 axons/mm2 was used for
normalization as this value approximates the maximum
axon density found in guinea pig ventral white matter
(Shi and Pryor, 2000).

Finite Element Analysis (FEA)

A plane strain finite element model (FEM) of the
guinea pig spinal cord white matter was previously de-
veloped using the compressible form of the Mooney-
Rivlin hyperelastic strain energy function (software:
COMSOL 3.2 with Matlab, COMSOL, Inc., Burlington,
MA). Using the FEM, von Mises stress contours were
generated at nominal compression levels of 25%, 50%,
and 70%. Average von Mises stress values were calcu-
lated in each of the tissue regions (medial, intermediate,
and lateral) for comparison with HRP uptake. Please re-
fer to Galle et al. (2007) for details of the FEM.

Statistical Analysis

Nonparametric analysis of variance (ANOVA) tests or
pairwise Mann-Whitney tests were used in all data analy-
ses. A p-value of less than 0.05 was considered statisti-
cally significant. Linear regression analysis was per-
formed on select data, with the regression line and
coefficient of determination (R2) presented. All data are
in the form of mean � standard error.

RESULTS

Concomitant Recording of Spinal Cord 
Tissue Parameters

The mechanical loading characteristics, deformed tis-
sue geometry, anatomical damage, and functional deficits
were quantified with a novel recording system contain-
ing a soft tissue tester and a standard sucrose gap record-
ing device. Concurrent time histories of compression,
force and electrophysiology of a single specimen com-

pressed to 90% are shown in Figure 3. Aggregate data of
electrophysiology, force and compression level are plot-
ted in Figure 4A. Qualitatively, it was observed that ini-
tial compression of the spinal cord resulted in negligible
force generation and CAP decrease. As the compression
magnitude increased beyond 50%, the resistive force in-
creased while the CAP decreased in a graded fashion. A
significant acceleration of conduction block was ob-
served at compression levels above 70%. A quantitative
analysis between CAP and normalized force revealed a
linear relationship, with the regression line being Y �
�0.85X � 99.15 (Figure 4B). A statistical comparison
between CAP amplitude and compression showed sig-
nificant differences to controls at compression levels at
and above 50% (Fig. 5). The CAP reduction at 50%, 70%,
and 90% compression was (mean � SE) 5.2 � 0.4,
20.7 � 5.9, and 62.1 � 13.5%, respectively (p � 0.01).
Plots of transverse cross sectional area vs. compression
were also generated for each level of compression (Fig.
4C). The transverse area of ventral white matter had a
strong negative linear correlation with compression mag-
nitude with the regression line of Y � �0.509X � 102.97
(Fig. 4C).
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FIG. 5. Overall density of axons permeable to horseradish
peroxidase (HRP) and compound action potential (CAP)
deficits as a function of nominal compression. The HRP label-
ing densities at 25%, 50%, and 70% compression were signif-
icantly higher than baseline values (0% compression). The CAP
response at 50%, 70%, and 90% compression was significantly
lower than controls. At all compression levels, the proportion
of HRP uptake and the CAP reduction was consistent. *p �
0.05 when compared to 0% compression.
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Association between Electrophysiology 
and Overall HRP-Labeled Axon Damage

While the change of CAP amplitude in response to
compression revealed the functional impairment of the
spinal cord under mechanical loading, structural damage
associated with compression was investigated by quanti-
fying axon membrane disruption with an HRP exclusion
assay. Compression injury at all compression levels pro-
duced HRP staining that was significantly higher than un-
injured controls (due to significant destruction of tissue,
histological samples at 90% compression were not re-
ported). When expressed as a percentage, the overall
membrane damage at 25%, 50%, and 70% compression
was 2.1 � 0.6, 9.6 � 2.2, and 20.9 � 2.6%, respectively
(Fig. 5). The percentage of HRP stained axons was fur-
ther compared to the respective CAP deficits for unin-
jured, 25%, 50%, and 70% compressed cords (Fig. 5).
No statistical differences were found for these pairwise
comparisons. This finding implies the damage sensitiv-
ity of either parameter is comparable in the current model
system.

Spatial Distribution of Axon Damage 
and Correlation to Von Mises Stress

In addition to overall HRP labeled damage, the spatial
distribution of HRP uptake was quantified at the M, I,
and L cord sections and compared to results obtained
from a computational model for von Mises stress (Figs.
6 and 7). The predicted stress (�vm) distributions in the
transverse section of ventral white matter were consis-
tent with the axonal damage distribution revealed by HRP
staining at 25%, 50%, and 70% compression (Fig. 7). At
25% compression, the average stress (calculated within
the M, I, and L regions) varied from 0.78 kPa in the lat-
eral region to 2.22 kPa in the medial. The HRP staining
also showed that at 25% compression, axon damage was
most concentrated in the medial region (233.0 � 15.29
axons/mm2; Fig. 7). At 50% compression, the average
stress ranged from 2.38 to 6.39 kPa, with the medial zone
experiencing the highest stress. The HRP staining re-

OUYANG ET AL.

24

FIG. 6. The density of axons permeable to horseradish per-
oxidase (HRP; in axons/mm2) as a function of position in the
ventral white matter. In all compression situations, the highest
level of axon damage occurred in the medial regions, followed
by the intermediate and lateral white matter. The dashed line
represents the average density of HRP labeling calculated from
the three sub-regions (M, I, and L).

FIG. 7. Stained white matter sections demonstrating horseradish peroxidase (HRP) labeling and the corresponding von Mises
stress (�vm) profiles (as predicted by FEA). (A–C) von Mises stress maps at 25%, 50%, and 70% compression with its corre-
sponding scale bar. (G–I) A low-magnification view of HRP staining in the center portion of a transverse section of ventral white
matter. (D–F) Enlarged view of HRP staining in the lateral central portion of ventral white matter. (J–L) Enlarged view of HRP
staining in the medial center portion of ventral white matter. (P–R) A low-magnification image of HRP staining in the side re-
gion of the transverse cross-section. (M–O) Magnified view of HRP staining in the lateral side region of ventral white matter.
(S–U) Enlarged view of HRP staining in the medial side region of ventral white matter. For all images, select open arrows de-
pict undamaged axons, whereas darkened arrows denote axons stained with HRP. Scale bar � 10 �m (D–F, J–L, M–O, S–U);
50 �m (G–I, P–R). (Color image is available online at www.liebertpub.com/jon)

vealed axon permeability within the M region (900.4 �
22.5 axons/mm2) were significantly higher than those in
I and L regions (210.9 � 25.6 and 130.1 � 22.0 ax-
ons/mm2, respectively, p � 0.001). At 70% compression,
the stress patterns were again similar to the von Mises
stress (ranging from 5.54 to 13.39kPa), with the medial
zone having the highest magnitude. HRP permeability re-
vealed the M region (1667.9 � 79.6 axons/mm2) to con-
tain a higher density of stained axons when compared to
the I and L regions (697.0 � 77.8 and 304.9 � 38.6 ax-
ons/mm2, respectively, p � 0.01). Plots generated be-
tween normalized HRP uptake and the local von Mises
stress demonstrated a linear trend, with the resultant re-
lation of Y � 2.68X � 2.29 (R2 � 0.846; Fig. 8).
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FIG. 7.
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DISCUSSION

Multimodal Examination of the Biomechanics 
of Spinal Cord Trauma

We have currently developed an experimental model
that permits the immediate quantification of anatomical
disruption, geometric deformation and electrophysiology
in response to transverse compression. To our knowl-
edge, this is the first time that such a wealth of data was
obtained from the same tissue sample. We believe this
study is an important step in the application and verifi-
cation of appropriate computational models that can
quantify the role of stress/strain on tissue injury and non-
invasively predict functional outcome based on kinematic
or kinetic data. The clinical aim of these computational
methods is to provide insight on tissue injury thresholds
as well as guide treatment targets in spinal cord trauma.

The reported ex vivo preparation is novel in compari-
son to other mechanical injury models using cell cultures
(Ellis et al., 1995; Smith et al., 1999; Geddes et al., 2003).
In the current study, the local axon architecture and sur-
rounding matrix remain intact within the cord strips. The
resemblance of extracted samples to the native tissue state
has inherent advantages since the micro-environment
likely impacts the behavior of individual axons under
compression. For instance, Cullen and Laplaca (2006)
showed that neurons cultured in 3-D environments had
increased mortality compared to planar cultures experi-
encing shear (Cullen and LaPlaca, 2006). In the spinal
cord, axons are closely compacted and organized into
tracts within the white matter regions. This organization
of axons and matrix components would certainly resist
applied compression differently when compared to cell
culture systems lacking these properties. Therefore, we
believe that data derived from the current experiments is

unique, but also valuable in complementing existing in
vitro assays. In addition, unlike in vivo models, an ex vivo
setup is also capable of decoupling ischemic injury from
mechanical insult (Ochs et al., 2000; Shi and Pryor, 2002;
Li and Shi, 2007) as well permitting simultaneous elec-
trophysiological recording. These attributes allow for the
study of the tissue response from a purely mechanical
perspective. Hence, we believe that this method could
also serve as a valuable supplement to in vivo models of
mechanical injury (Jafari et al., 1997; Jafari et al., 1998;
Bain and Meaney, 2000).

Role of External Loads and Tissue Deformation
on Functional Deficits

The relationship between compression magnitudes and
the CAP response was found to be nonlinear while the
correlation between CAP and force was linear. The mech-
anism underlying the nonlinearity of force vs. compres-
sion and the nonlinear correlation of compression vs.
CAP is likely due to the internal tissue architecture. Bi-
ological tissue (including nervous tissue) possess a nat-
ural waviness along the longitudinal axis. In uniaxial 
tension, these undulations within the tissue partially con-
tribute to the nonlinear stress-strain curve. As applied
force is increased, reorientation of the axons and con-
nective tissue occur, and is manifested in the form of a
strain dependent “stiffening” of the tangent modulus
(Wall et al., 1991; Fiford and Bilston, 2005). The current
findings reinforce a stiffening behavior, via the charac-
teristic “J” shape of the force-deformation curve (Fiford
and Bilston, 2005). However, we speculate that a differ-
ent reorganization mechanism occurs, one in which in-
dividual axons shift positions laterally without being
damaged. Since the dura mater was removed prior to un-
confined compression, this explanation most likely con-
tributes to the initial phenomenon in which compression
did not generate significant resistive forces or electro-
physiological deficits. At higher levels of compression,
the tissue may become more compacted and the elastic
components of the cord provide more support. The bio-
mechanical response of ventral white matter strips is
therefore quite characteristic of known soft tissue be-
havior.

Correlation between Membrane Disruption,
Functional Deficits, and Von Mises Stress

In this study we show that CAP deficits in the guinea
pig spinal cord correlate with axon damage revealed by
HRP staining. At all compression magnitudes, the rela-
tionship between the CAP decrease and the overall HRP
uptake was remarkably consistent (Fig. 5). This connec-
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FIG. 8. Correlation between horseradish peroxidase (HRP)
uptake percentage and the von Mises stress show a linear rela-
tionship. The reported von Mises represent the mean stress cal-
culated in the medial, intermediate and lateral zones.
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tion suggests that either functional degradation or mem-
brane damage can be used as a metric to assess acute
axon injury. Although histological examination at 90%
compression was not possible, we found the CAP was
still measurable (0–30% of precondition amplitude), im-
plying that the ventral white matter has a high tolerance
to quasi-static compression. These results are compara-
ble to prior studies, where compression to similar loads
(23g) in rat models resulted in ~90% degradation in the
electrophysiology (Nashmi and Fehlings, 2001).

Due to its ability to support the complexity and diver-
sity of soft tissue structure (Mendis et al., 1995; Ichihara
et al., 2001, 2003; Gefen et al., 2003), a finite element
model of the guinea pig ventral white matter was con-
structed to estimate the tissue stresses during compres-
sion. In the current study, the von Mises stress was used
as the metric to correlate with localized axon damage.
The Von Mises stress is a conglomerate of principal
stresses and is commonly used in engineering failure
analysis. The application of Von Mises stress does not
imply that the injury mechanism is explained by stress,
but rather stress can be viewed as a potential indicator of
damage.

Investigation into the spatial distribution of HRP up-
take revealed a consistent association to the local von
Mises stress (R2 � 0.84). Zones in which the predicted
stress was highest (medial cord regions) contained the
greatest number of HRP stained axons. This radial injury
pattern was preserved at all compression magnitudes and
highlights white matter areas that are most susceptible to
compressive injury. Using the FEA simulation to gauge
injury thresholds, we estimate acute axon damage
(anatomical) to occur at a von Mises stress of 2 kPa. This
conclusion was drawn from regional HRP uptake data,
where statistically significant damage was first observed
in the medial zone of 25% compressed cords. Although
the application of von Mises stress is rather new in spinal
cord biomechanics, the good agreement with the histo-
logical data suggests the parameter to be a meaningful
damage indicator.

Axonal Membrane Disruption as a Target 
of Effective Intervention

Results from the current study supports the concept
that damaged axonal membranes are a logical target for
initial intervention. Specifically, agents that can repair
damaged membranes are expected to produce functional
gains. Such insight is essential in the search for inter-
ventional strategies to spinal cord injury, a condition that
has no established treatment after decades of scientific
research. Indeed, this principle has been exploited previ-
ously with the use of polyethylene glycol (PEG). PEG is

a hydrophilic polymer and a known membrane-repairing
agent. Application of PEG in both the peripheral and cen-
tral nervous system has produced significant functional
recovery in tissue culture samples, ex vivo preparations
(Krause and Bittner, 1990; Shi and Borgens, 1999, 2000)
and in vivo injuries (Borgens and Shi, 2000; Borgens and
Bohnert, 2001; Donaldson et al., 2002; Luo et al., 2004).

Limitations of the Current Findings

There are several factors that need to be addressed re-
garding the interpretation and generalization of the data
presented. First, this is a model where only spinal cord
white matter was investigated. Gray matter has been
shown to have a higher Young’s modulus than white mat-
ter (Ichihara et al., 2001) and it is obvious that both white
and gray matter, along with their interfacial interaction,
determine the complete mechanical properties of spinal
cord. Therefore, it will be necessary to conduct further
experiments with the composite cord in order to obtain a
more complete characterization of mechanical insult.
Secondly, it is vital to understand that the deformation
rate also plays an important role in dictating the final
damage and recovery outcomes. The current loading ve-
locity speed of 0.05mm/sec represents a slow injury. We
have previously shown that a higher strain rate causes in-
creased conduction deficits and membrane damage in
cord white matter when the magnitude of crush was kept
constant (Shi and Whitebone, 2006). Therefore, the re-
sults presented must be taken in the context of a quasi-
static loading regime. Finally, we have only addressed
acute white matter damage. The post-traumatic effects of
secondary injury were not investigated nor used in as-
certaining threshold limits. Further, the net mechanical
damage may also be mitigated by the cell’s self-repair
mechanisms. It is well known that damaged axonal mem-
branes can reseal after injury, an event that takes 30-60
minutes to fully complete (Shi et al., 2000). A similar
restorative effect has also been documented with elec-
trophysiology, where the removal of traction results in
CAP improvements (Wall et al., 1991; Kwan et al., 1992;
Shi and Whitebone, 2006; Li and Shi, 2007). Thus, the
thresholds set for tissue tolerance may be more conserv-
ative than other chronic measures of tissue damage.
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