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Introduction: 
The purpose of this research is to determ ine through analytical m odeling and anim al-based 
experiments the blast-level threshold f or mild traumatic brain injury in hum ans.  Mild traum atic 
brain injury (mTBI) is known to occur in hum ans subjected to explosive blast levels that do not 
induce external or measurable internal injuries.  As a result, it is not known until a later date the 
mTBI has been experienced.  Through analytical m odeling in this research, the blast-induced 
internal strain and rates of  strain in the hum an brain are going to be determ ined.  Determ ining 
these levels will be accom plished by sim ulating th e structure of the brain subjected to blast 
levels found in the literature.  Then, corresponding m ouse brain m odels will be developed in 
order to determine the analogous response parameters in those scaled brains.  In a tandem  effort, 
laboratory-based animal experiments are being conducted to determ ine the blast-pressures and 
impact-acceleration param eters that induce m TBI in m ice.  Once the im pact-acceleration and 
blast levels that cause m TBI in anim als are understood, it will be possible to use the anim al-
based analytical models to determine the corresponding brain response parameters.   These brain 
response parameters will then be scaled to the hum an brain analytical modeling so that the blast 
pressures that generate these response rates can be determined.  
 
Body: 
This section provides an overview of the work  and accomplishments.  The approved tasks from  
the Statem ent of W ork are provided in italics.  Below those statem ents, the corresponding 
progress from June 2009-June 2010 is detailed.  Statements are also made with regard to work in 
progress or that has yet to be done. 
Statement of Work:  
To test the hypotheses, and numerical simulations and animal-based experiments will be 
conducted.  The specific aims, as described in this proposal, will be achieved by collaborative 
research between the Department of Physical Medicine and Rehabilitation at The University of 
Alabama at Birmingham (UAB) and the Department of Mechanical Engineering at The 
University of Alabama (UA).  UAB and UA are only about 50 miles apart, which will facilitate 
convenient and frequent meetings between the two groups.  The specific tasks to reach the 
research aims include:   

Task 1: Initialization of project and organization of collaborative team 

This task has been completed.  Frequent email and phone correspondence occurs between the 
collaborative teams with quarterly group meetings held to transfer ideas and discuss progress.  

Task 2: Simulation of full-scale blast scenarios using a dynamic model 
 
Brain injuries have a direct im pact on the quality of  life for those affected as well as an indirect, 
and significant, im pact resulting from  the health care of injured individuals.   As a result, 
obtaining a basic understanding of the mechanisms that produce brain injury has been the goal of 
research for m any decades.  Som e of the earlie r studies focused on assessing concussions and 
scaling animal-based experiments to hum ans1-3.  Because of the obvious issues associated with 
testing hum ans, there has been a consistent inte rest in obtaining the m echanical properties of 



 5

both anim al and hum an brain tissues 4-13.  By having these tissue properties, engineers and 
scientists have utilized analytical and num erical m odeling approaches to gain a better 
understanding of the m echanisms that generate brain injury 3,14-23. Som e of these brain injury 
studies have gone so far as to find m echanical thresholds that are believed to characterize the 
onset of brain injury 18,20,23-29. Recent work has focused on correlating m echanical inputs known 
to cause injury with internal responses of the brain found using finite elem ent modeling.  Strain 
and strain rates within the brain have been show n to be an indicator of  a probability of  injury26.  
By using injuries observed from football players, that work was extended to establish a tolerance 
level that predicts concusions 27.  The latter work utilized the W ayne State Brain Injury Model 
(WSUBIM) to determ ine the shear strain levels in the m idbrain region believed to induce m ild 
traumatic brain injury (mTBI).  Other work has also involved correlating experimental data with 
results found using detailed finite element models of the human head20,23,29.   
 
While the m odels described above attem pt to obt ain a m echanical threshold criteria associated 
with the onset of brain injury, there are som e im portant lim itations that m ust be understood 
before using the results to better understand the onset of injury.  It is clear that a great deal of 
effort has gone into developing complex models of the human head.  In the brain portion of these 
models, though, both the white m atter and gray  m atter were represented as hom ogeneous 
materials.  Although som e indication of the level of  strain, or strain rate, that produces injury 
may be obtained, the underlying m echanisms that produce that injury can not be understood any 
better than before.  It is well know that cells w ithin the brain contain several different types of 
components.  For exam ple, the axons that transm it inform ation through the brain contain 
microtubules and neurofilam ents30.  These rod-like com ponents provide im portant structural 
support and transport pathways that help m aintain the axons ability to function 31.  Because the 
modeling m ethods described above do not include  these m icroscopic com ponents, there is no 
means of assessing the im pact that m echanical forces have on these com ponents.  Because the 
health of axons is known to depend on these com ponents, the goal of the work described here is 
to continue the examination of brain injury modeling, but from a more microscopic perspective.   
 
Of course, in developing a m odel of these m icroscopic components, one m ust have a detailed 
understanding of the various components structures and properties32.  In the last several decades, 
various researchers have exam ined the stru cture and m aterial properties of m icrotubules6,33-44.   
As a result, the m icrotubule seem s a good candidate for this initial study of the fundam ental 
brain failure m echanisms.  W hile the failure of  neurofilaments and other com ponents may also 
play a role in brain injury, the study of those components will be described in detail in later 
work.  Certainly, knowing the geom etry and m aterial properties of m icrotubules, as well as the 
surrounding cytoplasm , are im portant in m odeling these m icrostructures.  Nevertheless, these 
new models will not provide additional insight unless some criteria are available for determining 
structural failure within that component.  Recent work by de Pablo  et. al.40 and Schaap et. al.41,43 
concentrated on using atomic force microscopy to measure the elastic properties of microtubules. 
 They were able to provide a fairly concise a ssessment of the elastic properties of m icrotubules.  
An even more significant observation in their work  was that when a radial scanning load greater 
than 300 pN was applied to the m icrotubule, the structure would collapsed irreversibly, beyond 
the point of self-repair.   This force, although approximate, provides the important starting point 
to begin the numerical study of failure mechanisms within a brain microstructure. 
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Perhaps the most important work related to the present study is the m ore recent work of Schaap 
et. al.43.  That study exam ined in m ore detail the radial  load that generates structural failure as 
well as the m odeling requirements for a m icrotubule.  Beyond the sim ple thin-shell m odel and 
three dim ensional solid-wall cylindrical m odel us ed to represent m icrotubules, that work also 
examined a cylindrical structure with ribs.  The latter was used to assess the im pact of including 
the shapes of the protofilam ent chains that m ake up the walls of the m icrotubule.  Having the 
basic understanding of the accuracy of these models, provides a good basis for the research being 
addressed in the current work. 
 
As noted above, the goal of the current work is to examine the failure of brain com ponents from 
a m icroscopic level.  To that end, this ne w approach will initially focus on assessing the 
structural failure of m icrotubules (MTs) within th e brain.  In the first part of the study, a m ore 
generic understanding of the onset of MT failure  will be obtained.  This will be accomplished by 
modeling the MT in order to determ ine the internal stresses the results when the 300 pN failure 
load are applied.  Once a m aximum stress level associated with the 300 pN radial load is 
obtained, that stress will serve as the strength of  the microtubule throughout the remainder of the 
study.   Then, a three dim ensional m odel of a m icrotubule suspended in cytoplasm  will be 
developed.  That model will enable the stresses within the MT to be computed as pressure waves 
propagate through the m edium containing the MT.  Because a transient analysis is being used, 
only the wave that initially passes through the m aterial will be of interest.  As a result, the 
boundary conditions on the surrounding materials will not be important due to the sonic speed of 
the traveling waves.  By using the strength crite ria, it will then be possible to determ ine the 
pressure levels within the brain that produce MT structural failure. 
 
Prior to describing the work, som e limitations of the present work should be noted.  First, it is 
not expected that exact values for the failure of  MTs will be obtained.  It is understood that the 
properties of MTs can vary depending on the partic ular loading of interest (norm al vs. shear) 44.  
Furthermore, the properties of brain m aterials can vary in a viscoelastic m anner 
frequency5,13,45,46.  By using a stress-based approach, though, the absolute values of the m aterial 
properties (i.e. Young’s m odulus) will not be so critical.  So long as the relative m aterial 
properties are approxim ately valid, then the relative stresses that will results should be 
reasonable.  Again, the goal of this initial wo rk is to begin the process of studying these 
important failure mechanisms and how they m ay contribute to m TBI.  Future work will f ocus 
other m icroscopic structures, as well as structures that m ay attach to MTs and the associated 
loadings that can occur from  the presence of these com ponents.  It is hoped that this new 
approach to studying brain injury will provide  m otivation to better m easure the failure 
mechanisms of these m icroscopic components in the laboratory.  W hile these structures are not 
necessarily hom ogenous in nature, it is hoped that an appropriate hom ogenous m odel can 
provide useful insight into the failure m echanisms.  Furtherm ore, studies that determ ine the 
physiological consequences of these m icroscopic failures can be conducted with greater 
confidence. 

 
Prior to describing the work, som e limitations of the present work should be noted.  First, it is 
not expected that exact values for the failure of  MTs will be obtained.  It is understood that the 
properties of MTs can vary depending on the partic ular loading of interest (norm al vs. shear) 44.  
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Furthermore, the properties of brain m aterials can vary in a viscoelastic m anner 
frequency5,13,45,46.  By using a stress-based approach, though, the absolute values of the m aterial 
properties (i.e. Young’s m odulus) will not be so critical.  So long as the relative m aterial 
properties are approxim ately valid, then the relative stresses that will results should be 
reasonable.  Again, the goal of this initial wo rk is to begin the process of studying these 
important failure mechanisms and how they m ay contribute to m TBI.  Future work will f ocus 
other m icroscopic structures, as well as structures that m ay attach to MTs and the associated 
loadings that can occur from  the presence of these com ponents.  It is hoped that this new 
approach to studying brain injury will provide  m otivation to better m easure the failure 
mechanisms of these m icroscopic components in the laboratory.  W hile these structures are not 
necessarily hom ogenous in nature, it is hoped that an appropriate hom ogenous m odel can 
provide useful insight into the failure m echanisms.  Furtherm ore, studies that determ ine the 
physiological consequences of these m icroscopic failures can be conducted with greater 
confidence. 
 
MICROTUBULE STRENGTH 
The work of Schaap et. al.43 is used as a starting point in determ ining a strength associated with 
microtubules (MTs).  That work states “Colla pse of the tubes is expected when the stress 
exceeds the ultimate strength of the material.  For the MT, this happened at tip forces <~0.3 nN.” 
 That work also noted various m echanisms that might occur at the onset of failure, such as the 
dislocation of tubulin bonds.  Nevertheless, no a dditional insight was provided with regard to a 
strength associated with MTs.  As a result, the initial goal of  this work is to determ ine an 
equivalent MT strength.  Once th at strength has been determ ined, it will be possible to then 
determine the mechanical loading conditions that produce stresses that exceed the MT strength. 
 
A three dimensional cylindrical finite element model with a radial point lo ad is used to estim ate 
a strength for MTs.  The 13 protofilam ents that  make up the walls of a typical MT produce a 
geometry that is m ore realistically treated as  a ribbed cylinder.  A discussion regarding the 
validity of different types of linearly elastic models is provided in Reference 43.  A uniform  
cylinder with an internal diam eter of 16.8 nm  and an effective wall thickness of 1.54 nm  was 
shown to provide some of the expected elastic properties.  As a result, that unif orm cylinder will 
be examined here, with the intent of evaluating m ore realistic geom etries in f uture work.  As a 
result, a 3-d solid elem ents FE model with young’s modulus of 2.2 GPa is exam ined with a 300 
pN static radial load, as illustrated in Figure 1(a). From  Fig.1 (b), it can be seen that the 
maximum stress value is 0.172GPa, which is at the tip force loading location on the m icrotubule 
cylinder structure. Based on this analysis, this st ress will be assum ed to be that associated with 
permanent deformation and microtubule injury. 
  
TRANSIENT WAVE LOADING IN MICROTUBULES LEADING TO FAILURE 
The infinite MT f illed with cytoplasm and f inite length MT with cytoplasm  have been analyzed 
by using ANSYS FEM tools to reveal m aximum stress values which will yield the MT cylinder 
structure when subjected to a pressure lo ad impacted with a  tim e period of 1.03095×10 -8 s. A 
stress wave propagation caused by this pressure  load will travel through MT and cytoplasm  
assembly. The material properties in Young’s m odulus of microtubule are 2.2 GPa, MT density 
at 1040 kgm-3and Poisson ratio 0.3. For the surrounding cytoplasm medium, Young’s modulus is 
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1kPa, density is 1040 kgm -3 and Poisson ratio is 0.499. As exp ected, the maximum stress values 
in the m icrotubules occurs when the wave loads pass through.  In these FEM m odels, all 
elements are solids.  These m odels were app lied by a pressure load of 0.13GPa at the side 
surface close to the m icrotubule structure a nd produce stress waves propagating along the x 
direction of the model. Figures 2a and 2b clearly show that maximum stress values appear at the 
microtubule structure at two different  times, they are 1.32 GPa at tim e 2.89×10-09s and 3.32 GPa 
at time 1.03×10-07s. These values have exceeded the yield stress value 0.172GPa, which cause 
the perm anent deform ation inside m icrotubule st ructure under this pressure im pact. Figures 
3(a)~(c) show that stress waves travel along x direction from  one side to another, due to the 
reason that m icrotubule structure im mersed inside cytoplasm media with 48nm ×40nm×100nm. 
The stress distribution at each time is shown for cytoplasm media, which is much lower than that 
of microtubule structure. Figure 4 shows stress wave propagation inside the cytoplasm  medium, 
which is m uch lower than that of m icrotubule structure, by com paring with Figure 5 which 
shows stress wave propagation at whole infinite length microtubule with cytoplasm media. Also, 
the finite length m icrotubule with cytoplasm media beam as illustrated in Fig.2 has m uch larger 
stress values than infinite length m icrotubule assembly shown in Fig.5 under the sam e applied 
pressure loads.   

 
Task 3:  Characterize fundamental parameters for dynamic mouse model of mTBI using an 
impact acceleration model 
 
Our work from  the preceding year indicated th e a single im pact-acceleration injury of  0.058, 
0.096 or 0.196 Joules (J) in adult, m ale m ice did not produce behavioral and histological 
outcomes that reliably indicated the occurrence of m ild traum atic brain injury.  Thus, these 
impact acceleration injury magnitudes were determine to be minor.  Therefore, we evaluated the 
evaluated the effects of a 0.588J impact-acceleration model which is induced by dropping a 100g 
weight from a height of 60cm  to im pact a steel di sk affixed to the skull of an adult m ouse, as 
detailed below.  The effects on duration of lo ss of consciousness (as m easured by duration of 
transient unconsciousness), post-im pact vestibular motor performance (as m easured by Rotorod 
performance), post-im pact learning and m emory (as m easured by perform ance in the Morris 
Water Maze), and post-im pact anxiety (as m easured by performance in the elevated plus m aze) 
were measured.    
 
A. Induction of Im pact-acceleration brain injury:  Adult, m ale C57BL6 m ice were anesthetized 
in an induction cham ber with 4% isoflurane for 4 m inutes, followed by a m aintenance dose of 
2.5% isoflurane adm inistered via nose cone for the rem ainder of the surgical procedure. The 
scalp of each mouse was shaved and scrubbed with betadine and chlorhexidine prior to receiving 
a midline scalp incision. The skin and fascia were reflected such that the central, bregm a, and 
lambda skull sutures were clearly visible and hemostasis was achieved prior to im pact.  A 
stainless steel disk (3mm diameter, 0.5mm thickness) was affixed with cynaoacrylate glue to the 
mouse skull.  The m ouse was rem oved from the nose cone and positioned on the foam  support 
block underneath the weight-drop device. A 100g st ainless steel weight (4.5m m outer diameter) 
with a conical tip (3.5m m outer diam eter) wa s dropped from  60 cm  through a Plexiglas tube 
(5.0mm inner diam eter) onto the steel disk affixe d to the m ouse skull.  The im pact site was 
centered on the central suture equidistant between the bregm a and lam bda skull sutures. The 
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mouse was quickly rem oved from the foam  pad to avoid any rebound injury from  the weight 
after the im pact.  The induction of skull fractur e and hem atoma were carefully exam ined after 
each impact.  Each mouse received only one impact.  
 
B. Evaluation of behavioral outcomes: 

1. Effect of 0.588 J impact-acceleration brain injury on duration of loss of consciousness:  
 When a conscious rodent is placed on its back, it w ill roll or flip to its feet to “right” itself and 
the tim e to return of  the righting ref lex af ter mTBI was recorded as an indicator of loss of 
consciousness (transient unconsciousness).  Previous research indicates that duration of transient 
unconsciousness correlates with injury  severity in both the clinic 47 and the laboratory 48.  As 
shown in figure 6, we found that 0.588 J im pact-acceleration injury induced a significantly 
longer duration of transient unconsciousness {t (1,9) = 4.175, p<0.001} as com pared to m ice in 
the sham group (uninjured m ice).  These data s uggest that skull was im pacted with sufficient 
force to induce a brain injury.    

 
2. Effect of 0.588 J im pact-acceleration brain injury on acute post-im pact vestibular 

motor perform ance:  Each m ouse was placed individually  on a 5cm  wheel with rungs on the 
surface for grip.  The wheel rotates in a single direction and gradually increases in speed until 
reaching a m aximum speed of 20rpm  in 90sec. Th e mouse must maintain balance and walk on 
the wheel to avoid falling onto a pad below.  Th e latency to rem ain on the rotating rod before 
falling is an indicator of balance and vestibul ar m otor function. Rotorod perform ance is very 
sensitive to vestibular m otor deficits after TBI 49.  Baseline rotorod perform ance was evaluated 
one day prior to the induction of the im pact-acceleration injury and on days 1, 2, and 3 post-
impact.   As shown in figure 7, no statistical diffe rences were detected between mice in the sham 
(uninjured) and impact-acceleration TBI groups with an n= 9 animals per group.  An additional 6 
mice per group will be added to achieve the necessary  statistical power, but it is anticipated that 
the results will change much upon additional of the additional anim als.  Thus, these data suggest 
that a single 0.588 J impact-acceleration brain injury does not induce vestibular motor deficits as 
detected by the rotorod task. 

 
3. Effect of 0.588 J impact-acceleration brain injury on learning and memory: 

Learning and m emory after im pact-acceleration br ain injury were evaluated using the Morris 
water m aze on post-im pact days 6-10.  In the water maze, animals must swim to find a non-
visible 10cm platform submerged 0.5cm under the surface of the water in a 1.2m  diameter pool. 
As the mouse swims, its path and latency to find the platform were recorded by software assisted 
video tracking system  (Ethovision, Noldus, Inc.).  Each m ouse was given 4 trials per day for 5 
days with each trial beginning at a random  start position (i.e. north, east, south, west).   The 
mouse uses contextual cues in the room  to learn and rem ember the location of the hidden 
platform.   The latency to find the platform  and the tim e spent in the quadrant of  the platf orm 
upon probe trial are indicators of learning and m emory, respectively.  As seen in figure 8, the 
latency to find the hidden platfo rm was not statistically different between uninjured sham  mice 
and mice that received the im pact-acceleration injury.  Although we noted that the m ice in the 
sham group of this experim ent took nearly 20 sec onds longer to find the platform  than m ice in 
the sham  group of our other experim ents, the MW M latency data collect to date in this 
experiment suggest that impact-acceleration brain injury did not induce a statistically significant 
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difference in learning.  W e also evaluated the perf ormance of each m ouse in a probe trial.    In 
the probe trial all the conditions rem ained the sam e except that the hidden platf orm is rem oved 
from the water maze.  The probe trial was performed after the completion of the final set of trials 
on trial day 5 (post-im pact day 10).  The am ount of time a mouse spends in the quadrant where 
the platform was formerly located is an indicator  of memory.    As s hown in figure 9, we found 
that all m ice, regardless of injury condition, spen t nearly half of the tim e in the pool searching 
the quadrant where the platform  was previously located.  This suggests that m ice in all groups 
learned the location of the hidden platform  by us ing spatial cues and retained this m emory on 
trial day 5.  An important control in evaluating MWM performance is to measure the swim speed 
of all anim als (table 2).  W e found that swim  speed did not differ between injury groups or 
evaluation days, which suggest that m otor and or swim ming ability was the sam e between 
experimental groups.    

 
4. Effect of 0.588 J im pact-acceleration brain injury on anxiety:   State anxiety was 

assessed by m easuring time spent in open vs. cl osed arms in the elevated plus-m aze on post-
injury day 6 (figures 10-12).  The m aze is constructed of 4 plastic arms (20cm) at right angles to 
each other connected by a central square. Two of the opposite arms are referred to as closed arms 
and are enclosed by a high wall (15cm ) and the two open arms have a 0.5cm ridge. The maze is 
elevated (50cm) above the floor.  The m ouse is placed in the center, facing a closed arm .  As the 
mouse moves, the time spent in the open and clos ed arms, rearing, and total m ovement time are 
record by a software assisted tracking system  (Ethovision, Noldus, Inc.). This test is a reliable 
and validated m easure of anxiety.  Anxiolytic effects are indicated by increased tim e and/or 
rearing in the open arms and anxiogenic effects are indicated by decreased time and/or rearing in 
open arms. Mice that received an impact-acceleration brain injury spent significantly less time in 
the open arms that uninjured (sham ) mice (figure 10).  Sim ilarly, mice that received an im pact-
acceleration brain injury exhibited reduced reari ng in the open arm s (figure 11).  An im portant 
control is to evaluate the m otor ability of each group to determ ine that both groups could 
perform the task equally.  This was done by ev aluation of the total tim e spent m oving (figure 
12).  No differences between experim ental groups, which indicates that tim e spent in the arm s 
was not influenced by difference in motor ability. Taken together, these data suggest that impact-
acceleration brain injury increased state anxiety in adult male mice.      
 
Task 4: Study loading on the brain via simulation  
This is work to be done in 2010-2011 and the f oundations for this work are currently being 
completed in task 2.  
 
Task 5:  Develop a dynamic mouse model of blast injury  
As this initial work f or this task also relates to  task 7, the data f rom the prototype m ouse model 
will be presented under task 7.   The foundations for this are currently being investigated and this 
task will be a focus of the next year’s research.  

 
Task 6:  Development of test system and fixture configurations  
 
Similar to Task 5, this will be a f ocus of  ne xt year’s research, but prelim inary design and 
development of  a test system  and f ixture c onfiguration has been initiated.  Feasibility was 
evaluated in prelim inary field testing (figure 13) of detonation of a com mercially-available, 
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standardized charge (.22 caliber Hilti explosiv e cartridge rated at 385, 490, 575 ft/sec velocity) 
via a modified Hilti DX E72 into a PVC cylinder (2 in. inside diameter; 1, 2, or 3 ft. length). The 
Hilti DXE72 was modified by removing the internal piston.  It was determined that detonation of 
the standardized charges was reproducible and that detonation into the PVC cylinder did not 
exceed m aterial tolerance lim its.  Subsequentl y, evaluation of the 2 ft. prototype detonation 
configuration was conducted in a hem i-anechoic chamber (http://www.me.ua.edu/stal/) and the 
maximum pressure at exhaust was m easured by m icrophone and pressure sensors.  It was 
determined the peak pressure at exhaust was 60 kPa with the 385 velocity charge and 80 kPa 
with the 575 velocity charge.  Further developm ent and testing of fixture and configurations is 
underway. Figure 14 shows a design idea currently being discussed and prototyped.  This work 
will continue into the next year and will be an area of great emphasis.  

Task 7: Determine if single or multiple blast exposures in a mouse confer signs and symptoms 
similar to those of human mild TBI  
 
This work is on-going and procedures will be updated and m odified in collaboration with the 
data obtained in tasks 4-6, but preliminary evaluation has begun as detailed below. 
 
A. Exposure to blast-overpressure:  Adult, male C57BL6 mice were anesthetized in an induction 
chamber with 4% isoflurane for 4 minutes.  Mice were then removed to room air and placed into 
a custom-build restraint apparatus which im mobilized the head and constrained the body by use 
of padding and protective straps. The eyes were protected by black, light absorbing cloth strips. 
Each mouse was positioned at the end of a 5ft. long PVC cham ber (5 in. inside diam eter) such 
that only the head is exposed to the cham ber and that the top of the head is perpendicular to the 
detonation source.  The procedure to place the m ouse into the restraint apparatus takes >30 sec. 
A modified Hilti DX E72 was used to detonate a 0.22 caliber 490 ft./sec. cartridge at a distance 
of 5 ft. from  the m ouse head into the PVC ch amber. After detonation, each m ouse was rapidly 
removed from the restraints and evaluated for duration of transient unconsciousness.   
 
B. Behavioral outcome measures: 

1. Effect of blast-exposure on duration of loss of consciousness:   Righting tim e was 
measured as described above.  Interestingly and as shown in figure 15, righting tim e did not 
differ significantly between sham  and blast-exposed m ice which suggests that blast-exposure at 
this m agnitude did not induce loss of conscious ness.  However, we observed acute post-blast 
alterations in consciousness that we have not previously observed in the im pact-acceleration 
injury model or in the fluid percussion m odel in mice or rats (unpublished observation).  W e 
observed that after blast-exposed m ice regained  the righting response, the anim al would sit 
immobilized and non-responsive for several seconds (>15 sec.), followed by a brief (< 5 sec.) 
activity and then another period of  immobility (>15 sec.).  This cycle would repeat several tim es 
for each m ouse.    In order to evaluate the dura tion of this altered state of consciousness, three 
additional behavioral parameters were operationally defined and evaluated as follows:  

a) auditory response: the tim e until m ice responded to an auditory stim ulus in which a 
response was defined as a flinch or rapid head m ovement im mediately after a snap 
generated by a ungloved, human hand administered 3 cm above the pinna of the ear.  The 
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stimulus was adm inistered in 15 second intervals beginning im mediately after the 
righting response occurred. 
b) tactile response: the tim e until the m ouse responded by a flinch or rapid head 
movement to a brushing of the whiskers with the tip of a cotton swab was recorded.  The 
stimulus was administered in 15 second inte rvals beginning 15 seconds after the righting 
response occurred.  
c) dazed: the tim e until the anim als initiates and m aintains ambulation and spontaneous 
exploratory behavior in an open field for 15 continuous seconds.   

Also as seen in figure 15, the return of auditory  response, tactile response, and duration of dazed 
behavior was sim ultaneous with the return of righting response in the sham  m ice. However, 
blast-exposure induced a significant increase in time until return of the auditory response, 
tactical response and termination of the dazed behavioral profile.   
 

2. Effect of head only blast-exposure on acute  post-blast vestibular m otor performance:  
Each mouse was evaluated on the Rotorod task as described above on post-blast exposure days 
1-3. Baseline Rotorod perform ance was evaluated one day prior to the blast-exposure.   As 
shown in figure 16, blast-exposure caused a reduction in the latency to rem ain on the rod as 
compared to uninjured m ice (sham) on post-expos ure days 1 and 3 post-exposure, with a trend 
toward a decrease in latency on day 2.  An add itional 6 mice per group will be added to achieve 
the necessary statistical power, however these da ta prelim inarily indicate that blast exposure 
induces alteration in vestibular motor performance.  

 
3. Effect of head only blast-exposure on learning and memory: 

Learning and memory after head only blast exposure was evaluated using the Morris water maze 
on post-exposure 6-10, as described above.  The la tency to find the platform  and the tim e spent 
in the quadrant of the platform  upon probe tr ial are indicators of learning and m emory, 
respectively.  As seen in figure 17, the latency to  find the hidden platform  was not statistically 
different between uninjured sham  m ice and m ice th at received the impact-acceleration injury.    
We also evaluated the perform ance of each m ouse in a probe trial as described above.   As 
shown in figure 18, we found no si gnificant differences between the control (sham ) group and 
the blast-exposed group which suggests that mice in all groups learned the location of the hidden 
platform by using spatial cues and retained this memory on trial day 5.  An im portant control in 
evaluating MWM performance is to measure the swim speed of all anim als (table 3).  W e found 
that swim  speed did not differ between injury groups or evaluation days, which suggest that 
motor and or swimming ability was the same between experimental groups.    

 
4. Effect of head only blast-exposure on anxiety:   State anxiety was assessed by 

measuring time spent in open vs. closed arm s in the elevated plus-m aze on post-exposure day 6 
as described above.  Anxiolytic effects are indicated by increased time and/or rearing in the open 
arms and anxiogenic effects are indicated by d ecreased time and/or rearing in open arm s. Mice 
that received a head only blast-exposure spent significantly less tim e in the open arm s that 
uninjured (sham) mice (figure 19).  Sim ilarly, mice that received an head only blast exposure 
exhibited reduced rearing in the open arm s (figure 20).  An im portant control is to evaluate the 
motor ability of each group to determ ine that both groups could perform the task equally.  This 
was done by evaluation of the total tim e spent moving (figure 21).  No differences between 
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experimental groups, which indicates that tim e spent in the arm s was not influenced by 
difference in m otor ability. Taken together, thes e data suggest that head only blast-exposure 
increased state anxiety in adult male mice.      

 
Task 8: Evaluation/ optimization of fixture construction, load generation of mouse blast 
apparatus 
 
This work has not been initiated, but is planned for 2010-2011. 
 
Task 9: Evaluate the cortex, hippocampus, thalamus, cerebellum, and amygdala of mice exposed 
to single or multiple sub-lethal blast exposure for pathological indicators of brain trauma 

  
This work has been initiated, but is still ongoing.  Several tissue specimens have been processed 
for histochem istry and exam ple m icrographs from  brain sections processed with cresyl violet 
histochemistry (figure 22), Fluoro jade B (figure 23), and assayed for immunoreactivity to GFAP 
(figure 24) are included.  No quantification ha s yet been conducted, but those experim ents are 
planned.  Also, histological m arkers of diffuse axonal injury will be critically evaluated, as the 
modeling data suggests that may be the first pathological consequence of blast exposure.  
 
Key Research Accomplishments:  

• Estimation of the static compression results that produce some permanent deformation of 
MT  

• Modeling of pressure wave propagation through the MT and calculation of stress as 
related to yield strength 

• Prediction of  blast-induced permanent damage to the MT 
• Estimate of  resulting stresses in the cytopl asm, based on the assum ed geom etry, and 

comparison to stresses in  MT 
• Estimation of Von Mises under various load conditions 
• Evaluation of 0.588 J im pact-acceleration injury  in adult m ale m ice with regard to 

duration of transient unconsciousness, vesti bular m otor perform ance, alterations in 
learning and memory, and effects on anxiety 

• Design, and prototyping of mouse blast fixture using a commercially available detonation 
source  

• Evaluation of head only blast exposure in a dult m ale m ice with regard to duration of 
transient unconsciousness and alterations in consciousness, vestibular m otor 
performance, alterations in learning and memory, and effects on anxiety 

• Evaluation of histological markers of injury after head only blast exposure 
 
Reportable Outcomes: 

• Abstract: Biao B. (Bill) Zhang and W . Stev e Shepard Jr., Candace L. Floyd.  
Investigation of stress wave propagation in brain tissues through the use of finite elem ent 
method. ASME 2010 

• Abstract: Candace Floyd. Translating TBI/SCI  in vitro m odels to anim al m odels. 
National Neurotrauma Society 2010 
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Conclusion: 
Axon injuries have been noted in previous resear ch works.  Due to the com plicated structure as 
well as a lack of understanding regarding the types of loading that potentially result in structural 
failure, a complete understanding of axonal failure is  still lacking. In this portion of the research, 
stress waves propagating through a m icrotubule stru cture resting in a cytoplasm  m atrix have 
been exam ined.  The m odel was constructed ba sed on the findings of other researchers.  
Furthermore, experimental loads found by others that result in collapse of the MT structure were 
used as a basis in this portion of the work for estimating a yield strength associated with the MT 
structure.  Refinements of that analysis are needed in the next portion of the work.  Nevertheless, 
the basic formulation has been completed so that further work can continue.   
 
One of the most important outcomes of this approach is the likely ability to translate sim ulation 
results directly to experimental verifications.  Because the models developed are for fundamental 
structures within the brain, the need for scaling between animal-based experiments and estimates 
for human levels m ay not be necessary.  This is  a fundam entally different approach than what 
has been used previously.  For a wave propagati ng perpendicular to the MT axis, pressure loads 
have been found that cause the st resses in the MT structure to exceed the estim ated yield stress.  
Two conditions were considered in the sim ulations reported here.  In one condition, the MT was 
completely encapsulated within the cytoplasm.  This case mimics a finite length MT.  In another 
study, the cytoplasm  structure ended at the end of the MT.  This latter case is used to sim ulate 
the effects in longer MT structures.  Of course , to fully understand the m echanics and important 
loading conditions, other wave propagation directions  will need to be considered, such as axial 
and oblique loading.  Further refinem ents to the model, such as the possibility of incorporating 
ribs to m imic the f ilaments that m ake up th e MT, are also needed to better im prove the 
simulation results.  These areas will the subject of upcoming work in the area. 
 
With regard to the mouse model and animal experimentation, we have found that 0.588 J impact-
acceleration injury produces a brain injury with  mild symptomatology.  Specifically we report 
that this level of im pact-acceleration injury induces transient loss of consciousness but does not 
induce lasting vestibular m otor deficits acutely after injury.  In com parison, a head only blast 
exposure did not induce transient loss of conscious ness, but instead induced transient alterations 
in consciousness.  Also, the head only blast exposure prelim inary evaluated here induced acute 
alterations in vestibular motor function. Neither the impact-acceleration injury nor the head only 
blast-exposure induced significant deficits in  learning and m emory as detectable by the 
evaluation in the Morris Water Maze.   It is possible that this task is not sensitive enough in mice 
to discern the level of learning and m emory deficits induced by mild brain injury, however more 
mice need to be evaluated before this interpretation is solidified.  It was also noted that several of 
the mice in our sham  group had very poor perform ance in this task, and that needs to be further 
evaluated.  Additionally we report here that both the im pact-acceleration injury and blast-
exposure induced state anxiety in the m ice as m easured in the elevated plus m aze.  Lastly, we 
have begun to exam ine several histological m arkers of injury in brains from  mice exposed to 
impact-acceleration or blast-exposure and this work will continue in earnest.  
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Appendices:  Abstracts 
 

Investigation of stress wave propagation in brain tissues through the use of 
finite element method 

 
Biao B. (Bill) Zhang and W. Steve Shepard Jr. 

Dept. of Mechanical Engineering, The University of Alabama , Box 870276 ,  
Tuscaloosa, AL 35487 
Candace L. Floyd 

Dept. of Physical Medicine & Rehabilitation , The University of Alabama at Birmingham , Birmingham , AL 35249 
  
Because axons serve as the conduit for signal transm ission within the brain, research related to axon 
damage during brain injury  has received m uch atte ntion in recent y ears. Although myelinated axons 
appear as a uniform  white m atter, the com plex structure of axons has not been thoroughly considered in 
the study  of fundam ental structural injury  m echanisms.  Most axons are surrounded by an insulating 
sheath of myelin.  Furthermore, hollow tube-like m icrotubules provide a form  of structural support as 
well as a m eans for transport within the axon.  There are also discontinuous neurofilam ents that serve to 
strengthen and maintain the axon shape.  In this wo rk, the effects of som e of these elem ents on the axon 
structure are considered in order to obtain a bette r understanding of wave propa gation within the axon.  
Brain tissues must often be described using complex properties, like viscoelastic or hyperelastic materials, 
and are often not well characterized.  Nevertheless, a means for dealing with som e of these issues is 
considered in an attem pt to make progress in this area of brain injury  modeling.  The goal is to exam ine 
axial wave propagation using a sim plified finite element analysis so that the im pact caused by blast wave 
loads within the brain axons can be better underst ood.  By  conducting a transient analy sis, stress and 
strain distributions as the wave propagates  are examined and important characteristics studied. Supported 
by: DoD CDMRP W81XWH-08-1-0289 
 
 
Candace Floyd, Ph.D. Abstract/Summary for National Neurotrauama Society 2010 Invited 
Platform Presentation: Translating TBI/SCI in vitro models to animal models 
 
Cell culture models are typically more simplified systems that enable the researcher to 
investigate the mechanisms, and potential interventions in the pathophysiology of traumatic 
central nervous system (CNS) injury at a fundamental level.  The main in vitro model discussed 
is a mechanical injury model that induces tensile strain, or stretch, in a cell monolayer as 
originally described by Ellis et al., 1995 (J. Neurotrauma Jun;12(3):325-39.).  An important 
aspect in the effective utilization of in vitro models in CNS injury research is the translation 
between cell culture findings and in vivo experiments.  When used together, in vitro and in vivo 
models can be complimentary tools, each with unique advantages.  Data on sodium and calcium 
dynamics in cortical astrocytes after mechanical stretch injury and subsequent manipulation of 
these pathways in vivo after lateral fluid percussion will be discussed.  Additionally, our data on 
stretch injury-induced alterations in expression of inwardly-rectifying potassium currents in 
spinal cord astrocytes coupled with analysis of these same current after spinal cord injury in 
adult male rats will highlight several aspects of this approach.   Lastly, experimental caveats and 
limitations in translation between in vitro and in vivo injury models will be discussed.  
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Supporting Data:  
 
 
                                                          Table 1 Microtubule material properties [43] 

 

 

                                                                          

 

 
 
 
 
 
 
 
 
 
 
 
 
 

1 MAT Density 1040 
2 MAT Poisson’s ratio 0.499 - 
3 MAT young’s modulus 1000  
3 MT density 1040 
4 MT Poisson’s ratio 0.3 - 
5 MT young’s modulus 2.2 

300 pN 

(a) (b) 

Fig.1 (a) Schematic of uniform cylinder representing MT with 300 pN radial 
point load, (b) sample simulation stress results (Pa). 

Fig.2 MT with cytoplasm  and extending the cytoplasm beyond the MT ends transient 
stress distribution in Von Mises, the internal  and outside cytoplasm  elements have been 
omitted from the figure for clarity 

(a) t=2.89×10-09s (b) t=1.03×10-07s 



 

                                                                                              
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                             
 
 
 
 
 
 
 
 

Fig.3 MT with cytoplasm and extending the cy toplasm beyond the MT ends transient stress 
distribution in Von Mises, the internal m icrotubule elem ents have been om itted from  the 
figure for clarity 
 

Fig.4 MT with cytoplasm  and infinite MT tr ansient stress distribution in Von Mises, 
the internal microtubule elements have been omitted from the figure for clarity 

 
 

(a) t=4.54×10-09s (b) t=2.63×10-09s 

(c) t=1.01×10-07s 

(a) t=8.25×10-10s (b) t=3.28×10-09s 



 

 
 
 
 
 
 
 
 
 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5 MT filled with cytoplasm and infinite MT transient stress distribution in 
Von Mises 

(a) t=3.71×10-09s (b) t=8.06×10-09s

Figure 6: Effect of 0.588J impact on 
transient unconsciousness. Duration of 
loss of consciousness (LOC) was 
measured immediately post-injury. *= 
injured animals had greater duration LOC 
than uninjured controls (n=9 per group). 
 

Figure 7: Effect of 0.588J impact-
acceleration brain injury on 
vestibular motor performance.  
Mice were trained to balance on an 
accelerating rod, the Rotorod, and 
latency to fall off was evaluated on 
post-impact days 1-3.   No 
differences between injury groups 
were observed (n=9 per group). 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: Effect of  0.588 J impact-
acceleration injury on learning in 
the Morris water maze (MWM).  
Mice were evaluated in MWM on 
days 5-9 after a 0.588 J impact-
acceleration brain injury and the 
latency to find the hidden platform 
was evaluated.  No significant 
differences were found between 
sham and injury groups for any trial 
day (n=9 per group). 
 

Figure 9: Effect of 0.588 J 
impact-acceleration brain 
injury on probe trial in the 
Morris water maze (MWM).  A 
probe trial was conducted on the 
last day of MWM evaluation and 
the time in the target zone was 
evaluated.  There were no 
significant differences between 
uninjured (sham) impact-
acceleration brain injury group 
(n=9). 
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Experimental Group Average swim speed for 

learning trials 
Average swim speed in probe 
trial 

SHAM 17.8 + 1.1 21.9 + 1.7 
Impact-Acceleration 
brain injury 

15.1 + 1.0 20.6 + 2.5 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Table 2: Swim Speed in the Morris water maze for the learning trials (average 
of trial days 1-5) and the probe trial. No significant differences were found 
between uninjured control mice (sham group) and mice that received a 0.588 J 
impact-acceleration brain injury.  Values are mean + standard error of the 
mean

Figure 10: Effect of 0.588J impact-
acceleration brain injury on elevated 
plus maze performance.  The 
elevated plus maze is a behavioral 
model of anxiety and time spent in 
open arms in injury versus uninjured 
(sham) mice was evaluated. Mice that 
received impact-acceleration brain 
injury had reduced time in the open 
arms, suggesting increased anxiety.  

Figure 11: Effect of 0.588J impact-
acceleration brain injury on rearing 
in the elevated plus maze.  Rearing is 
an exploratory behavior that is 
associated with a lower state anxiety.  
The number of times an animal reared 
open versus closed arms was 
evaluated. Mice that received impact-
acceleration brain injury exhibited 
reduced rearing in the open arms, 
suggesting increased anxiety.  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12: Effect of 0.588J impact-
acceleration brain injury on time 
spent moving in the elevated plus 
maze.  Movement time was evaluated 
in the elevated plus maze as a measure 
of motor function.  No differences 
were found between experimental 
groups, which suggest that motor 
ability was equal between mice in both 
groups.   

Figure 13: Images from preliminary field test of commercially-available 
detonation source (0.22 caliber charges in modified Hilti DXE72) into a PVC 
cylinder (2 inch diameter) of 1 (left panel) or 2 foot length (right panel). The 
Hilti DXE72 was modified by removing the internal piston. 

Figure 14 (next page): Schematic of a new blast chamber design which 
utilizes a commercially-available detonation source (0.22 caliber charges in 
modified Hilti DX E72) . 
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Figure 15: Duration of transient unconscious and altered consciousness following head 
only blast-exposure.   Righting time was not significantly increased in blast-exposed mice as 
compared to control mice (sham), which suggests that this level of blast-exposure does not 
induce loss of consciousness.  However, blast exposure induced significant acute alterations 
consciousness as evidenced by significant increases in the duration until auditory response, 
tactile response and duration of a dazed state in blast-exposed versus control (sham) mice. 
(n=8-9 per group). 

Figure 16: Effect of head only 
blast-exposure on vestibular motor 
performance.  Mice were trained to 
balance on an accelerating rod, the 
Rotorod, and latency to fall off was 
evaluated on post-blast days 1-3.   
Blast-exposed mice showed 
decreased latency on post-blast days 
1 and 3.  (n=9 per group). 
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Figure 17: Effect of head only 
blast-exposure on learning in the 
Morris water maze (MWM).  Mice 
were evaluated in MWM on days 5-9 
after blast-exposure and the latency 
to find the hidden platform was 
evaluated.  No significant differences 
were found between sham and injury 
groups for any trial day (n=9 per 
group). 

Figure 18: Effect of  
head only blast-
exposure on probe trial 
in the Morris water 
maze (MWM).  A probe 
trial was conducted on 
the last day of MWM 
evaluation and the time in 
the target zone was 
evaluated.  There were no 
significant differences 
between uninjured (sham) 
blast-exposed group (n=9 
per group). 
 



 

Experimental Group Average swim speed for 
learning trials 

Average swim speed in probe 
trial 

SHAM 17.8 + 1.1 21.9 + 1.7 
Blast-exposed brain 
injury 

14.3 + 0.8 19.7 + 1.9 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3: Swim Speed in the Morris water maze for the learning trials (average 
of trial days 1-5) and the probe trial. No significant differences were found 
between uninjured control mice (sham group) and mice that received head only 
blast exposure.  Values are mean + standard error of the mean.  

Figure 19: Effect of head only blast 
exposure on elevated plus maze 
performance.  The elevated plus maze 
is a behavioral model of anxiety and 
time spent in open arms in blast-
exposed versus uninjured (sham) mice 
was evaluated.  Mice exposed to head 
only blast exhibited reduced time in 
the open arms, suggesting increased 
anxiety. (n=9 per group) 

Figure 20: Effect of head only blast 
exposure on rearing in the elevated 
plus maze.  Rearing is an exploratory 
behavior that is associated with a 
lower state anxiety.  The number of 
times an animal reared open versus 
closed arms was evaluated. Mice that 
received head only blast exposure 
exhibited reduced rearing in the open 
arms, suggesting increased anxiety. 
(n=9 per group) 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 21: Effect of head only blast 
exposure on time spent moving in 
the elevated plus maze.  Movement 
time was evaluated in the elevated plus 
maze as a measure of motor function.  
No differences were found between 
experimental groups, which suggest 
that motor ability was equal between 
mice in both groups.   

Figure 22: Effect of head only blast-exposure on hippocampal morphology at 48 
hours post-exposure.  Representative micrographs from serial sections of brain tissue, 
centering on the hippocampus at 40X (upper) and 100X (lower) magnification.  No 
overt tissue damage was seen in either experimental group.  



 

 
 
 
 
 
 
 
 

 

Figure 23: Effect of head only blast-exposure on Fluoro Jade B (FJB) 
histochemistry in the hippocampus at 48 hours post-exposure.  Representative 
micrographs from serial sections of brain tissue, centering on the hippocampus at 40X. 
 No FJB-positive degenerating neurons were observed.   

Figure 24: Effect of head only blast-exposure on GFAP immunoreactivity in the 
hippocampus at 48 hours post-exposure.  Representative micrographs from serial 
sections of brain tissue, centering on the hippocampus at 100X.  A slight increase in 
GFAP immunoreactivity was observed in blast-exposed brain tissue.  




