Modeling of Microstructural
Kinematics During Simple
Elongation of Central Nervous
System Tissue

Allison C. Bain Damage to axons and glial cells in the central nervous system (CNS) white matter is a
nearly universal feature of traumatic brain injury, yet it is not clear how the tissue
David I. Shreiber mechanical deformations are transferred to the cellular components of the CNS. Defining
how cellular deformations relate to the applied tissue deformation field can both highlight
David F. Meaney* cellular populations at risk for mechanical injury, and define the fraction of cells in a

specific population that will exhibit damage. In this investigation, microstructurally based
models of CNS white matter were developed and tested against measured transformations
of the CNS tissue microstructure under simple elongation. Results show that axons in the
unstretched optic nerves were significantly wavy or undulated, where the measured axonal
path length was greater than the end-to-end distance of the axon. The average undulation
parameter—defined as the true axonal length divided by the end-to-end length—was 1.13.
In stretched nerves, mean axonal undulations decreased with increasing applied stretch
ratio (\)—the mean undulation values decreased to 1.06-at.06, 1.04 at\ =1.12, and

1.02 atA =1.25. A model describing the gradual coupling, or tethering, of the axons to the
surrounding glial cells best fit the experimental data. These modeling efforts indicate the
fraction of the axonal and glial populations experiencing deformation increases with
applied elongation, consistent with the observation that both axonal and glial cell injury
increases at higher levels of white matter injury. Ultimately, these results can be used in
conjunction with computational simulations of traumatic brain injury to aid in establish-
ing the relative risk of cellular structures in the CNS white matter to mechanical
injury. [DOI: 10.1115/1.1632627
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Introduction damage, and also highlight the mechanical sensitivity of cells or

The central nervous systef@NS) white matter is composed of subcellular elements in the Wh'te ma_tter to m(_achanlcal t_ra_uma.
For example, data from in vivo studies of white matter injury

myelinated axons, a supporting glial cell network, and an inner; )
vating vascular system. Damage to the CNS white matter iS.SQOW that not all axons are damaged at a fixed level of stretch. At

neary unversal conseqence ofbran and spnalcod iy, SESSS1 55 9 L e TS uTber of e Svone
is the largest contributor to poor neurological outcome in survj- ' jury 9 9

vors of brain and spinal cord traunjd]. Mechanical strain is he axonal network5,6]. Both of these observations suggest a

considered the proximal cause of injury to the CNS white mattecromIOIex recruitment and mechamcal !oadmg of axons and _ghal
&lls under even simple extension loading. Despite the potential of

with secondary ischemic insults potentially exacerbating the i . .
onal recruitment on understanding the neuropathology of trau-

aligned in parallel—produces the same histopathological chan h th h h | h
found in white matter injury in humans. Moreover, the guinea pigt10ugh the study demonstrated how the axonal tracts change
eir geometry during simple loading, a quantitative description

optic nerve contains the same organotypic architecture of the . X ! ) | .
man optic nerve, and both are considered reasonable represefR&ing tensile strain applied to the spinal cord and the resulting

tions of white matter tracts within the braj@]. geometrical changes in the axons of the white matter were not

Although the macroscopic, tissue level deformations for whitdeveloped. o _ o
matter injury are now estimated from work using the guinea pig Based on the progressive increase in the distribution of axonal

optic nerve 4], these mechanical thresholds do not allow a precigdd glial injury in white matter tissue with higher levels of applied
estimate of the mechanical strains experienced by cellular efffétch, we hypothesized that the axons within the white matter
ments of the white matter. A more precise definition of the reldecome more firmly tethered to the glial cell matrix at higher
tionship between the applied macroscopic conditions durifjongation levels, and that this tethering will be observed by
trauma and the resulting cellular deformations under these lodf&cking the changes in the axonal microstructure during simple

will identify the cell populations that are mechanically at risk foflongation. In this study, we present a mathematical description of
the kinematics for axonal deformation in the white matter of the
*Corresponding address: Department of Bioengineering, 120 HaydglNS _usmg separate mOde“ng approaches tQ r?ﬂeCt the pOtentlal
Hall, University of Pennsylvania; Philadelphia, PA, 19104-6392; e-mail€oupling of the axons to supporting cells within the CNS. We
dmeaney@seas.upenn.edu. S model the microstructural changes that occur in the guinea pig
Contributed by the Bioengineering Division for publication in UBUENAL OF  gntic nerve under simple extension, a loading condition that is
BIOMECHANICAL ENGINEERING. Manuscript received by the Bioengineering Divi- . . S L .
capable of causing white matter injury at sufficiently high elonga-

sion January 14, 2002; revision received June 24, 2003. Associate Editor: M. o1 ;
Sacks. tion rates(>10 s ) [8]. We show that a gradual coupling of the
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axons to the glial matrix is a more reasonable description thi
models assuminga) a uniformly coupled or(b) an uncoupled &
behavior between the axonal elements and glial matrix fractic
across the studied elongation levels. We view this study as the fi =
step in a more detailed description of how the different cell popt .
lations in the CNS contribute to the mechanical properties ai §
functional response of the tissue following mechanical stimuli |
tion, and will provide a starting point for defining the mechanice
tolerance of other cells in the white matter that show dama
during brain and spinal cord injury.

Methods

Microstructural Characterization.  Adult, male, Hartley, al-
bino guinea pigg600—700 grams; A6 animal$ were euthanized
with a lethal dose of sodium pentobarbit6D mg/kg, and exsan-
guinated with 0.1% heparinized saline. Optic nerve length, d
fined as the distance from the posterior surface of the globe to 1
optic chiasm, was measured using digital calipers for both tl
right and left optic nerve prior to removal. Measurements on tt
axonal microstructure in unstretched nerves from three separ
animals showed that the microstructure was not statistically d L

T

ferent across animal¢Kolmogorov-Smirnov testing; p0.5).

Therefore, the data from a stretched optic nerve was not pair

with data from the unstretched optic nerve from the same anim L

The nervegn=12 tota) were excised and restored to theirinvive | -

length, and the ends of each nerve were pinned to a petri dish. 17 [~ L

nerves were then elongated manually at a slow (at& mm/9

once to one of four levels, corresponding to stretch ratios ! LT

A=1.0 (unstretcheg 1.06, 1.12, 1.25. Using enamel markers ol U - —

the surface of the nerve, separate studies showed that the elor |_

tion of the opti i i . 0 U
ptic nerve produced a reasonably uniform tissue str¢

along the length of the optic nenfd]. Moreover, slow loading ] ) ] ) )

rates were used to avoid any potential overstretching of the tissfil§); 1 Analysis of the axonal microstructure in the guinea pig

and minimize potential viscoelastic loading effects. Three separQRHc nerve (a) Digital image of an longitudinal optic nerve sec-

- s 10N stained for non-phosphorylated neurofilament (SMI31 an-
nerve samples were elongated at each stretch ratio, yielding a t Igaﬂdy ), showing the undulated appearance of individual axons

of 12 nerves usgd for the study. A _preliminary pOW(_':'r analyslﬁ the nerve. (b) Axonal microstructure was described using an
showed that relatively small changes in the average microstructyt@julation parameter (U), based on the end-to-end distance

(e.g., difference of 0.0lcould be detected with>95% statistical |ength of an axon (Ly), and the true path length (Ly) of the
power using this study design. Once displaced to the final stretakon. Undulation parameters closest to 1.0 indicated axons
condition, each nerve was fixed with 10% neutral buffered formé#hat appeared nearly straight; increasing levels of undulation

lin for 24 hours. above 1.0 described axons that were undulated, or ‘wavy’ in

Individual nerves were embedded in gelatin and cut on a freg3kPpearance.

ing microtome into longitudinal sections J@n thick and stored
in phosphate buffered salin®BS for no longer than 24 hours.
The sections were stained with the antibody SMI(Siernberger
Monoclonals, Inc., Baltimore, MP which stains phosphorylated
medium and heavy-weighil60 and 200 kDD neurofilament pro-
teins that are prolific in normal axons, as previously describgd

characterized for a single nerve sample. These segments were ran-
domly selected from the digital images of the nerve, and repre-
sented a distribution of axon caliber within the nerve. Each axon
. ) in the digital images was assumed to represent a separate axon in
In the central nervous system, the neurofilament proteins are {18 i’ nerve, and the morphology of the axon could be visual-
most abundant protein in the axon, and fill the bulk of the axq;q for several undulation cycles. True length) and undulated
plasm space. Therefore, labeling of the neurofilaments prov'de?e%d-to-end length (L,,) were measuredNIH Image, NIH, Be-
reasonable estimate of the a?<onal geometry. . thesda, MD (Fig. 1(b)) for each axonal segment. The measured
Immunostained nerve sections were mounted on slides, covgrgyations of axons from the three separate nerve samples at a
slipped, and viewed with light microscopjNikon, Inc., Tokyo, ~ghecific stretch level were combined into a single dataset for the
Japan using a 60 objective. Care was taken to ensure that thgyoich jevel. In turn, the resulting dataset at each stretch level was

length of the Io_ngltudlna! sections were consistent ‘.N'th the me nalyzed using a frequency histogram, and the mean undulation
sured length prior to cutting on the freezing stage microtome. T the population was calculated

of the specimens as measured by callpers_. . four regions. For each stretch level, a one-way analysis of vari-
For each nerve section, approximately sixty images evenly d nce (ANOVA) (Statistica, Statsoft, Inc., Tulsa, QKvas em-

tributed along the length of the nerve section were acquired un P ;
bright field microscopy(AIS Image, Imaging Research, Inc., St.arigesd to detect significant differences{0.05) among the four

Catherines, Ontarjo(Fig. 1(a)). Five randomly located axonal
segments from each of the sixty digital images were chosen forMicrostructural Modeling. In general, the microstructural
analysis, yielding approximately 300 axonal segments that wezemponents of biological tissues respond to an applied deforma-
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T The average undulation of the axonjjlbver a length (1) along
3 the axis of the axon is therefore given by:

i ) ’
As; L %
\j i -
y BQ/AO y(z)=A cos (2nz/T} UO_L_UJ’O \11+(d_z dz
(a) =iJLU\/1+
Ly Jo

Similarly, for the axon under simple extension loadif\g, the

2
) ) dz 4

A 27 . (2772
—Ag=SIN
°T, To

)\To transformed undulation () becomes:
3 1 Ly d \ 2
on Ut:_ \/1+(—y) dz
312 Lu Jo dz
‘ 1 (Lu —A, 27 [2mz\\°

(b) y(2)=As V2 Cos (2r2/T,1) ), 1+ T)\—Tosm T, dz (5)
Fig. 2 Schematic depicting the model assuming a tight cou- There is no closed form solution for Eqd) and(5); as such, we
pling between the axonal population and the glial cell network. approximated the solutions using a simplification that applies for
(@) The axon path is represented by a periodic wave with am- undulation values close to 1.0. For these undulation values, we

pIit.ude, A, and pe_riod, T ,. (b) When elongated to a stretch used the assumption:
ratio of 1, the amplitude of the path decreases to A /A"

while the path period increases to  AT,. Therefore, both the (Uae?=(U?) e (6)
computed path length and the end-to-end distance of the axon
will change for the applied stretch condition, yielding a new
undulation value (U,) that is approximated by the equation dy

shown. Uave: [(UaV92]1/2= [(Uz)ava-l V2= |:|_iLJ fOLU( 1+ ( d_Z) 2) dz

and therefore,
1/2

12

®

)
. . o . substituting the equations describing the axonal geometry in the
tion based on the interconnectivity of elements at the MICroscopjfdeformedEq. (1)) and deformedEg. (2)) into Eq. (7) yielded
level. If the cellular elements are tightly coupled together, ong,, separate expressions for the average undulation of an axon
may assume that the cellular elements follow exactly the appligder an interval. The two expressions were used to develop a final
bulk strain patterr(i.e., an affine deformationin contrast, the re|ationship between the transformed undulatio) @hd the ini-
cellular elements may have very little connectivity and therefokg;; ndulation () based on the stretch ratio applied to the tissue
act independently of each other; the resulting deformation of tg .
cellular elements will not correspond directly with the applie
bulk strain field. In this study, we examined three possible trans- 1 1
formations for defining how the axons deform within the white U=Uq 5+ |1~ _3>
matter under simple elongation. These three approaches were A Ug A
based on three different approximations for the coupling betwegfumerical integration of Eqg4) and (5) for the range of undu-
the axonal elements and the supporting glial cells—principally thgtions observed in the optic nerve and typical stretch values
oligodendrocytes and astrocytes—over the range of stretch constiows an error from the approximation in E@) of approxi-
tions examined experimentally. mately 0.003 for an undulation value of 1.5 and an applied stretch
Complete coupling between axons and glial netweHor this of 1.25.
approximation, it is assumed that the axons in the optic nerve areNo coupling between axonal and glial elemeri#/hen the ax-
tightly interconnected with the glial network, and the axons expens within the white matter are assumed to be completely un-
rience locally the same geometric transformation as the mackbupled with the surrounding cells and matrix, the microstructural
scopic tissue. For this analysis, we assumed that the geometrytrghsformation is calculated more directly—the undulated length
an undulated axorfy(z)) could be modeled as a periodic waveof an axon increases in correspondence to the new displaced
(Fig. 2a)): length of the nerve, while the true length of the axon remains the
277 same. An axon is complete_ly_straight Wh_en the nerve stretch ratio
y(2)=A, Cog( _) (1) (N is equal to the axon’s original undulation JUFig. 3). There-
T fore, the transformed undulation (Uof an individual axon be-
where A is the amplitude of the wave,,Ts the period, and z is comes the ratio of  to the new undulated length (). U, can be
the axis a|ong the |ength of ’[he axon. Assuming incompressibi”%ﬁ.scnbed at any _OptIC nerVe.StretCh In terms Of the nerve S'[I’etCh
for the optic nerve, the amplitude and period of an axon undgtio and the original undulation of the axon:.
simple extension loading of the tissue becomé ™ *2and T\, 1
respectively, and the equation of the stretched axon’s geometry U=—-U, for A<U, (9A)
(y'(2)) changes accordingl§Fig. 2(b)): A

U=1 for A\=U, (9B)

A, 27z
y'(2)= \/_XCOE( T ) (2)  Using this transformation, population averages and statistical dis-
° tributions can be predicted for a bundle of axons within the optic
At a point (z) along the length of the axon, the undulation of amerve at any stretch level, given the original population distribu-

axon over a small intervdllz) is given by: tion.
— Gradual coupling of the glial matrix to the axonal elements
_ d_y Rather than assuming a local cellular connectivity that applies for
U@z)=+\/1+ 3) L - : . )
dz all axons within the optic nerve, a final approach is to consider a
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Fig. 3 Schematic depicting the model of axonal microstruc- k=l
ture with no coupling to the glial cell network. At stretch ratios
less than the axon’s undulation value, the applied displace-
ment is transferred directly to increase the axon’s end-to-end
distance (Ly), with no change in the true path length of the
axon (Ly). Therefore, the transformed undulation of the axon
after stretch (U,) is transformed according equation shown. At
stretch ratios greater than the original undulation, the axon is
completely straight and has an undulation of 1.0.

N 800

Total

Frequency

LIS I e e e
1 105 1.1 115 12 1256 13 135 14 145 15
Undulation

A=1.25

situation in which the coupling of the axon to the glial cell matri
changes from an initial uncoupled state to a coupled behavi
beyond a specific elongation point. This formulation is an attem
to model the progressive recruitment and damage of the glial ce
within the white matter after stretch injury. Each axon will display
a unique transition point from uncoupled to coupled behavior. Tt(d)
formal statement of this model is as follows:
For U<U,, all axons are coupled directly to cells and fOIIOWFig. 4 Measured changes in the axonal microstructure under
the transformation described by E@), . . simple extension. In the resting in situ state (a; A=1.0), axons
For U> U_2’ all axons are not affected b_y the surr_oundlng gli re compressed and show undulation characteristics across
cell matrix and follow the transformation described by Eqsa broad range. At increasing levels of applied tensile stretch
(9A) and (9B), and (b—d), the axonal microstructure changes to a more oriented
For U;<U<U,, a unique transition point () exists for each geometry, with most of the axons appearing nearly straight at
axon that defines the switch from uncoupled,{{dpeq EQs. the highest level of stretch  (d, A=1.25).
(9A)) and(9B) to coupled (Uoypied EQ- (8) behavioj. The transi-
tion point is defined separately for each axon, and is randomly

assigned between the range fromtd U, . Therefore, the fraction

of the axonal population experiencing complete coupling behavigf'd- 4@). Undulation histograms showed a relative frequency of
grows linearly as the applied stretch level increases. nearly zero for undulations of 1.00 in unstretched nerves and gen-

erally showed a gradual increase in frequency until undulations of

Statistical Comparison of Modeling Approaches. To com- roughly 1.10—1.15. At higher undulations, the frequency of axons
pare the measured changes in axon microstructure with the prgpered slowly, and eventually approached zero. Although the
dictions from the proposed modeling approaches, a statistical tAgjhest undulation calculated was 1.50, few ax614%) exhib-
for goodness of fit was used. For each stretch ratio, predictioited undulations greater than 1.33. The mean undulations calcu-
from the modeling approaches were compared to experimentaied for the unstretched nerves were not significantly different
measurements of the undulation distribution using KolmogoroyKolmogorov-Smirnov testing, 10.5). Therefore, the data from
Smirnov (KS) testing[10]. Predicted and measured distributionshe three unstretched nerves were combined into a single distribu-
were considered different for p values less than 0.05. tion with an overall mean undulation of 1.1Big. 4a@)).

For unstretched nerves, the mean undulation calculated for the
four different regions of the nerve did not vary significantly along
the nerve’s length. Some nerves exhibited a slightly higher mean

Microstructural Characterization. The SMI 31 antibody undulation in a region near the retina, while the largest mean
stained optic nerve sections evenly and highlighted many undundulation was observed in the middle region of another nerve.
lated axons under normal light microscopy. Axons were visualize&fter grouping the three nerves at each level, there were no sta-
for long distances, suggesting that they follow an in-plane, or 2-fstically significant differences among the regional means de-
route through the optic nerve. In general, axons were hightgcted by a one-way ANOVA.
aligned along the longitudinal axis in most areas of the nerve, andWhen nerves were elongated to stretch ratios of 1.06, many
exhibited areas with little overlap with neighboring axons. undulated axons were still visible. However, some axons appeared

Most axons visualized in unstretched nerves were highly undoempletely straight and the overall mean undulation of the three
lated, although calculated undulations ranged from 1.00-1.¢@ouped nerves at this level subsequently decreased to 1.06. As

N 795

Total

LU L e s
1 106 11 115 12 125 13 135 14 145 15
Undulation

Results
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expected, the combined frequency distribution shifted noticeably
to the left as the average undulation decredseshn=1.06), with
the maximum relative frequency occurring at a much lower undu-
lation level (1.05 and tapering off more quicklyFig. 4(b)).

When nerves were fixed at higher stretch ratios1.12,1.25,
more axons appeared completely straight and few axons were un-
dulated appreciably. At these levels, the combined undulation dis-
tribution no longer resembled the initial, unstretched distribution,
but rather was similar to an exponential distributigdfigs. 4c)
and 4d)). A high percentage of axons had undulations of 1.0, and
the distributions quickly decreased to zero at undulations above
1.05. The overall mean undulation decreased to 1.04 at a stretch
ratio of 1.12 and to 1.02 at a stretch ratio of 1.25.

Undulation

5
>
]
T
=
o
[/
o
5]
[ =
(2]
-2

Microstructural Modeling. Complete coupling of the axonal
elements to the glial cell matrixAssuming the axons are coupled
tightly to the surrounding cells at all applied stretch levels, the
measured axonal undulations shown in Fi@)4vere transformed
for the three different stretch levels. As stretch levels increased,
predicted mean undulation values decreased. However, undula-
tions predicted by this model were considerably higher than those 1 1.1 1.2 1.3
observed experimentally, and the spectrum of predicted undula- b) Applied stretch
tion values encompassed a range larger than the range measured
experimentally(Fig. 5a)). At A=1.06, the predicted mean undu-
lation was 1.11, much higher than the experimental mean of 1.06.
This difference increased at=1.12, where the model produced a
mean undulation of 1.10 compared to a measured undulation of
1.04, with the disparity continuing at the highest stretch level of
N\=1.25, where the predicted mean of 1.07 was considerably
higher than the experimentally measured value.

More noticeable differences are observed when examining the
cumulative frequency histogram of predicted and observed micro-
structural changeg&-ig. 5a)). Kolmogorov-Smirnov goodness of
fit tests showed that none of the predicted distributions matched
the measured distributions, each showing significant differences at  (c) Applied stretch
all stretch ratios. Moreover, a diverging trend was particularly
noted in the predictions at higher stretch ratios, with predictiorf#g- 5 Predicted (lines) and measured (symbols ) changes in
for the highest stretch ratio showing the most marked differen&#¢ axonal microstructure. Models assuming either a complete
with the measured microstructural characteristics at this lqvel Cﬁ;mna?trif 9(]1'5" dTr?rtmrg;xsimp(yfg g;t::si%?\sggCr]%tc}fc»llcgvl;rgli?r?eroIhtehG
<0'O(.)]).' Although sllghtly shifted and_ broadened, the _h'Stpgra erage undulation values or the distribution of undulation val-
describing the predicted axonal microstructure maintained {{8s measured in stretched optic nerves  (symbols ). Addition-
shape, resembling a Gamma distribution even at stretch ratiosa@, the distribution of undulation values measured in
1.25. stretched optic nerves, described with the 25th and 75th per-

No coupling between the axonal and glial elementssuming centile values (bars), were not predicted well with either of
the axons are uncoupled to the surrounding glial cell network, ttieese two models (dashed lines ). (¢) A more accurate predic-
axonal undulations, represented by the distribution shown in Figgn of the average undulation, as well as the spread in the
4(a), were transformed for the three different stretch levels usir%Strlbljtlon of the undulation values, was found using a model
Eqs.(9A) and(9B). At a stretch ratio of 1.06, the undulation of the} at ass‘:jmled. a greruaI recruitment of the glial cell matrix at
axons and the range of undulations predicted by a non-affine (faver undulation values ©.
formation were very similar to those observed experimentally,
with the mean undulatiol.07) differing only slightly from the
experimental mean of 1.06Fig. 5b)). At increasing levels of shape difference in the histograms describing measured and pre-
stretch, however, the predicted changes were more pronoundétted axonal microstructure decreased at higher stretch ratios,
than the measured microstructural parameters. At an applieith both predicted and measured displaying similar shapes at the
stretch of 1.12, the predicted mean undulation was 1.02 in coimighest stretch level of 1.25.
parison to a measured mean of 1.04. At the highest level of ap-Gradual coupling of the glial matrix to the axonal elements
plied stretch(\=1.25), the difference remained approximately theJsing a transformation that models the graded recruitment or teth-
same between measurgd02 and predicted1.00]) values of the ering of the glial matrix to the axonal elements, the original un-
mean undulation. stretched population of axons was transformed according to the

The shape of the measured cumulative frequency distributioelationships described earlier. The limits defining the transition to
differed from the predicted distribution using a complete couplingpmplete coupling behavio);) and the regime of completely
behavior, and showed a slightly better match to the experimentaicoupled behavior,) were defined by the response of the
data at the lowest elongation levedFig. 5(b)). However, model across all stretch ratios by minimizing the difference be-
Kolmogororv-Smirnov goodness of fit tests showed that none tfeen the predicted and measured changes in the population. With
the predicted undulation distributions matched the measurkaiits established (Y=.98; U,=1.08), the model was compared
populations at any of the stretch levels. With the assumption of i@ measured changes in the microstructure. Across all stretch lev-
coupling between the glial cell matrix and the axonal elementsls, the mean undulations predicted from this model matched the
the predicted distributions quickly shifted to show a large fractiomeasured values well, showing no significant difference at any of
of axons at low undulation values, changing the predicted shaihe applied stretch levelg>0.15.
of the distribution to resemble more of an exponential shape. TheThe shape of the cumulative frequency histogram predicted

Undulation

Undulation
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from this gradual transformation model matched best the mea-The relationship between the microstructural components of the
sured data on axonal geometry during simple elongaflig. CNS and the deformation applied to the tissue provides a useful
5(c)). Kolmogorov-Smirnov testing showed no significant differinsight into the pathophyisological response of the white matter to
ence between the measured and predicted changes at all levelstigftch, as well as potential implications for a stress-stretch rela-
stretch, unlike the two models described earlier. The span of thenship for the white matter. A previous study has shown that
frequency distribution followed the experimental trend at abnly a small fraction of the axons in the white matter will display
stretch levelgFig. 5(c)), and changed to an exponential shape ainy abnormal pathology following stretch, although this fraction
the highest stretch level, much like the experimental distributiosf injured axons will increase as the injury severity incredés
The nonuniform patterns of axonal pathology parallels the hetero-
Discussion geneous transfer of applied deformation predicted from our ana-

lytical description. At a given level of tissue stretch, all axons are

In this investigation, we studied how a macroscopic strain fieldhy geformed the same amount. Rather, the axonal population dis-
applied to a white matter tract, the guinea pig optic nerve, resuligys 4 range of stretch conditions. Based on recent in vitro stud-
in the deformation of the underlying axonal microstructure by, using cultured CNS axons, it is likely that only the axons that
) A . éS(perience the highest levels of stretch will show a pathophysi-
perimental characterization of the nerve. We determined that Opgﬁ)gical responsé&15]. The fraction of axons above this patho-

fi

Nerve axo dnfhmt tt?]e unstre}chgd sttate tare u?]dulatzd to \(?rylntgl.] ysiological stretch threshold increases proportionally with the
grees, and that the axonal microstructure changed significantly| 8ge) of applied tissue stretch, therefore increasing the fraction of

the optic nerve was elongated. Our major finding supported_%i,dred axons or ‘severity’ of the injury at higher levels of stretch.

gﬁpi?]tigglsljggga ﬁ;&a32¥é?nmﬂt?gﬁChﬁgézs fcmot(:l(z_a%hr:ghvﬁ'[eklsiﬁrltbﬁ' addition, the increasing recruitment of axons and glia at higher
P P ggvels of stretch suggests a strongly nonlinear stress-stretch behav-

glial matrix that is followed by an increasingly affine or couple . . .
deformation phase—best represents the axonal microstructlffe [©F € white matter. Recent studies suggest that there is a
marked nonlinearity of brain tissue in sh¢a®|, some of which

changes as the optic nerve is subject to simple extension. auld be explained by the microstructural changes.

The appearance of the axonal microstructure in the spinal cdrgUid Pe S : - .
during normal neck flexion and extension has been reported pre_Slgnlflcant limitations of this study include the potential dam-

viously [7]. The results from this past study show the undulated® and load transfer problems associated W'th. the pinning tech-
appearance of the axons in full-neck extension, with the micrgldue to elongate the_samples, the slow elongation (.)f.the samples
structure straightening noticeably when the neck was plac:ed'ﬂwcomrast to the rg_pld rates US‘?d to cause axonal injury, and the
full flexion. No attempts to quantify either the strain in the spindfoSt-mortem condition of the fissue. First, although care was
cord or the microstructure during these maneuvers was conducti@f€n o ensure that the pins are attached firmly into the tissue
The results in this paper represent the first detailed quantificatiBHO" 0 €longation, no quantification of the local strain field sur-

of the undulated nature of the CNS microstructure and its traf@unding the pins was made in this study. Although none of the

formation under applied loading. Clearly, the importance of tH&SSU€ sections showed noticeable tearing at the pin attachment
microstructural characteristics of biological tissue, and its corr&t® the applied strains noted in this study are approximated as the

sponding role in structure-property relationships for the tissue, h3¢erall applied strains and do not represent local strain measures.

been studied for other soft tissugkl—14. Applying these prin- S_econd, the slow e_angation protocol was used to ensure that_ final
ciples to the white matter will allow the development of similafiSPlacement condition was reached, but not exceeded. Addition-
structure-property-function relationships that can be applied to U@lly; concerns regarding tissue tearing at higher rates could be
derstand the response of the white matter to mechanical foréB&limized with the slower rate. Therefore, these data do not ex-
that are both physiological and non-physiologitely., traumatic pI|C|tIy model the mlcros‘Erijcture c_hanges_that can occur du_rlng

injury and growth in nature. the hlgher_rate$~1—10 s assoma_tted with aanal injury. Fi-

In this analysis, we recognize that the validity of our data ultipally, the tissue was tested as rapidly as possible following re-
mately relies on the quality of our methods and techniques. ARoval to minimize any post-mortem effects. No noticeable signs
though there are many effective ways to visualize axonal proje%_t tissue de_gradatlon were observed in the tissue sections, _and no
tions, there were several advantages to using neurofilaméfins of primary axotomy were observed in any of the tissue
antibody immunohistochemistry. Nerves could be excised ag@mples.
fixed in vitro without losing their antigenicity and could be The mlcr(_)structural models not only allow one to better assess
viewed under light microscopy. By identifying a major unit of thehe underlying mechanisms and tolerance for axonal pathology,
cytoskeletal networki.e., the neurofilamentsthe axonal micro- but also provide possible insight into the relative risk of the glial
structure was more directly observable and did not need to B@llular structures to injury following dynamic stretch. Although
estimated using other techniques, such as staining for myelin hagR considered the possibility of simple frictional forces among
protein. Effects of tissue shrinkage were also considered, as tha¥ens that could induce the transition from uncoupled to coupled
may affect microstructural geometry. Shrinkage effects were mittehavior, interactions between axons and other components in the
gated by pinning the ends of the nerve during fixation, and byhite matter were a more likely explanation due to the character-
avoiding paraffin-embedding, which often contributes to tissustics of the cellular architecture. For example, a single
shrinkage through a series of hydration/dehydration steps. No @éigodendrocyte—the myelin-producing glial cell of the CNS—
tectable change in width was observed in the transverse direction/elinates several axon segments, and many oligodendrocytes are
and the lengths of the slide-mounted nerve sections were nevequired to fully myelinate an axon. Therefore, the network of
less than the measured in vivo lengths. Moreover, because artifaligodendrocytes may act mechanically as crosslinks that affect
due to these procedures is rarely reproducible, the repeatabilitytio¢ kinematic behavior of nerve. Clearly, the mechanical proper-
our measurements across nerve sections at a fixed in vitro eltgs and geometry of the oligodendrocytes will affect the transi-
gation level suggested shrinkage was not a significant error in dign, or cross-linking point, between coupled and uncoupled be-
measurements. Finally, any quantification of immunohistochentiavior. The randomized transition point used in the mixed
cal results may not be clear because the quality of the stainfésmulation approach is an approximation of the difference in the
often inconsistent between nerves or between different areas ahachanical properties and geometry for the population of oligo-
single nerve. However, each nerve resulted in 30—35 evenly atiendrocytes, but likely does not model completely the factors that
uniformly stained sections from which we chose our sections fdefine this transition process. Nevertheless, the results from the
analysis. Consequently, we believe that our results were not afixed formulation approach suggest the oligodendrocytes will
fected by inconsistent staining. sense the applied mechanical load at higher elongation levels, and
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therefore may be at risk for primary mechanical injury. It is worth [3] Waxman, S. G., Kocsis, J. D., and Stys, P. K., 199B¢ Axon: Structure,

noting that recent studies in brain and spinal cord injury show a Fupcnon, and PathophysiologiNew York‘:‘ Qxford University Press. 682.

acute oligodendrocyte response after mechanical injury in support’ :3"?“”’ A. C., and Meaney, D. F%, 2000, "Tissue-Level Thresholds for Axonal

L. X . . . - njury in an Experimental Model of CNS White Matter Injury,” J. Biomech.

of these predictions, with an increase in the severity of white  £,"155 5 615-622.

matter injury corresponding to an increasing amount of oligoden-s) crowe, M. J., Breshnahan, J. C., Shuman, S. L., Masters, J. N., and Beattie, M.

drocyte damagES,ﬁ]. S., 1997, “Apoptosis and Delayed Degeneration After Spinal Cord Injury in

Finally, with the additional insight into how applied strain fields  Rats and Monkeys,” Nat. Med3(1), pp. 73-76.

are reflected in the deformation of the axonal microstructure, it is[6] Grossman, S. D., Rosenberg, L. J., and Wrathall, J., 2001, “Temporal-Spatial

now possible to use this analysis and link the mechanical thresh- ZZS?;T ‘ig;‘;‘;tepge;;g”%‘znd Glial Loss After Spinal Cord Contusion,” Exp.

olds GSt_abIIShed at _the tissue level for the guinea plg_OptIC n_erve t?7] Breig, A 196’0, Biomechanics of the Central Nervous System, Stockholm:

many different regions of the human CNS. Combined with an™ " amquist & wiksell. 183.

examination of the microstructure of anatomical areas such as thg] Bain, A. C., Raghupathi, R., and Meaney, D. F., 2001, “Dynamic Stretch
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results can be scaled appropriately to define the specific mechani- Zggmggin a Model of Traumatic Axonal Injury,” J. Neurotrauni&(s), pp.

cal parameters necessary to cause injury in these areas. The o
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