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Axon Kinematics Change During
Growth and Development
The microkinematic response of axons to mechanical stretch was examined in the devel-
oping chick embryo spinal cord during a period of rapid growth and myelination. Spinal
cords were isolated at different days of embryonic (E) development post-fertilization
(E12, E14, E16, and E18) and stretched 0%, 5%, 10%, 15%, and 20%, respectively.
During this period, the spinal cord grew �55% in length, and white matter tracts were
myelinated significantly. The spinal cords were fixed with paraformaldehyde at the
stretched length, sectioned, stained immunohistochemically for neurofilament proteins,
and imaged with epifluorescence microscopy. Axons in unstretched spinal cords were
undulated, or tortuous, to varying degrees, and appeared to straighten with stretch. The
degree of tortuosity (ratio of the segment’s pathlength to its end-to-end length) was
quantified in each spinal cord by tracing several hundred randomly selected axons. The
change in tortuosity distributions with stretch indicated that axons switched from non-
affine, uncoupled behavior at low stretch levels to affine, coupled behavior at high stretch
levels, which was consistent with previous reports of axon behavior in the adult guinea
pig optic nerve (Bain, Shreiber, and Meaney, J. Biomech. Eng., 125(6), pp. 798–804). A
mathematical model previously proposed by Bain et al. was applied to quantify the
transition in kinematic behavior. The results indicated that significant percentages of
axons demonstrated purely non-affine behavior at each stage, but that this percentage
decreased from 64% at E12 to 30% at E18. The decrease correlated negatively to in-
creases in both length and myelination with development, but the change in axon kine-
matics could not be explained by stretch applied during physical growth of the spinal
cord. The relationship between tissue-level and axonal-level deformation changes with
development, which can have important implications in the response to physiological
forces experienced during growth and trauma. �DOI: 10.1115/1.2746372�
ntroduction
Injury to axons in the white matter of central nervous system

CNS� tissue is the largest contributor to physiological and func-
ional deficits following brain and spinal cord trauma �1,2�. My-
linated axons, myelinating glia, and astrocytes are the primary
tructural constituents in white matter that provide the tissue with
echanical integrity to prevent deformation during trauma. Nu-
erous studies have implicated mechanical strain as the proximal

ause of traumatic axonal injury, while secondary ischaemic and
xcitotoxic insults associated with the primary trauma potentially
xacerbate the structural and functional damage �3,4�. During
rauma to white matter, macroscopic loading conditions are trans-
erred to the microscopic, cellular components. In many white
atter tracts, such as the white matter in the spinal cord, axons are

ligned predominantly along the length of tract. If the axons were
erfectly straight and completely coupled to the bulk tissue, then,
s the spinal cord deformed during trauma, all axons would dem-
nstrate signs of injury at roughly the same level of macroscopic
eformation �within the biological variability of the strain thresh-
lds for injury to individual axons�. However, several studies have
emonstrated that the number of axons demonstrating immunohis-
opathological, electrophysiological, and functional deficits con-
istent with mechanical injury, as well as injury to glia surround-
ng the axonal network, increases with the level of macroscopic
tretch �5–10�. These trends are not explained by an increased
usceptibility to injury of small caliber axons, which would be
onsistent with stress-based mechanical failure theories. Though
ifferent cytoskeletal changes have been observed in small- versus
arge-caliber axons exposed to dynamic stretch, no correlation has
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been observed between “injury” and axon diameter in these mod-
els �11–13�. In some instances, larger diameter axons are more
likely injured �14,15�.

Breig first documented that axons in the spinal cord are not, in
fact, perfectly straight, but rather demonstrate pronounced undu-
lation, or tortuosity �16�. A more recent study by Bain et al.
showed that axons in the guinea pig optic nerve are also undulated
to varying degrees �17�. When excised optic nerves were exposed
to controlled levels of stretch, the axons became progressively
straighter. The unfolding of the axons did not, however, follow
idealized descriptions of neither affine, fully coupled nor non-
affine, completely uncoupled mechanical behavior. Instead, axons
first appeared to deform independently of each other, and then
gradually transitioned to coupled, affine behavior as the magni-
tude of macroscopic stretch increased. The observed variations in
mechanical behavior would cause different axons to reach a single
injury threshold value of microscopic axon strain at different mag-
nitudes of macroscopic tissue strain, and would provide a poten-
tial explanation for the non-uniform pattern of axonal pathology
with increasing injury severity. A tortuous axon that deforms
purely in a non-affine manner will not experience stretch—and,
therefore, injury—until it has completely straightened, which
would significantly decrease the actual axon strain-to-injury
threshold from the tissue-level threshold. For instance, parallel
studies by Bain estimated the tissue-level strain threshold for mor-
phological injury to guinea pig optic nerve axons to be 21% �9�. If
the tortuosity of the axons is taken into consideration, and purely
non-affine behavior is assumed, the axon-level threshold drops to
8% strain, based on the mean tortuosity of unstretched axons. The
“switch” from non-affine to affine kinematics implies that the ac-
tual axon-level threshold lies between the non-affine prediction

and the tissue-level prediction. Thus, to include microstructural
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nformation in a model of white matter injury mechanics �18�,
oth the tortuosity and the dynamics of axon coupling must be
nown.

It was hypothesized that the “glial matrix,” and, more specifi-
ally, oligodendrocytes, which can myelinate over twenty differ-
nt axonal segments, act to mechanically couple axons during
tretch, and thereby inhibit purely non-affine deformation �17�.
dditional interactions between axons and oligodendrocytes occur

t paranodal junctions, where the axonal cytoskeleton is anchored
o the oligodendrocyte through interactions of Caspr and contactin
on the axon side� with neurofascin 155 �on the oligodendrocyte
ide� �19,20�. Astrocytes, too, may contribute to mechanical cou-
ling via separate contacts with blood vessels in formation of the
lood-brain barrier, and with axons at nodes of Ranvier through
he call adhesion molecule Necl-1 �21,22�. Axon coupling via the
lial matrix has clear importance for axonal injury mechanics, and
lso has strong implications for injury to glia. For example, just as
xonal pathology increases progressively with higher levels of
pplied stretch, so does injury to glia. It is known that oligoden-
rocyte death is an important component in the progression of
hite matter injury that further limits axon regeneration and re-
yelination �23,24�, yet only recently has the primary injury re-

ponse of these cells from mechanical trauma been investigated
24�.

Many changes occur during development that may influence
xon tortuosity and coupling. For instance, in the human, myeli-
ation of the spinal cord is incomplete at birth and continues until
t least 3 years of age �25�, and maturation of white matter fiber
racts �thickening of axons and myelin sheaths� can continue well
nto adolescence, especially in tracts involved in motor pathways
26�. Additionally, during this time the spinal cord lengthens sig-
ificantly from the physical forces experienced during growth,
hich may also affect axon morphology.
To begin to examine the influence of these changes on axon

inematics, we characterized the kinematic response of axons fol-
owing in situ stretch of the chick embryo spinal cord during a
eriod of rapid myelination and growth ��50% increase in length
n the segment of spinal cord examined�. Although the chick CNS
egins developing �21 h post-fertilization �27�, and functional
xons are present at E7 �embryonic day 7, i.e., 7 days post-
ertilization� �28�, maturation of the oligodendrocyte phenotype
nd subsequent myelination of axons does not begin until several
ays later. For instance, the myelination process begins in the
entral funiculus of the chick spinal cord at E10, with the first
ompact myelin observed at E12 �29�. The process follows a sig-
oidal curve, slowly increasing until E14, where it enters the

inear portion of the sigmoid. At hatching �E21�, 60% of axons in
he ventral funiculus are myelinated. Myelination of other regions
f the spinal cord can follow slightly different time courses, but
enerally begins prior to myelination in the cerebral cortex �30�.
s the degree of myelination increases, the level of coupling of

xons to the glial matrix should also increase. During this time,
he spinal cord is increasingly vascularized, which may also in-
rease mechanical coupling via astrocytes. Thus, we expect axons
o demonstrate increasingly affine—or mechanically coupled—
ehavior as development and myelination progress.

ethods

Chick Embryo Spinal Cord Measurement and Isolation.
resh fertile chicken eggs �Charles River Laboratories, Wilming-

on, MA� were incubated to one of four developmental stages
E12, E14, E16, or E18�, and the full spinal column with spinal
ord intact was excised. The ventral surface of the spinal cord was
xposed. The gauge length of a segment of the spinal cord begin-
ing at the first nerve root after the cervical enlargement and
xtending rostrally for 11 segments was measured. Each measure-
ent was repeated three times for the average value. After the
nal measurement, the dorsal half of the vertebrate was removed
o allow free stretch of the spinal cord, and the length of spinal
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cord was re-measured. Each measurement was again repeated
three times after full dissection for the average in vitro length. The
in situ lengths among developmental stages were statistically
compared using ANOVA with repeated measures, followed by
Scheffé’s post hoc test �p�0.05�.

Spinal cords were immediately transferred to a custom-built
device that enabled reproducible, quasistatic stretch of tissue in a
buffered saline bath. The ends of the spinal cords were clamped,
the gauge length between the clamps was measured with digital
calipers and recorded, and the spinal cord was restored to the
original in situ length, and photographed digitally. The spinal cord
was stretched to a stretch ratio ��� of 1 �unstretched control�, 1.05.
1.1, 1.5, or 1.2, where � is defined as

� =
Final Spinal Cord Length

Initial Spinal Cord Length
�1�

The spinal cords were then photographed in their stretched
state. Three spinal cords were tested for each developmental stage
at each level of stretch. Following stretch, the saline was replaced
with 4% paraformaldehyde to fix the spinal cord in its elongated
state. A previous study demonstrated that fixation did not affect
the morphological appearance of undulation �17�. Spinal cords
were fixed in their stretched state for 30 min, removed from the
device, and re-measured to ensure that the stretched length re-
mained the same. Spinal cords were post-fixed in 4% paraformal-
dehyde overnight and then incubated in a 20% sucrose-saline so-
lution for at least 24 h for cryoprotection as preparation for
immunohistochemical labeling of axons.

Immunohistochemistry. Frozen horizontal sections �10 �m�
were cut on a cryostat �Thermo Electron, Pittsburgh, PA� and
placed on pre-treated glass microslides �Fisher Scientific, Hamp-
ton, NH�. Sections were rinsed in buffered solution �1% bovine
serum albumin �BSA - Sigma, St. Louis, MO�, 0.5% TritonX-100
�Sigma� in phosphate buffered saline �PBS - Sigma�� for 5 min,
then incubated in a 10% solution of goat serum �Atlanta Biologi-
cals, Lawrenceville, GA� for 1 h. Sections were then incubated
overnight in a 1:1000 dilution of mouse �-neurofilament-200
�Sigma�. The next day, sections were washed with buffer four
times for 5 min apiece, and then incubated in a 1:400 dilution of
Alexa 488 goat anti-mouse secondary antibody �488 nm/515 nm
excitation/emission, Molecular Probes, Eugene, OR�. Sections
were again rinsed �4�5 min�, and slides were coverslipped
�VECTASHIELD® mounting medium for fluorescence, Vector
Labs, Burlingame, CA�.

Separate, unstretched spinal cords were harvested similarly and
sectioned coronally or horizontally �10 �m� for immunohis-
tochemical labeling of myelin. Sections were double-labeled with
a 1:400 dilution of rabbit anti-myelin basic protein �MBP� �Accu-
rate Chemical Scientific, Westbury, NY�, as well as the 1:1000
dilution of mouse �-NF-200, followed by incubation in goat anti-
rabbit Alexa 488 to visualize the MBP and goat anti-mouse Alexa
546 �568 nm/603 nm excitation/emission� to visualize the neu-
rofilaments. A gross estimate of the degree of myelination in these
samples was determined by thresholding images and calculating
the ratio the area of myelin immunostaining to neurofilament im-
munostaining in the white matter. At least two separate sections
from three immunolabeled spinal cords were used to identify the
average degree of myelination.

Experimental Tortuosity Characterization. Composite im-
ages of spinal cord sections from C4/5–T4/T5 were generated
with Olympus Microsuite™ software controlling an Olympus
IX81 inverted epifluorescent microscope �Olympus, Melville,
NY� and a Hamamatsu ORCA 285 digital camera �Hamamatsu
City, Japan�. Individual axonal segments in the lateral funiculus
that spanned at least several periods of undulation were identified
at random. Two measurements were made for each axonal seg-

ment with the Microsuite™ software. The actual pathlength was
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ound by tracing the segment with the cursor. The end-to-end
ength was then identified from the coordinates of the beginning
nd end of the traced line. Each segment was considered an inde-
endent sample. These two measurements were made for several
undred randomly located axons for each spinal cord, and the
esults tabulated in a database. The tortuosity of each axon was
hen calculated as:

T =
actual length

end-to-end length
=

LA

LE
�2�

ortuosity distributions were compared statistically using a
ruskal-Wallis �K-W� non-parametric test for comparison among
evelopment days and stretch levels �when more than two condi-
ions were being compared�, followed by pairwise Kolmogorov-
mirnov �K-S� non-parametric tests �SPSS, Chicago, IL�. Signifi-
ance values were set at p�0.05.

Mathematical Modeling. To evaluate the nature of the mi-
rokinematic response of spinal cord axons to stretch, the control,
nstretched tortuosity values for each embryonic stage were used
s input data into Matlab® scripts �Mathworks, Inc, Natick, MA�
ased on previously developed affine and non-affine models of
xonal kinematics to predict tortuosity distributions at the various
tretch levels in idealized cases �17�. The actual distributions were
hen compared to the idealized extremes to discern affine and/or
on-affine trends in the experimental data. These models have
een previously presented �17� and are briefly reviewed.

Affine Model. In the affine model, spinal cord axons are as-
umed to be tightly interconnected, such that individual axons
xperience the same geometric transformation as the macroscopic
issue. The geometry of an undulated axon is modeled as a peri-
dic wave with amplitude Ao and period Po:

y�z� = Ao cos�2�z

Po
� �3�

uring simple extension of the spinal cord, the amplitude and
eriod of an axon become Ao���−1/2 and Po�, respectively, and the
quation of the stretched axon’s geometry changes accordingly:

y��z� =
Ao

��
cos�2�z

�Po
� �4�

he transformed tortuosity Tt of the axon is determined by calcu-
ating LA from the pathlength of Eq. �4� from 0 to LE, and dividing
y LE:

Tt =
1

LE
	

0

LE�1 + 
− Ao

��

2�

�Po
sin�2�z

�Po
��2

dz �5�

hich is approximated with a simplification that applies for un-
ulation values close to 1.0 �17�.

Tt = To
 1

�3 +
1

T0
2�1 −

1

�3�� 1
2

�6�

his approximation generates only 0.3% error at a stretch ratio of
.5, which is far greater than the maximum stretch employed in
his study ��max=1.2�.

Non-affine Model. When axons within the white matter of the
pinal cord are assumed to be completely uncoupled to each other,
he microstructural transformation is calculated directly from the
riginal tortuosity and the applied stretch ratio �17�:

Tt =
1

�
To for � � To �7�

n axon is completely straight when the tissue stretch ratio ��� is
qual to the axon’s original undulation �T0�, after which by defi-

ition:
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Tt = 1 for � � To �8�
Using these transformations, tortuosity distributions were pre-
dicted for the control populations of axons from the chick embryo
spinal cords at different stages of development subjected to in-
creasing levels of controlled, uniaxial stretch.

“Switching” Model. In previous work with the guinea pig optic
nerve, a switching model, where axon kinematic behavior gradu-
ally shifted from non-affine to affine behavior, was employed �1�.
Three regimes were defined:

• Regime 1: T�T1 Affine behavior
• Regime 2: T�T2 Non-affine behavior
• Regime 3: T1� =T� =T2 Potential transition from non-

affine to affine behavior

An axon with tortuosity that falls in regime 1 will demonstrate
fully coupled behavior, whereas an axon with tortuosity that falls
in regime 2 will demonstrate fully uncoupled behavior. When an
axon’s tortuosity falls in regime 3, it is capable of switching from
uncoupled to coupled behavior. The transition point is uniquely
defined for each axon by selecting a tortuosity value at random
that falls between T1 and T2, based on a uniform distribution.
Therefore, the values of T1 and T2 define the transition behavior
for the group of axons. These values were estimated for each
developmental stage by minimizing the net difference between
experimental and predicted histograms across all stretch levels
using a Levenberg-Marquardt multi-parameter, non-linear regres-
sion scheme �31�. Since the switching model involves the random
assignment of a particular transition tortuosity to a given axon, the
optimization was executed 50 times for each developmental stage,
from which the mean transition values and standard deviations
were determined.

Results

Growth of Chick Embryo Spinal Cord. From E12 to E18,
significant increases were observed in the growth of the chick
embryo spinal cord between each of the measured stages
�ANOVA with repeated measures, followed by Scheffé’s post hoc
test, max p�0.001� �Fig. 1�. During this time, the length of spinal
cord between the 11 nerve roots increased almost 8 mm. Spinal
cords did not shrink following excision of the whole spinal col-
umn from the chick, but did consistently decrease in length �5%
following removal of the vertebrae and full excision from the

Fig. 1 Chick embryo spinal cord growth in ovo from E12 to
E18. During this period of development, the length between the
third to thirteenth nerve root increased almost 55%. Significant
increases in length were observed from stage-to-stage „ANOVA
with repeated measures, followed by Scheffé’s post hoc tests,
max p<0.001…. Growth during this period was linear „R2=0.99…,
with a slope „± std err… of 1.38±0.02 mm/day.
spinal column, indicating a level of in vivo tension. No statistical
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rends relating the percentage of tissue shrinkage to development
tage were observed. The spinal cords were restored to the in situ
ength prior to fixation and sectioning.

Immunohistochemistry. Digital imaging following immunola-
eling of neurofilaments with �-NF200 revealed many continu-
usly labeled axons that were easily viewed with epifluorescence
icroscopy at all stretch levels. The progression of myelination
as confirmed with immunolabeling of MBP �Fig. 2�. The degree
f myelination, which was estimated by determining the ratio of
yelin immunolabeling to neurofilament immunolabeling in cross

ections and horizontal sections, steadily increased from E12–E18
ANOVA, followed by Scheffé’s post hoc test, max p=0.008�,
ith the largest increase occurring between E14 and E16 �Fig. 3�.

Tortuosity Characterization of Axons in Unstretched and
tretched Spinal Cords. Axons in unstretched, control spinal
ords were visibly undulated, and became noticeably straighter
ith increasing stretch ratio. From these images, axonal path-

engths and end-to-end lengths were identified with Olympus
icrosuite™ Software to quantitatively characterize axonal tortu-

sity changes with development and with stretch. Representative

Fig. 2 Progression of myelination in the chick embryo
indicating presence of axons. „E–H… Myelin basic protei
nification images of whole cross sections and higher ma
following immunohistochemical double-labeling of the c
spinal cords „E versus A…. At E14 „F versus B…, myelinatio
the lateral funiculus. By E16 „G versus C…, myelination
versus D… myelin is pronounced throughout the white m
mages and associated tortuosity distributions are presented for
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E12 spinal cords in Fig. 4. Normalized distributions for all em-
bryonic stages and stretch levels are shown in Fig. 5, and sum-
mary statistics of the tortuosity characterization are presented in
Table 1. Tortuosity distributions in E12 unstretched spinal cords
could not be statistically distinguished from a normal distribution
�K-S test versus normal distribution, p=0.192�, but those from
E14, E16, and E18 were significantly different �max p=0.014�,
and generally resembled the distribution of axons in the un-
stretched guinea pig optic nerve �17�. With stretch, the distribu-
tions changed markedly, but the nature of the changes depended
upon the developmental stage. Statistical analysis of axonal tortu-
osity in control, unstretched spinal cords revealed significant
changes in tortuosity distributions with development among all
stages �K-W test, p�0.001�, and from E12 to E14 �p=0.001� and
E14 to E16 �p=0.001� �K-S test�. Tortuosity distributions from
unstretched E16 and E18 spinal cords were not significantly dif-
ferent �K-S test, p=0.177�. Tortuosity generally decreased with
increasing development. Among all stages and within each stage,
stretch significantly decreased tortuosity �p�0.001, K-W test fol-
lowed by K-S tests for pairwise testing of stretch levels�. The

inal cord. „A–D… Neurofilament immunohistochemistry
munohistochemistry indicating myelination. Low mag-

ification images of the lateral funiculus „LF… were taken
embryo spinal cord. Little myelin was observed in E12
pronounced in the ventral funiculus „VF…, but less so in
begun in nearly all white matter tracts, and by E18 „H

r, including the lateral funiculus. Scale bars=200 �m.
sp
n im
gn

hick
n is
has
following pairwise comparisons were not significant �K-S test�:
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12 versus E14, 10% stretch �p=0.519�; E12 versus E18, 5%
tretch �p=0.139�; and E14 versus E16, 5% stretch �p=0.055�. All
ther pairwise comparisons were significant. �max p=0.042�.

Interpretation of Model Results. Before presenting the results
f the affine, non-affine, and switching models, it is helpful to
escribe the impact of the bounds of the transition tortuosity �Tt�
istribution, T1 and T2, on the results of the switching model
Figs. 6 and 7�. In Fig. 6, frequency and cumulative frequency
istributions are presented where T1 is varied from 0.8-1.2 while
2 is held constant at 1.4. Prior to stretch, if Taxon�Tt, then the
xon has already switched, and it will exhibit affine behavior from
he onset. If Taxon�Tt, the axon will exhibit non-affine behavior
uring stretch until Taxon=Tt. Thus, as T1 increases, axons exhibit
ore affine behavior. Importantly, when T1�1, a percentage of

he axons ��1−T1� / �T2−T1�� will have transition tortuosities less
han 1. Since the actual tortuosity of an axon has a lower bound of

�perfectly straight�, any axon with Tt� =1 will always exhibit
on-affine behavior, because Taxon�Tt will always hold. Thus, as
1 decreases below 1 �holding T2 constant�, more axons will per-
anently exhibit non-affine behavior. This is seen as an increase

n the fraction of axons with tortuosity of �or very close to� 1, as
ore axons with lower initial tortuosities become perfectly

traight; axons with higher initial tortuosities are relatively
naffected.

Figure 7 depicts the influence of changing T2 �the upper bound
f the transition tortuosity distribution� on axon behavior while
olding T1 constant for 10% stretch. As T2 decreases, more axons
ill have Taxon�Tt, so we will again see a shift towards non-

ffine behavior. This will generally affect axons with higher initial
ortuosities, so the influence of changing T2 is more evident at the
pper end of the tortuosity distributions. We also note that the
istribution used for the initial population has a mean tortuosity of
1.08 to generally match the distributions of axons from un-

tretched spinal cords in our study; therefore, transition zones that
perate towards lower values of tortuosity will naturally influence
larger percentage of actual axons.

Kinematic Models of Axon Behavior. The affine, non-affine,
nd switching models were compared to the experimental data for
ll embryonic stages �see Figs. 8 and 9 for representative results
rom E12 and E18, respectively�. The tortuosity data from mul-

ig. 3 Quantitative comparison of changes in myelination with
evelopment. The degree of myelination was determined from

mages of immunohistochemically double-labeled spinal cord
issue as the ratio of myelin-positive staining to neurofilament-
ositive staining in white matter. The degree of myelination „av-
rage ± standard deviation… increased significantly from E12 to
18 „ANOVA, followed by Scheffé’s post hoc test, max p
0.008….
iple samples were pooled by developmental stage and stretch

ournal of Biomechanical Engineering
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level. Pooled control data for each developmental stage was used
as input data into the kinematic models to predict tortuosity
changes for these idealized extreme descriptions of microkine-
matic behavior. Neither the affine nor the non-affine model
matched the experimental data at any developmental stage. How-
ever, experimental tortuosity distributions clearly shifted from
more non-affine behavior at early developmental stages �E12,
E14� to more affine at later stages �E16, E18�, especially at lower
magnitudes of stretch. In comparison, for all developmental
stages, the switching model greatly improved the predictive ca-
pacity of the model. Because the switching model involved ran-
domly assigning a transition tortuosity to each axon from a uni-
form distribution, the model was executed 50 times for each
developmental stage. In each run, the values of T1 and T2 were
optimized by regressing the predicted tortuosity distributions
against the experimental data across all stretch levels �Fig. 10�.
Average regression coefficients were: 0.94±0.005 for E12;
0.95±0.003 for E14; 0.93±0.007 for E16; and 0.86±0.01 for E18.
For all stages, T1�1 and T2�1, indicating that a fraction of the
axons exhibited pure non-affine deformation at each stage. This
percentage significantly decreased �ANOVA, p�0.001� with de-
velopment as follows: 65.0% ±1.9% for E12; 60.7% ±2.0% for
E14; 39.7% ±4.5% for E16; and 29.4% ±1.5% for E18. The val-
ues for T1 increased significantly from E12 to E18 �ANOVA fol-
lowed by pairwise comparisons with Scheffé’s post hoc test, p
�0.001�, with the steepest increase between E14 and E16. Con-
versely, though statistically significant differences were observed
among all stages �ANOVA, p�0.01�, pairwise post hoc tests
�Scheffé’s test� revealed no discernable trends for T2 with devel-
opment. Another set of simulations was run where T2 was fixed at
the average value across the four stages �1.087� and only T1 was
determined through non-linear regression. The values and trend
for T1 from the one-parameter fit were statistically indistinguish-
able from T1 values from the 2-parameter fit. �ANOVA, p=0.37�.

One final set of simulations was performed to evaluate the po-
tential influence of physical strain imparted on the spinal cord
during growth as the basis for the transition from predominantly
non-affine to predominantly affine kinematics during develop-
ment. It was assumed that the change in length from E12 to E18
could be modeled, at an extreme, as an incrementally applied
stretch with the length at E12 serving as the gauge length. The
kinematic models were executed for three stretch levels represent-
ing the incremental growth from E12 to E14 ��=1.20�, E12 to
E16 ��=1.41�, and E12 to E18 ��=1.55�, and the results were
compared to E14, E16, and E18 control distributions, respectively.
Similar simulations were executed for growth/stretch from E14 to
E16, E14 to E18, and E16 to E18. As shown in Fig. 11, both
non-affine and affine models grossly under-predicted the tortuos-
ity that was measured in the unstretched controls. �The switching
model naturally falls between the affine and non-affine models.�

Discussion
In this study, we investigated how deformation of the underly-

ing axonal microstructure of spinal cord white matter changes
during a period of rapid growth and initiation of myelination to
begin to examine how coupling of axons to the glial matrix influ-
ences deformation behavior. To evaluate the mechanical behavior,
we took advantage of the tortuous, undulated nature of axons in
normal white matter �16�. A previous study by Bain et al. de-
scribed general methods to quantitatively characterize axonal tor-
tuosity in central nervous system white matter �the guinea pig
optic nerve�, and demonstrated that undulated axons straighten as
macroscopic stretch is applied to the white matter �17�. That study
also compared the changes in axonal tortuosity that resulted from
straightening during stretch to mathematical predictions of ideal
affine and non-affine behavior. It was concluded that neither
model described the experimental data perfectly, and that axon

mechanics in the guinea pig optic nerve appeared to transition
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ig. 4 Immunohistochemistry and tortuosity characterization for E12 spinal cords. Fixed spinal cords were sectioned horizon-
ally and immunhistochemically stained for neurofilament proteins. „A… Many axially oriented, wavy axons were observed in
nstretched spinal cords. The distribution of axonal tortuosity followed a normal distribution. As stretch increased „„B…=5%,
C…=10%, „D…=15%… axons became progressively straighter, and a significant number of axons had tortuosity equal or near one.

t the highest stretch ratio „„E…=20% …, almost all axons appeared to be straight or nearly straight. „Scale bars=200 �m.…
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from non-affine behavior at low stretch levels to affine behavior at
high stretch levels. It was proposed that coupling to the glial ma-
trix was responsible for this transition. Based on these observa-
tions, we believed that the degree of interconnectivity of axons via
the glial matrix would be demonstrated as a transition from pre-
dominantly non-affine to affine behavior during myelination of the
white matter, where interconnections via the glial matrix are being
established, primarily via oligodendrocytes but also via astrocytes.
We also wanted to examine the response of other white matter that
is more often injured during trauma. We therefore characterized
the kinematic response of axons to controlled stretch in the devel-
oping chick embryo spinal cord during a period of rapid myelina-
tion.

Chick embryo spinal cord axons exposed to controlled stretch
generally followed the same trends as adult guinea pig optic nerve
axons, demonstrating a transition from non-affine mechanics at
low stretch levels to affine mechanics at high stretch levels. As
expected, non-affine, uncoupled behavior was more prevalent ear-
lier in development, and affine, coupled behavior increasingly pre-
vailed later in development, though at no stage was behavior
purely non-affine or affine. This trend was quantified by employ-
ing the “switching” model proposed by Bain et al. �17�, where

tions following controlled stretch for „A…

bryo spinal cords. Each embryonic stage
ched spinal cords and as stretch was in-
stretched cords „circles, �=1… shifted left
ightening of axons with growth and devel-
rtuosity demonstrated a pronounced shift
at at 20% stretch, over 60% of the axons

e distribution followed „inverted triangles,
utions shifted to the left to lesser degrees,
had a tortuosity È1, and the subsequent
Table 1 Summary statistics for tortuosity measurements

evelopment
tage

Stretch
level

Mean
tortuosity

Standard
deviation

Total
number of

axons

12

0% 1.096 0.046 1553
5% 1.051 0.042 1531

10% 1.033 0.034 1556
15% 1.012 0.021 1599
20% 1.004 0.010 1552

14

0% 1.092 0.044 1523
5% 1.052 0.035 1524

10% 1.034 0.042 1580
15% 1.017 0.028 1530
20% 1.005 0.009 1544

16

0% 1.085 0.041 1523
5% 1.052 0.035 1532

10% 1.038 0.037 1536
15% 1.021 0.021 1582
20% 1.012 0.014 1558

18

0% 1.083 0.043 1561
5% 1.051 0.039 1552

10% 1.040 0.026 1533
15% 1.025 0.023 1522
20% 1.014 0.017 1527
Fig. 5 Normalized axonal tortuosity distribu
E12, „B… E14, „C… E16, and „D… E18 chick em
demonstrated similar distributions in unstret
creased. The peak of the distributions for un
from E12 to E18, indicating a progressive stra
opment. With increasing stretch, E12 axon to
to the left „in a left-censored fashion…, such th
had a tortuosity È1, and a sharp drop-off in th
�=1.20…. With growth and development, distrib
such that at E18, just over 30% of the axons
each axon is assumed to exhibit non-affine behavior and
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traighten directly with stretch until its tortuosity decreases to a
ransition tortuosity �prescribed at random from a uniform distri-
ution�, after which it demonstrates affine behavior. Using a non-
inear regression scheme, we identified the bounds of the uniform
istribution that described the transition tortuosity for each devel-
pmental stage. The lower bound �T1� showed progressive, sig-
ificant increases from 0.84 at E12 to 0.96 at E18. Though sig-
ificant differences in the upper bound were detected, no trends in
he value of the upper bound with development were discerned
average T2=1.087�. Significant percentages of each uniform,
ransition distribution were below a transition tortuosity of 1. This
ercentage represents the fraction of axons whose transition tor-
uosity will never be reached �since the lower bound on tortuosity
s 1�. Thus, these axons can never switch from non-affine to affine
ehavior. The percentage of axons predicted to demonstrate solely
on-affine behavior decreased during the developmental period
tudied �64% at E12, 60% at E14, 39% at E16, and 30% at E18�,
gain representing a switch from uncoupled to coupled behavior
ith development. These values were well correlated �negatively�
ith both average developmental changes in length �R2=0.938�

nd degree of myelination �R2=0.970�. Interestingly, the T2 value
n our study, which was insensitive to changes with development,
ompared very favorably with upper bound in determined in the

Fig. 6 Effects of changing T1 on pr
control axons exposed to 10% str
bound of the uniform distribution t
was varied from 0.8 to 1.2, while hold
left-hand side of the tortuosity distrib
from non-affine to affine.

Fig. 7 Effects of changing T2 on pr
control axons exposed to 10% str
bound of the uniform distribution t
was varied from 1.1 to 1.3, while hold
right-hand side of the tortuosity distr

ior from non-affine to affine.
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guinea pig optic nerve study �T2=1.08�, while the lower bound
from the optic nerve study �T1=0.98� was slightly greater than T1
for E18 spinal cords, and agreed nicely with the trend of increas-
ing T1 with development discerned in our study �assuming the
adult guinea pig optic nerve is “fully myelinated”�.

In both the study by Bain et al. �17� and the current study, axon
tortuosity is measured within the two-dimensional plane that is
imaged, and it is modeled as a 2D sinusoidal wave. We took
special care to orient the spinal cord consistently with the ventral
side down during sectioning to evaluate tortuosity in the same
plane across samples. However, the axon likely traverses through
the thickness of the plane as well, though it is not clear if the axon
maintains a regular helix around the long axis, if there is a lower
order meander, or if there is merely random changes in the orien-
tation of waviness. In any case, approximating the 3D tortuous
path of the axon with its 2D projection underestimates the actual
pathlength of the axon, but maintains the end-to-end length,
thereby underestimating the tortuosity of the axon. Approximating
the “3D” axon as a coil with an amplitude that is 10% of the
period, which roughly matches the unstretched, E12 axons, results
in an 8% increase in the predicted tortuosity when the 3D path is
considered. This error increases as the axons become wavier �or
more coiled�. We would expect this to be systematic error and not

icted tortuosity distributions of E14
h. T1, which represents the lower
defines the switching parameters,
T2 constant at 1.4. T1 influences the

on. Increasing T1 shifts the behavior

icted tortuosity distributions of E14
h. T2, which represents the upper
defines the switching parameters,
T1 constant at 1.0. T2 influences the
tion. Increasing T2 shifts the behav-
ed
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o change with growth/development, although we are investigat-
ng methods to extract and measure the 3D pathway in an efficient

anner for 3D tortuosity characterizations.
Many changes occur in chick embryo spinal cord white matter

uring the development period studied. In addition to myelination,
he most overt change is the dramatic increase in length of the
pinal cord—almost 55% in 6 days—that occurs as the chick
rows in size. This increase in the length of the spinal cord results
rom mechanical force placed on spinal cord tissue by the growing
keleton. Mechanical force placed directly on neurite growth
ones causes axon lengthening via a “towed-growth” mechanism
32–35�, and has shown to increase the length of internodal seg-
ents in peripheral nerves �36�. Since in both the present study

nd in Bain et al. �17� there was a clear transition of kinematic
ehavior during stretch, it is possible that the stretch experienced
uring physical growth straightens axons in the spinal cord and is
esponsible for the observed transition from non-affine to affine
inematics during development. This is akin, at the extreme, to
tating that any imposed stretch ex vivo is added on to the stretch
xperienced during growth in vivo, so that growth can be ex-
ected to significantly decrease the average tortuosity and, essen-
ially, cause many axons to reach their transition tortuosity and
witch from non-affine to affine behavior.

Indeed, as the spinal cord grew from E12 to E18, we observed
modest but significant decrease in tortuosity, as well as an in-

rease in the number of “perfectly straight” axons, which essen-
ially represents a shift in the tortuosity distribution towards

Fig. 8 Comparison of E12 results to
matic models. Neither the affine nor
matched the experimental data „

changes with tissue level-stretch „

though the general trend was better
experimental data across all stretch
tion to optimize the switching mod
ecuted 50 times „diamonds…. The o
much improved prediction of tortuos
simulations….
traighter axons �a “left-censored” distribution� �37�. However,

ournal of Biomechanical Engineering
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the degree to which the axon population straightened as a result of
growth-induced tissue stretch was far less than that predicted by
any of the kinematic models examined �Fig. 11�. Assuming the
appropriate switching parameters, T1 and T2, from the in situ char-
acterizations, the model predicts that the decreases in tortuosity
from E12 to E14, E14 to E16, and E16 to E18 result from stretch
ratios of �=1.004, �=1.0065, and �=1.0032, respectively, which
are minimal compared to the percent increase in growth �20%,
17%, and 10%, respectively�. Thus, we conclude that tissue
stretch during growth contributes minimally to the overall kine-
matic behavior. Furthermore, we infer from this observation that
there is an inherent mechanism to preserve axon tortuosity as the
axons grow during development, perhaps to provide slack as a
neuroprotective measure. Although the tensile stress/strain applied
during growth is presumably uniaxial, new axoplasm, cytoskeletal
elements, and axolemma are either generated in a tortuous geom-
etry or are contracted to that geometry by other cells, such as
oligodendrocytes, or by active contraction of axonal cytoskeletal
elements. There is evidence of some contractile machinery in ax-
ons that allows them to recover from large strains experienced in
vitro to return to an “original” length, even following elongation
of over 60%, which was coined “delayed elasticity” by Smith et
al. �38�. It is possible that the same machinery operates in vivo to
contract axons following growth-induced extension.

In addition to lengthening, several other changes occur during
the development period studies, such as the formation of new

fine, non-affine, and switching kine-
n-affine model „solid lines… suitably
n squares… describing tortuosity

–5%. „B…–10%. „C…–15%, „D…–20%…,
dicted by the non-affine model. The
els was used as the objective func-
The non-linear regression was ex-
mized switching model provided a
„average R2=0.94±0.0015 for the 50
af
no

ope
„A…

pre
lev
el.
pti
ity
axon tracts, maturation of existing tracts, and vasculogenesis.

AUGUST 2007, Vol. 129 / 519

e: http://www.asme.org/about-asme/terms-of-use



F
d
s
s
a
n
t
s
v
s
s
i
f
p
t

5

Downloaded From:
Fig. 9 Comparison of E18 results to affine, non-affine, and switching kine-
matic models. Neither the affine nor non-affine model „solid lines… suitably
matched the experimental data „open squares… describing tortuosity
changes with tissue level-stretch „„A…–5%. „B…–10%. „C…–15%, „D…–20%…,
though, like E16, the shift from non-affine to affine kinematics with stretch
was more obvious. The experimental data across all stretch levels was used
as the objective function to optimize the switching model. The non-linear
regression was executed 50 times „diamonds…. The optimized switching
model provided a much improved prediction of tortuosity „average R2
=0.86±0.01 for the 50 simulations….
ig. 10 Upper and lower bounds of the uniform distribution
efining the best-fit switching models for all developmental
tages „average ± standard deviation of the 50 simulations per
tage…. For all stages, T1<1 and T2>1, indicating that a percent-
ge of the axons †„1−T1… / „T2−T1…Ã100‡ demonstrates solely
on-affine kinematics. Though statistical differences were de-

ected among T2 values „diamonds…, „ANOVA, p<0.01…, no con-
istent trend was observed with developmental stage. Con-
ersely, T1 „circles… increased with developmental stage, and
howed the greatest increase between E14 and E16. A second
et of simulations were run to find the values of T1 while hold-

ng T2 fixed across developmental stages at the average value
rom the two-parameter fits „T2=1.087…. T1 values from the one-
arameter fit „open squares… were not significantly different

han T1 values from the two-parameter fit „p=0.37….
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Fig. 11 Predicted tortuosity cumulative distributions when ap-
plying incremental stretch to E12 control axons to simulate
growth-induced stretch of the spinal cord. The percentage in-
creases in length from E12 to E14, E12 to E16, and E12 to E18
were used as the applied stretch in the kinematic models, and
the results were compared to unstretched distributions from
E14, E16, and E18, respectively. All three kinematic models
grossly over-estimated the degree of straightening that would
be produced by growth of the spinal cord. „The switching
model falls naturally between the non-affine and affine models
and is not shown.… Similar results were observed following
simulation of growth from E14 to E16, E14 to E18, and E16 to

E18.
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owever, the maturation of oligodendrocytes and subsequent my-
lination of axons represents the primary morphological change in
he tissue, and, therefore, the most likely source of coupling be-
avior. Our technique enabled gross evaluation of myelination
ased on image analysis of low magnification images. The degree
f myelination in our study is advanced compared to the previous
haracterization of myelination in the ventral funiculus, where
yelination was documented for individual axons using a combi-

ation of immunohistochemistry and electron microscopy. How-
ver, the trends match reasonably well, and show a sigmoidal time
ourse of myelination, with the linear portion occurring between
14 and E16 �29�. This is also where we see the sharpest increase

n T1 and an associated increase in coupled behavior. Herein, we
ave studied axon kinematics in the normally developed chick
mbryo spinal cord and have not attempted to control myelination
s an independent variable. Thus, we can only say that the ob-
erved change in axonal mechanics during development correlates
ith increased myelination. Based on these observations, we are
ow more directly examining the role of myelin and glia in axon
inematics with a number of techniques that selectively interfere
ith myelination and/or kill specific glia in ovo. With this ap-
roach, we believe it will be possible to tease out the relative
nfluence of astrocytes and oligodendrocytes on axonal coupling.

Increased myelination may influence axon kinematic behavior
s several ways. As the volume of myelin increases, so does the
otential for increased adhesion among axons at the molecular
evel �39�; since the volume of myelin differs in different white

atter tracts �40�, axon kinematics may also be tract-dependent.
owever, we believe that the change in kinematic behavior is due

o axon-axon coupling via oligodendrocytes. Oligodendrocytes
ay myelinate—and, therefore, physically connect—many axons

o act as cellular crosslinks in addition to their role in increasing
ction potential conduction velocity. The nature of the oligoden-
rocytes and/or the number of axons it myelinates would then
nfluence the mechanical coupling these cell provide, defining
hen an oligodendrocyte’s process becomes taut enough to couple

he motion and deformation of one axon to the next.
In fact, it is well established that oligodendrocyte morphology

s related to axon diameter �41,42�. Generally, small diameter
NS axons are myelinated by type I and II oligodendrocytes, and

arge diameter CNS axons are myelinated by type III and IV oli-
odendrocytes. Type I and II oligodendrocytes typically myelinate
any axons and maintain shorter internodal lengths. Type III and

V oligodendrocytes only myelinate a few axons/segments �and
ay only myelinate one� with longer internodal distances. Both

he type I/II and III/IV oligodendrocytes only myelinate axons of
similar diameter, so large- and small-caliber axons are not my-

linated by the same cell �43�. Moreover, areas with a mixture of
arge and small diameter axons, such as the ventral funiculus, are
enerally myelinated earlier during development than areas with
redominantly small diameter axons, such as the corticospinal
ract �44�. Thus, the composition of the population of myelinating
ligodendrocytes in the spinal cord varies throughout develop-
ent, and may affect the nature of axon-axon mechanical cou-

ling. The lateral funiculus is composed of axon fibers from many
racts, including the corticospinal, rubrospinal, and vestibulospinal
escending tracts and the posterior spinocerebellar tract that, col-
ectively, represent a mixture of axon sizes and oligodendrocytes
ypes �44,45�. By selecting hundreds of randomly located axons
hroughout this region spinal cord, we hoped to minimize any
egional bias in the type of oligodendrocytes.

Regardless of the mechanism of increased coupling, the ob-
erved differences have clear implications for defining tolerances
or brain and spinal cord injury. The degree of tortuosity and the
xon kinematics combine to dictate how macroscopic, tissue-level
train is transferred to the microstructure to ultimately produce
njury �10,17�. Thus, any spatial and/or temporal variations in tor-
uosity and kinematics during development would affect the injury

esponse. For instance, while myelination of the chick spinal cord

ournal of Biomechanical Engineering
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may be nearly complete at hatching, myelination of the human
spinal cord is incomplete at birth and continues to at least 3 years
of age �25�, and maturation of white matter fiber tracts �thickening
of axons and myelin sheaths� can continue well into adolescence,
especially in tracts involved in motor pathways �26�. Hence, the
tolerance of human white matter to stretch could very well vary
significantly during development. It is known that the mechanical
properties of brain tissue change with development �46,47�, which
would, in turn, affect the injury response of the brain and spinal
cord �48�. The changes in microstructural kinematics could con-
tribute to the observed changes in macroscopic tissue mechanical
behavior, and any microstructural model of white matter mechan-
ics would require careful consideration of both the axon’s tortu-
osity and the dynamics of kinematic coupling �18�.

If heterogeneous, periaxonal cell-cell coupling is responsible
for the transfer to affine kinematics, then we would expect injury
to these cells to change with development as well. For instance,
Mills et al. recently demonstrated that mechanical trauma to a
mature, rat white matter preparation in vitro causes an initial wave
of intracellular glial Ca2+ signal that spreads significantly from
the location of trauma and can remain elevated in distal locations
for over an hour �24�. A similar study in an immature white matter
preparation could reveal different calcium dynamics because of
alterations in axon-glia coupling and subsequent change in stress
and strain distribution during trauma. Both primary and secondary
injury to glia are critical components of the injury response that
contribute significantly to the physiological and functional deficits
observed post-trauma, and elucidating the underlying mechanisms
of injury to these cells will represent a critical first step in under-
standing the evolution of secondary pathogenesis to healthy CNS
tissue �24�. Moreover, it is possible that axons within specific
regions of the spinal cord are more susceptible to traumatic injury
due to the type �I/II versus III/IV� of oligodendrocytes and subse-
quent nature of glial coupling as well as the inherent tortuosity,
and that the establishment of tortuosity and/or the nature of glial
coupling represent evolutionary contributions to neuroprotection.
A closer, tract-specific examination of axon kinematics with re-
gard to oligodendrocyte phenotype, in combination with a model
of white matter injury, is necessary to elucidate these relation-
ships.

Lastly, we selected the developing chick embryo spinal cord as
our model tissue, which confers several advantages for this study.
Chick embryo tissue is readily available through procurement of
fresh, fertilized eggs and is cost effective when compared to small
mammals. Maintaining eggs during development is relatively
simple, as is harvesting tissue at a desired developmental stage.
The kinetics of spinal cord myelination in the chick have been
well characterized �29,30,49�, and myelination proceeds quickly,
so it is easy to isolate spinal cords with different levels of myeli-
nation. Like the optic nerve, the spinal cord also provides a sys-
tem in which the prevailing direction of axons is parallel to the
direction of stretch, allowing a direct interpretation of the relation-
ship between macroscopic tissue stretch and microscopic axonal
deformation. Of course, the spinal cord is not purely white matter.
Whereas gray matter will significantly contribute to the mechano-
structural, material response �i.e., stress-strain response� of the
spinal cord, we are largely interested in the kinematic coupling
and pure strain-based behavior of white matter, which should be
relatively independent of the gray matter. Comparing our results
to the guinea pig optic nerve study, we found that the mean tor-
tuosity of unstretched axons in the adult guinea pig optic nerve
��1.13� was greater than the tortuosity of chick embryo spinal
cords at all stages ��1.096–1.083�, and that the switching behav-
ior in the optic nerve, as described by values of T1 and T2, was
more coupled than the latest development stage examined �17�.
Further, while we do not expect gray matter to significantly influ-
ence either initial tortuosity or white matter mechanics, the com-
position of the spinal cord and the optic nerve are markedly dis-

tinct. Chick embryo spinal cord and guinea pig optic nerve �or any

AUGUST 2007, Vol. 129 / 521

e: http://www.asme.org/about-asme/terms-of-use



o
t
c

A

t
a
a

R

5

Downloaded From:
ther white matter� axonal tortuosity and mechanics may follow
he same functional form but require separate characterizations to
apture the individual tortuosity and kinematics.
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