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This presentation is intended to relate the macroscopic with the more microscopic 
aspects of the biomechanics of central nervous system injury. A natural evolution in the 
field of injury biomechanics has taken place in recent years. Investigators have moved from 
the study of the macro to the micro world of biomechanics in order to obtain answers to the 
current questions of cellular and tissue failure criteria, as these relate to the macro issues of 
human injury tolerance criteria. A brief discussion of this topic is the purpose of this report. 
Elements of this presentation are found elsewhere in the literature. 

Tue majority of our current concepts relating to the biomechanical aspects of human 
injury have come from research that may be described as macroscopic in nature. To this 
end human cadaver specimens, various animal models, anthropomorphic test devices, and 
both analytical and numerical simulations have served as the primary tools of investigation 
in our field to date. Collectively, the research findings from this endeavor have been 
responsible for the contemporary views of human injury tolerance criteria and they have led 
to numerous Standards and regulations, and to the design of a safer mechanical 
environment. 

Tue contributions of the biomechanics community in this regard have been 
enormous in the context of the overall national effort in injury control and prevention This 
should provide the reader with a sense of this achievement and an idea of how the 
macroscopic world of biomechanics has been the logical fi.rst step in estimating the effects 
of mechanical forces on the process of injury production and its sequelae. 

This discussion is intended to focus upon an adjunct approach in the study of the 
biological eff ects of mechanical forces that are applied to living structures. 

Tue approach utilizes isolated tissue and cell culture models and, therefore, may be 
considered more microscopic in contrast with the previously described research. lt is 
simply another tool that the biomechanics community may employ to study this complex 
problem. 

Investigations at the cellular and subcellular level have been prompted by the 
following: 

A. to understand the relationship between the macroscopic descriptors of the 
applied loads ( contact force, impact velocity, and acceleration) and the associated 
deformation of the tissue; 

B. to relate the tissue deformation to the field variables such as strain in order to 
describe the dynamic mechanical environment of the cell; 

C. to study the physiological or pathophysiological response of the cell to 
mechanical stimuli. 

With the technology available today it is possible to measure the macroscopic loads 
that result from accident simulation with good precision. Further, using physical and 
mathematical models one can then estimate the deformations that occur at the organ or 
tissue level when an organism is subjected to these loads. lt remains to develop the failure 
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criteria for the elements that consitute the living structures. With the experimental 
methodologies available in recent years it is now possible to subject isolated tissue and cell 
cultures to conttolled mechanical stimulation and to measure the physiological and 
biochemical events that are elicited by the stimuli and may relate to the functional or 
structural failure of these components. 

In this regard one may think of mechanical stimulation as another physical f actor 
along with the chemical, electrical, and thermal conditions which in concert constitute the 
environment of the cell. As in these other cases it is reasonable to asswne that mechanical 
stimulation when "excessive" ( operating out of the physiological range) will lead to injury 
or possibly cell death. 

This discussion is not intended as an exhaustive review of the research associated 
with the biomechanics of injury at the tissue or cellular level since much of this work is 
relatively new and is not readily available in the literature as of this time. Rather, this report 
is intended to serve as a description of a process whereby one can move from the 
macroscopic to the more microscopic approach in the study of human injury. The examples 
cited herein are for illustrative purposes and for expediency are taken from our work at the 
University of Pennsylvania. As such, they deal primarily with neural and vascular tissue 
studies and relate to our specific interest in central nervous system trauma. 

The diagrarn shown in Figure 1 .  is intended to depict the process where the level of 
mechanical loading is first related to the tissue deformation through the use of physical or 
mathematical models. This deformation is then used as the stimulus to investigate the 
response of the living tissue or single cells. Studies such as these may then lead to an 
improved understanding of tissue f ailure criteria and new avenues to address the issues of 
theraputic intervention and rehabilitation. 
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Transforming the Macroscopic Loads to Organ, Tissue, and Cellular 
Deformations 

Central neivous system (CNS) trauma in general and brain injury in particular has 
been the subject of intensive biomechanics investigation for the past five decades. 
Therefore, CNS trauma will be the example that is used to demonstrate the concepts of 
transition from the macroscopic to the microscopic level of biomechanics research. Some of 
the earliest studies ( 1-4) suggested that the translational and rotational accelerations of the 
head seive as a macroscopic descriptor and predictive index with regard to the incidence of 
brain injury. Subsequent investigations, ranging from human volunteer experiments to 
animal model studies, (5-8) confirmed that inertial loading, its magnitude, duration, and 
direction relative to the anatomy can produce a broad spectrum of neuropathological 
findings. These various forms of injury to the brain include the following: cerebral 
concussion, cortical contusion, focal intracerebral hematoma, subdural hematoma, and 
diffuse axonal injury with prolonged coma. Each of these pathologic entities is distinctive 
and represents the structural or functional failure of the discrete elements within the brain. 

lt is reasonable to imagine that the deformations of the neural and neuraovascular 
elements within the brain vary in magnitude and topographic distribution as some complex 
function of the loading conditions, geometry of the brain and skull, and the constitutive 
properties of the tissue. Anempts have been made to measure the in-situ deformations (9- 1 1  
) but the experimental difficulties have thusfar prevented any detailed information from 
being obtained. Because these data are so important in providing insight into the 
mechanisms of injury other approaches have been employed. These methods enable one to 
estimate the field parameters under dynamic loading ocnditions and they fall into two 
categories: 

Physical Models- these devices are designed as surrogates for the anatomic 
structures of interest and have been used extensively in experimental mechanics to estimate 
local stress and strain; 

Computational Simulations- analytical and numerical methods are employed to 
predict the detailed deformations of a structure under load. 

Each of these methods has the limitation that they represent only an approximation 
of the actual anatomic structure. In the case of the skull and brain for example, analytical 
models are constrained to use simple two and three dimensional approximations for the 
geometry such as ci.rcular cylindrical, spherical, or ellipsoidal structures. Tue constitutive 
properties of the tissue must by necessity be modeled in a manner that may oversimplify the 
problem. Finite element methods on the other hand are potentially capable of the more 
complex analysis. Numerical schemes have been developed which permit one to 
incorporate the non-linear geometry of the structure and to accomodate a complete hiearchy 
of constiuttive expressions for the material. 

Physical models have been a critical component of mechanics research in that 
theoretical representations at the very least need experimental validation and experimental 
stress and strain analysis is a well developed tool that has independently contributed to our 
knowledge of structural mechanics. Tue advantages of physical models relate to the fact 
that they are designed by the investigator. They are fabricated of synthetic materials that are 
selected by the designer to facilitate the measurements and they can be thoroughly 
instrumented as desired. 

To gain further insight into the biomechanics of head injury, it is important to 
clarify the response of the brain tissue to the range of mechanical loads believed to cause 
injury. Physical models can be used to relate the loading kinematics of controlled animal 
experiments to the resulting injury pathology by estimating the deformation field In 1943, 
Holbourn quantified the strain distribution of a surrogate brain material during a controlled 
applied load [ 12). Sagittal, coronal, and horizontal sections of wax skulls were filled with 
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a 5% gelatin solution that closely represented the mechanical properties of brain tissue. 
While the skull was subjected to rotational loads, the photoelastic stresses within the 
material were mapped. Holbourn found that very high strain rates.were produced in the 
superior margin of the brain in the sagittal model, the same region where an acute subdural 
hematoma occurs. 

Holbourn used these results to postulate that a majority of the head injuries seen 
clinically were due solely to rotations of the head. Previously, many investigators bad 
believed that a majority of injuries were produced primarily by the loose brain colliding 
against the rigid skull during impact loading. Holbourn suggested that injury resulted not 
from compression of the tissue components under such conditions, but rather from the 
shear strain induced in the brain tissue and neurovasculature under rotational loading 
conditions. This hypothesis was later confirmed by studies perfonned on a range of 
subprimates which showed that an array of head injuries (e.g. acute subdural hematoma, 
concussion, and diffuse axonal injury) could be produced using non-impact, angular 
acceleration (13-15). These animal experiments and the physical model studies by 
Holbourn established rotational loading as an important cause of head injury. 

Despite the suggestion that rotational loads are an important cause of head injury, 
most of the subsequent physical models were subjected to non-rotational impact loading. 
More recently, however, Thibault et al constructed physical models of the baboon brain, 
subjected them to sudden rotational loads, and compared the spatial distribution of 
measured strain in the surrogate brain to pathological data from primate head injury 
experiments (16). Later, Margulies used physical models to investigate another type of 
head trauma (diffuse axonal injury) and to suggest a tolerance level for the onset of severe 
diffuse axonal injury in the baboon and adult human (17-18) Physical models can be used 
to measure how the strain response of the model is affected by changing the model 
geometry. The results from such an effort can be used to develop a scaling relationship that 
can be applied to a range of brain sizes. This scaling infonnation can then be used to 
develop human injury tolerance levels. 

Physical modeling can also be used to measure the changes that occur in brain 
defonnation when brain tissue flows from the cranial vault during loading. During the 
course of dynamic loading, the regional rise in intracranial pressure causes brain material to 
flow through the foramen magnum at the base of the skull. Thus, the brain volume does 
not remain constant but decreases during the loading period thereby producing an "effective 
compressibility". However, the effect this exit of brain material has on the strain panerns in 
the brain remains unclear. Researchers have developed finite element models of the head 
that incorporate time-independent compressible material elements to simulate the exit of 
material, varying the value of the compressibility to fit physical model experimental data 
( 19-20) Without experimental validation of the effect of this material compressibility on the 
strain field, however; problems may arise when using these finite element models to 
extrapolate the response of the head under conditions for which no experimental results 
from physical models exist Testing physical models with variable effective compressibility 
will determine the extent such changes have on the strain pattern. 

A device that has been used to accelerate the physical models was also employed 
successfully in previous animal and physical modeling experiments in our laborarory. The 
system consists of a six-inch Bendix HYGE actuator and linkage assembly which delivers 
a distributed inertial load to the primate head or physical model (Figure 2). Amplitude of the 
peak acceleration and pulse duration can be controlled by adjusting the set pressure applied 
to the cylinder, while acceleration waveshape can be changed by altering the geometry of 
the metering pin.A more detailed description of the HYGE device can be found elsewhere 
(16-17). An accelerometer (Endevco Instruments, San Juan Capistrano, CA) is mounted on 
the mechanical linkage arm and provides the loading data under these controlled kinematical 
conditions. 
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The physical models used in previous investigations by Thibault et al and Margulies 
(16-17) are described elsewhere. V arious idealized geometries ( including cylinders and 
hemicylinders). baboon skulls and three types of human skulls (neonatal, pediatric, and 
adult) (Carolina Biological Supply) have been subjected to controlled inertial loading. 
These skull models are prepared as hemisections and an example of a sagittal plane model 
is shown in figure 3. In this particular example the skull was cut 1.0 to 1.5 cm lateral to 
the sagittal midline and was manufactured to facilitate the insertion of a surrogate spinal 
column. The intended use of this particular model was to investigate the superior margin 
strains as they may serve to estimate the degre to which the parasaginal bridging veins are 
stretched. The distal end of the spinal column was fitted with a removable plate, permitting 
one to vary the membrane across the distal end, thereby changing the effective 
compressibility of the material (21). 
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Presented in figure 4 is an example of a computation for a grid element located in the central 
region of the superior margin. This type of data will be used later to develop experiment 
parameters for stimulating isolated tissue and cell culture models. However, the data can be 
used independently to validate analytical and numerical simulations or to develop empirical 
scaling relationships that may be important in and of themselves for the purpose of scaling 
animal model studies to man. 
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Figure 4 

Mathematical models of head injury facilitate the study of the spatial and temporal 
responses of the brain structure across a broad range of inputs, whereas physical models 
are confined to discrete load levels dictated by the limits of the equipment Bycroft, and Lee 
and Advani developed the first analytical model for head injury caused by rotational loads 
(22-23). They applied a symmetric torsional acceleration to an elastic sphere, and 
transformed the solution to a viscoelastic solution using the correspondence principle . The 
analytical solution showed that large shear strains could be generated in the region of the 
brain stem 

Liu and Chandran modeled the brain as an elastic sphere encased in a rigid spherical 
shell (24). Subjecting the model to rotational acceleration produced high Stresses in the 
cortical and subcortical regions, indicating that rotational .loads could produce injuries such 
as gliding contusions and subdural hematomas. Subsequent models of the same geometry, 
subjected to other loading conditions displayed the ability of the models to predict a 
threshold for concussion. In the process it drew attention to the the dependency of these 
injury levels on the mechanical properties of brain tissue. 

Ljung developed viscoelastic models of different geometries (infinitely long 
cylinder, cylinder with one closed end, and a sphere) and placed a special emphasis on 
deformation in the superior sagittal sinus (25). Misra extended the geometric analysis by 
studying a prolate spheroid filled with a Kelvin material and subjected it to an angular 
acceleration pulse (26). Misra concluded that geometry may well have an important 
influence on the spatial and temporal distribution of strain, especially in the cortical and 
subcortical areas. Margulies investigated the strains deep within the white matter of a 
viscoelastic cylindrical model and compaired her results with physical model simulations 
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and the pathology of subhuman primate studies where the rotational accelerations in the 
coronal plane resulted in diffuse axonal injury with prolonged coma (27). Meaney 
conducted a similar injury-specific analysis of a viscoelastic structure designed to simulate 
the sagittal plane of the brain and f ocused on the superior margin strains. His model was 
used in concert with physical model studies and isolated tissue experiments to determine the 
threshold levels of inertial loading that are responsible for acute subdural hematoma (21). 
His numerical computations are depicted in figure 5. 
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Shown in this figure is a Fourier series approximation of the inertial load compared 
with the actual forcing function of the experiment Titis series approximation was used to 
drive the mcxiel. Subsequently one can see the comparison of the numerical estimation of 
the the deformation at various locations within the simulation and the actual experimental 
data obtained from the physical mcxiel study. This interplay between the computational 
simulations and experimental data from physical mcxiel studies is important if we are to 
have reasonable confidence in this research endeavor 

In recent years the use of finite element methcxis to investigate the structural 
response of the brain to inertial loading has become a potentially important adjunct to 
experimental and analytical methcxis. In this past decade finite element prograrns have been 
used to investigate the structural response of the brain to inertial loading. Khalil and Viano 
(20a) reviewed the early use of such computational methods and their review is 
recommended by this author as supplemental reading. Linear analysis approaches have 
been used by investigators in order to estimate the deformations that occur wihtin the brain 
under dynamic loading conditions (20b) these estimates are restricted in that the 
deformations and rotations of the structure are assumed to be small. More recently, 
software has become available that permits the investigator to analyi:e large deformation 
problems with a comprehensive hierarchy of constitutive expressions for the materials. 
Programs such as DYNA have been used by a number of researchers (20c) . Their 
simulations require a detailed knowledge of the geometry of the structure and the 
constitutive properties of the brain material, but they are not restricted to the small 
deformation assumptions of previous numerical schemes. Most recently a simulation using 
this approach was conducted and compared to the results of the physical model studies that 
were discussed earlier with favorable agreement (21). Again, it is our belief that this 
interaction between the experimental and computational approaches in biomechanics is 
prudent. 

Experimental Methodologies to Investigate the Response of lsolated Tissue 
and Cell Culture Models to Controlled Mechanical Stimulation 

Based upon the previous discussion, the neural and neuro- vascular elements of the 
central nervous system experience deformations that can result in a continuum of injury 
response in the sense that there are levels of strain that produce no response, spontaneously 
reversible forms of trauma, and irreversible injury and cell death. If the physical and 
mathematical models can help us to estimate the deformations experienced by the 
components of the central nervous system then it is reasonable to explore methods of 
subjecting isolated tissue elements or single cells to controlled mechanical stimulation. Titis 
section is an anempt to answer the following questions in this regard: 

1. Can we develop the experimental methcxis that enable us to deform tissue or cells 
in culture in a controlled and reproducible manner? 

2. Can we measure the load deformation characteristics of the living material? 
3. ls it possible to examine the physiological response at the tissue and cellular level 

to dynamic mechanical stimulation in a way that may shed light upon tolerance criteria and 
detailed mechanisms of injury? 

Researchers in our lab and others have examined the role of mechanical forces in 
the etiology of head injury by observing the response of an isolated unmyelinated axon to 
rapid elongation(28-29). A graded depolarization in response to increasing levels of strain 
and strain rate in the squid giant axon has been observed. This graded response suggests a 
spectrum of injury severity for individual axons, ranging from mild, reversible injury for 
stretch ratlos less than or equal to 1.10 to permanent deficit at 1.20 and structural failure at 
1.25 which will be discussed later. Diffuse axonal injury (DAI) observed in a subhuman 
primate mcxiel appears morphologically as microscopic abnormalities distributed 
throughout the white matter, independent of any focal injury (14,30,31). lt would be of 
great interest to understand this abnormality and it may be possible to conduct such studies 
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on the isolated axon. One feature of the axonal darnage observed is abnonnally shaped 
nocies of Ranvier, structures unique to myelinated nerves. In addition, the variation in the 
mechanical structure between the node and intemode suggests that strains may not be 
distributed uniformly along the myelinated fiber as is assumed for the unmyelinated axon. 
Thibault et al. dynamically stretched frog sciatic nerve bundles, a myelinated nerve 
preparation, and measured the compound action potential as an indicator of functional 
viability (32). Response to injury varied from a transient alteration in the signal with small 
stretch to an irreversible change in the compound action potential following a large stretch. 
Gennarelli et al. demonstrated that dynarnic elongation of guinea pig optic nerves resulted 
in axonal darnage similar to that seen morphologically in cases of human DAI (33). While 
these studies suggest functional and structural changes of myelinated nerves as a result of 
dynamic Stretch, mechanically loading a nerve· bundle does not result in a reproducible, 
quantifiable load on each axon. The responses of many axons are measured, leading to a 
final correlation between some 'average' response and the overall or 'average' load. Using 
a single myelinated nerve fiber, on the other hand, allows for the measurement of an 
individual axon response to a known loading condition. Gray and Ritchie demonstrated 
functional changes, including reversible conduction block and altered action current, in a 
single myelinated frog axon due to static stretch (34) However, when the axon was 
stretched 5% in less than one millisecond, no consistent change in potential was measured. 
The lack of single fiber response to dynamic injury in Gray and Ritchie's experiment is 
likely due to two factors. First, applying a 5% stretch to the portions of the bundle nearest 
the dissected single fiber does not translate directly to a 5% fiber stretch because the single 
fiber may slip within the bundle. More imponantly, a 5% Stretch may be too small to elicit 
an injury response. Data from Galbraith's dynamic elongation experiments on squid axons 
indicates only a small transient depolarization in response to a 5% stretch (29). Therefore, 
the response of a single myelinated nerve fiber to !arger dynarnic strains still needs to be 
studied before conclusions can be drawn concerning the consequences of dynamic stretch 
injury. 

In addition to investigating the response of the neural tissue we have been studying 
the eff ects of mechanical stimulation on blood vessel specimens. Our animal model data 
suggest that a myogenic response to mechanical stimulation can result in a vasospasm with 
the associated alterations in blood flow and metabolism. Because of the cylindrical nature 
and the relatively small siz.es of the axons and vessels miniature material testing machines 
have been developed and are integrated onto a microscope stage. This approach is shown 
schematically in Figure 6. 

Data Acquisition 

D 
Dell Computer 

-
__,__ 

Fluid Resevoir 

Nikon Diaphot Microscope Stage Assembly 

Figure 6 

- 11 -



Both single axons and isolated blood vessels have been used in these systems to 
measure the mechanical stimuli and the biological response. In the case of the axons 
measurements of membrane potential, voltage clamp current and cytosolic free calcium 
concentration have been made. In the case of the isolated blood vessels we have recorded 
on video tape a spontaneous contraction of the vessel in response to high strain rate uniaxial 
loading. 

In addition to the methods described which were designed to subject islated axons 
and blood vessels to controlled mechanical stirnulation, we have developed techniques to 
apply loads to cells in culture. 

This cell culture system permits one to investigate the effects of mechanical 
deformation on neural and vascular tissue physiology, morphology and biochemistry. 
Cells are grown on a transparent, circularly-clamped, elastomeric substrate which is 
deflected into a spherical cap by a uniform pressure applied to the underside of the 
substrate. The resulting biaxial tension in the substrate creates a state of biaxial strain in the 
attached monolayer of cells. Presumably, the deformation response of a cell to substrate 
extension depends upon its attachments and its structure; consequently, it is important to 
determine cell strain in each preparation studied. 

Nevertheless, it is possible to subject a population of cells to dynamic biaxial 
extension and to measure the biological response to such stimulation. 

Thusfar, we have described the mechanical methodologies to stimulate the tissue or 
cells in culture. lt remains to describe the techniques that are currently being used to assess 
the biochemical and physiological consequences of mechanical stimulation. 

lt is imponant to first note that my colleagues and 1 have placed panicular emphasis 
upon the role of calcium in mediating the physiological response of cells in the injury 
process. Therefore, we have gained most of our experience in this area of cellular 
biomechanics and the injury process by evaluating changes in intracellular calcium in 
response to mechanical trauma. 

Functional Response of Tissue and Cell Culture Models 
to Mechanical Injury 

Calcium is a likely candidate to play a role in the cell's injury response as the 
importance of calcium in normal cell function is well established and abnormal levels of 
intracellular calcium are known to be damaging to cellular components. Calcium is essential 
in maintaining the structural integrity and the normal function of nervous tissue (35-36). 
Cell injury can occur when an extemal stimulus damages the cell membrane thereby 
impairing its ability to act as a barrier to extracellular calcium. The resulting increased 
calcium influx can overwhelm the cellular mechanisms that normally maintain a low, 
relatively constant intracellular calcium concentration (37-38). lf the cell is unable to 
sequester or expel sufficient calcium, the cytosolic free calcium level may surpass a critical 
threshold, triggering a series of pathological events. For instance, the disassembly of 
microtubules begins at calcium concentrations above 10 micromolar and is greatly 
accelerated at millimolar concentrations (36) Neurofilament degradation by calcium
activated neutral proteases begins when calcium concentrations reach 50-100 micromolar 
(39-40). These disrupted cytoskeletal elements, unable to diffuse across the membrane, 
may lead to an osmotic pressure gradient and subsequent swelling. In a nerve fiber, the 
accumulation of intracellular debris may occur at or near the nodes of Ranvier where the 
axon diameter changes significantly. Jones and Cavanagh demonstrated that, for 
neurofilament degradation induced chemically over a period of weeks, paranodal or nodal 
swelling occurred due to the accumulation of filamentous masses in myelinated peripheral 
nerves (41). Increased calcium influx following membrane damage has other 
consequences. Variations in intracellular calcium can disrupt normal axon functions, such 
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as axoplasmic transport. Ochs et al. found that exposing a desheathed nerve to 25-100 
mM extracellular calcium resulted in blocked axoplasmic transport after about two hours, 
probably due to microtubule depolymerization (35). In addition, efforts to maintain low 
intracellular calcium by sequestration or extrusion may lead to diminished mitochondrial 
function and metabolic depletion of the cell (39-37). This sequence of events leading to cell 
injury or death - - altered membrane permeability or membrane damage, calcium influx, 
structural disruption - - has been hypothesized for cells in general that are exposed to 
biochemical agents that alter the cell membrane. Balentine observed that the sequelae of 
spinal cord impact injury. disruption of the myelin and granular dissolution of the 
axoplasm, were likely a result of increased intracellular calcium. Tue mechanism by which 
the impact injury caused an elevated calcium concentration, however, was not addressed. 

In our work, it has been hypothesized that dynamic mechanical elongation of a 
nerve fiber creates transient membrane defects or "pores" which effectively increase 
membrane permeability and allow a damaging influx of calcium. Intracellular calcium 
transients resulting from the rapid mechanical deformation of cells have been demonstrated 
by other researchers in this lab. Using the fluorescent calcium indicator dye, Quin2, 
Winston recorded elevated calcium levels in endothelial cells attached to a biaxially strained 
substrate and demonstrated the cells' ability to recover to resting calcium concentration 
(42). Using a similar technique, cytosolic free calcium transients were measured in 
vascular smooth muscle cells (43). In the unmyelinated squid giant axon, an increased 
intracellular calcium concentration in response to a dynamic uniaxial elongation was 
measured with an ion-selective internal microelectrode (44). The calcium transients for 
several levels of Stretch will be discussed later in the chapter. For a Stretch ratio less than or 
equal to 1.1, the giant axon spontaneously recovered to its resting calcium concentration. 
Above this level of stretch, however, the intracellular calcium concentration remained 
abnormally high or increased to the calcium concentration in the external bath. 

Measurements of intracellular free calcium transients following Stretch injury are 
made using the fluorescent calcium indicator dye, fura-2 (Molecular Probes, Inc.). Tue 
lipid soluble form of the dye, fura-2/AM, diffuses across the axolemma. Once in the 
axoplasm, the acetoxy-methyl ester is cleaved from the dye molecule by endogenous 
esterases, leaving fura-2 free acid which binds ionic calcium. Upon binding calcium, the 
excitation spectrum for the fluorescent dye shifts (46). The maximum fluorescence of 
unbound fura-2 occurs at about 360 nm wavelength excitation while the peak for ca2+_ 
bound dye is close to 340 nm (46-47). Therefore, the intensity of the emined fluorescence 
at two wavelengths yields a relative measure of the amount of bound and unbound dye in 
the cell. A ratio of these measurements is used to calculate the intracellular free calcium 
concentration. 

Tue shift in the fluorescence maximum upon binding Ca
++ 

can be exploited by using two 

excitation wavelengths, one near the Ca
++ 

-saturated maximum and the other near the 

Ca
++

_ free maximum. If the concentrations of free and bound dye are sufficiently dilute 
that the fluorescence of each species is proportional to its concentration, then the 
fluorescence intensity at the two excitation wavelengths is given by: 

F1 =Sn Cr+ SbtCb 
F2 = SriCr + Sb2Cb (1) 

where Cf is the concentration of free Fura-2, Cb is the concentration of Ca 
++

-bound Fura-

2, and the S's are proportionality constants. Since Ca
++ 

and Fura-2 form a 1: 1 complex, 
Cr and Cb are related by 
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(2) 

where Kd is the dissociation constant Substituting (2) into (1) and taking the ratio R = 

F1!F2 yields an equation for the calcium ion concentration: 

(3) 

where Rmin is the fluorescence ratio with zero calcium (Sn/Sf2) and Rmax is the ratio at 

calcium saturation (Sb1/Sb2). lt is important to note that the calculated calcium 

concentration is independent of the dye concentration. This will make the calcium 
measurement insensitive to variations in the amount of dye loaded between different 
experiments and variations of absolute fluorescence due to photobleaching during the 
course of one experiment However, any autofluorescence must be subtracted before the 
ratio is taken. 
Both isolated single axons and neural and vascular cells in culture were studied using this 
intracellular indicator with a system depicted in figure 7. 
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Figure 7 

Figure 8 depicts three experiments using the calcium sensitive fluorescant indicator dye, 
Quin 2. Figure 8 A shows the response of endothelials cells to a Stretch of approximately 

8% at a strain rate of 10 sec -l. Current from the photomultiplier tube is proportional to 
calcium concentration in the cytosol. Figure 8 B shows a series of six identical stimuli 
which were delivered to cell following exposure to a 0. 1 % gluteraldehyde solution. Each 
stimulus was delivered at one minute intervals and the figures are plotted on the same graph 
for convenience. One can follow the accumulation of calcium and the ultimate death of the 
cell. Trypan blue stain was used to confirm the observation. Figure 8 C demonstrates the 
spontaneous accumulation of calcium following a traumatic level of cell deformation. 

V ascular smooth muscle and neural cells in culture have exhibited a similar 
response to mechanical stimulation. Isolated tissue elements such as the squid giant axon 
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and the single myelinated fiber from the frog sciatic nerve have demonstrated functional 
changes as measured by the resting membrane potential as can be seen in Figure 9. This 
series of studies was conducted using the squid giant axon. For increasing levels of stretch 
at high strain rates the axon depolarizes to levels that are exponentially dependent upon the 
mechanical stimulus. Clearly it is possible to controllably deform isolated tissue elements 
and cells in culrure, and to measure the electrical and chemical changes that may be elicited 
by the mechanical stimulus. These tools extend our capabilities in the context of injury 
biomechanics by providing opponunities to investigate the effects of mechanical 
deformation on the living elements that constitute the organs and organisms when these 
structures are subjected to forces from the external environment 
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Analysis of the Mechanisms of Cell lnjury 
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lt is this topic area that may serve to bring together the molecular biology and the 
biomechanics communities that have a common interest in understanding the mechanisms 
of injury to the cell. At this level the biomechanician is challenged by the structural 
complexity of the cell, its transpon mechanisms and the myriad of biochemical processes 
that are potentially influenced by the state of stress or strain that the cell structure may 
endure. 

The mechanism by which dynamic elongation initiates the injury sequence is 
hypothesized to be a stretch-induced transient change in membrane penneability. In 1981,  
Ganot et al. reported increased membrane conductance in the Myxicola giant axon in 
response to a rapid transverse mechanical stimulus (48). The reversal potential of the 
mechanically altered conductance for small stirnuli was very close to that of the leak 
conductance, suggesting a similarity between these two pathways. A mechanically-induced 
conductance increase in a biological membrane was also described by Terakawa and 
Watanabe (49). Slow injection of a small fluid volume into a squid giant axon produced a 
hyperpolarization and increased membrane conductance, perhaps as a result of increased 
potassium or leak conductance. 

U sing a model cell membrane consisting of lipid bilayer and gramicidin channels, 
Hunter measured membrane conductance in response to biaxial strain at various strain rates 
(50). Although gramiciclin channel conductance was not strain dependent, increased 
membrane conductance with strain was measured for bilayers containing no gramicidin that 
had an initial, unstressed conductance of greater than 3x1Q6 pS/cm2. Hunter hypothesized 
that these bilayers contained microscopic defects that allowed increased conductance with 
dynamic membrane strain. 
The above studies have demonstrated changes in biological membrane conductance as a 
function of mechanical deformation. These conductance changes need to be related to the 
physiologic consequences of Stretch injury to fonn a coherent injury hypothesis. In our 
research, strain-dependent membrane conductance and accompanying changes in ion 
transpon have been modeled in order to develop an analytical expression describing the 
experimental stretch-induced calcium transients. 

An analytical model is being developed to describe the change in calcium 
permeability of the nodal membrane as a function of applied strain. In this model, the 
membrane is treated as a viscoelastic matrix material containing cylindrical elastic inclusions 
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representing membrane proteins. Applying a dynamic tensile strain to the nerve fiber 
deforms the nodal membrane where local stress concentrations develop at the inclusion
matrix interface, leading to the formation of transient defects or "pores". These defects in 
the membrane cause an increase in non-specific leak conductance, allowing calcium to 
diffuse down its concentration gradient into the axoplasm. From measurements of nodal 
displacement during dynamic Stretch of a single myelinated axon, as described previously, 
a transfer function for nodal strain resulting from fiber strain will be established. 

Calculation of the inclusion-matrix interface stress concentration due to an applied 
strain is based on Hashin's formulation of the inclusion problem (5 1). Hashin solves the 
problem of an isotropic elastic spherical inclusion imbedded in an infinite three-dimensional 
isotropic elastic matrix. Using the correspondence principle and geometrical modifications, 
Hashin's analysis will be applied to the case of an isotropic linearly elastic cylindrical 
inclusion in an isotropic viscoelastic matrix. 

An expression for the diffusivity of calcium ions in the membrane, taking into 
account the hindered diffusion through membrane pores, will be developed using pore 
theory. As a first approximation, the membrane defects will be considered right cylindrical 
pores of length 1, equal to the thickness of the membrane, and radius r(t), as shown in 
Figure 10. The time varying function for the pore radius will be chosen considering the 
stress concentration calculations described above and data in the literature on lipid-protein 
interactions. To simplify the analysis, electrical interactions between solute molecules and 
between solute molecules and the pore walls are neglected. Calcium ions are assumed to be 
rigid spheres of radius a, calculated from the Stokes - Einstein relation: 

R T  a = ----6 1t T) D N ' 
where R = gas constant, T = absolute temperature, h = solution viscosity, D = free 
diffusion coefficient of molecule, and N = Avogadro's number [45]. 
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Figure 20 

Tue diffusivity of calcium ions in the membrane is decreased from that in free solution by 
two factors: steric hindrance at the entrance to the pore, and friction between the pore wall 
and diffusing molecule. In order to enter the pore, the center of a diffusing molecule of 
radius a must pass through the central region of the pore swept out by a radius of r(t)-a so 
as not to collide with the pore edge (52). Therefore, the relative area for diffusion can be 
expressed as a ratio of this area available to the molecule to the actual pore area. That is, 

A(t) = 1t [ r(t) - a]2 
= 
( 1 _ �)2• 

Ac,(t) 7t r2(t) r(t) 
where if a<<r, NA0 approaches one, corresponding to free diffusion (53). If a=r, NA0 
will equal zero, and the molecule will be sterically excluded from the pore. 
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The fractional decrease in diffusivity due to friction between the molecule and the pore wall 
can be calculated using : 

10 a [ a ]3 [ a Js f(t) = 1 - 2.1 04 r(t) + 2.09 r(t) - 0.95 r(t) , 

where f0 corresponds to the frictional drag on the freely diffusing molecule (i.e. a<<r). 
Combining these two effects to obtain an expression for the hindered diffusivity of the 
molecule in the membrane results in creates transient membrane pores, the pore radius is 
proportional to the Stretch ratio for a uniaxial elongation such as that applied to the squid 
axon. This assumes that increasing the level of strain does not solely increase the number 
of pores in the membrane. Furthennore, assuming the penneability of the axolemma to 
calcium is detennined by the hindered diffusivity of calcium in the membrane (see below), 
the flux of calcium into the axoplasm, and thus the peak intracellular calcium concentration, 
is proportional to the strain dependent calcium diffusivity. Titls proportionality is, of 
course, complicated by the sequestration of calcium into intracellular stores. However, that 
the data in Figure 1 1  exhibits a trend similar to the relative diffusivity curve of Figure 12 
suggests that pore theory is an appropriate choice for the analysis of stretch-induced 
calcium transients. 

Dm(!) = D1ree ( 1 - r(�J ( 1 - 2. 1 04 :i) + 2.09 [ r�J - 0.95 [ r(�ir ) . 
The relative diffusivity, or Dm(t) / Dfree , is plotted in Figure 12. 
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Considering the membrane a barrier of thickness 1 separating two solutions of constant 
calcium concentrations C1 and C2, as in Figure 12, the calcium flux can be written as, 

J(t) = P(t) [C2 - C1] , 

where J(t) is the diffusion flux across the membrane and P(t) is the penneability of the 
membrane to calcium. Assuming that diffusion of calcium through membrane pores is the 
primary determinant of membrane penneability to calcium, 

P(t) = 
a(t)

I 
D(t) 

, 

where a(t) is the area fraction of pores in the membrane, and D(t) is the hindered calcium 
diffusivity calculated earlier. In this analysis, interaction between pores and end effects of 
the pores are neglected. 

Flux experiments are being carried out in this lab to characterize the size of the 
strain-induced pores using radiolabeled ions of various radii. This data may provide a 
method to separate the effects of pore size and the number of pores, which together 
determine the flux. 

lt is hypothesized that the defonnation of the cell's membranes causes an increse in 
permeability to ions due to the formation of defects or pores. This theory of mechanically
induced poration is supported by the observation that osmotically swelled red cells become 
permeable to the relatively large hemaglobin molecule (54). Furthermore, upon removal of 
the osmotic gradient , the membrane's integrity is restored. The red cell membrane is 
capable of only a 2-4% increase in in area before lysis occurs (54). Regions of high strain 
can recruit lipid from adjacent regions to relieve the strain. Therefore, the rate at which the 
strain is applied will detennine the extent of the induced poration. Further, it is assumed 
that within limits, the pore formation is transient and reversible just as the red cell reseals 
when the distending pressure is removed. 
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Closure 

With the exception of crush injury, the mechanical forces which lead to the central 
nervous system trauma are applied dynarnically with a characteristic time course of 50 
milliseconds or less. Little is known, however, regarding the time course of the 
pathophysiological response of the tissue. The models developed in our laboratory are 
designed to investigate the underlying mechanisms of injury, determine the threshold of 
mechanical stimuli that produces injury, and explore the time course of the 
pathophysiological events in order to define windows of opportunity and strategies for 
therapeutic intervention. The macroscopic analysis of central nervous system injury is 
complicated by the f act that the tissue or organ· response is dictated by the cellular response. 
We are attempting to move biomechanics and injury research toward the areas of membrane 
mechanics, cytomechanics and transpon process analysis at the cellular level. 

In the past, we had used a primate model to replicate specific forms of injury. We 
focused our attention on Diffuse Axonal lnjury (DAI) and Acute Subdural Hematoma 
(ASDH) because epidemiological data indicated that these forms of injury were responsible 
for approximately 70% of the monality and morbidity associated with brain injury. By 
subjecting physical models or surrogates of the skull-brain structure to loading conditions 
which produced these discrete forms of brain injury in the primate model, we were able to 
estimate the magnitude and temporal nature of the deformations which were experienced by 
the various neural and neurovascular elements in association with these injuries. With this 
information, we developed a strategy to investigate the biomechanics of injury at the 
isolated tissue and cellular levels in order to begin to simplify this complex analysis. 
Accordingly, we designed instrumentation which permits the study of isolated axons, 
blood vessels and cells in culture under conditions of controlled mechanical 
deformation.Utilizing these technologies, we demonstrated that high strain rate deformation 
of the axolemma led to an elevated level of intracellular calcium. 

Cell membrane ionic permeability is directly effected by high strain rate deformation 
which leads to an immediate elevation in cytosolic free calcium ion concentration. This 
traumatic rise in cytosolic free calcium in neurons has been implicated in cytoskeletal 
disruption, functional impairment, cell swelling, and ultimately cell death, while in smooth 
muscle cells the event can lead to spontaneous contraction. Neural tissue can respond by 
sequestering calcium or pumping it from the cytoplasm. However, the pumping 
mechanisms are dependent upon oxidative metabolism and may be compromised if blood 
flow to the tissue is reduced by vessel reactivity or structural failure. 

Our current findings suggest that the cerebrovasculature responds to mechanical 
deformation under conditions of high strain rate loading. This response, in the form of a 
transient spasm, could result in regional reduction of cerebral blood flow. To investigate 
the mechanism of this mechanically-induced vasospasm, we retum again to the cellular 
level and now f ocus on the smooth muscle element of the vessel wall. We have preliminary 
data demonstrating elevated levels of intracellular calcium in smooth muscle cells in culture. 
Transient changes in cytosolic free calcium can produce a spontaneous contraction and, on 
a more macroscopic level, can lead to vasospasm. We hypothesize that, in situ, these 
events occur in concen with the neural tissue insult as previously described. 

Figure 13 demonstrates our current thinking with regard to the injury cascade that 
can occur as a direct result of dynarnic elongation of the axon for example. This process 
will be exacerbated if their is an interruption in local blood flow accompanying the direct 
mechanical insult since the cell requires energy to actively pump calcium from the cytosol. 
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