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Mechanical breaking of microtubules in axons during
dynamic stretch injury underlies delayed elasticity,
microtubule disassembly, and axon degeneration
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ABSTRACT Little is known about which components
of the axonal cytoskeleton might break during rapid
mechanical deformation, such as occurs in traumatic
brain injury. Here, we micropatterned neuronal cell
cultures on silicone membranes to induce dynamic
stretch exclusively of axon fascicles. After stretch,
undulating distortions formed along the axons that
gradually relaxed back to a straight orientation, dem-
onstrating a delayed elastic response. Subsequently,
swellings developed, leading to degeneration of almost
all axons by 24 h. Stabilizing the microtubules with
taxol maintained the undulating geometry after injury
but greatly reduced axon degeneration. Conversely,
destabilizing microtubules with nocodazole prevented
undulations but greatly increased the rate of axon loss.
Ultrastructural analyses of axons postinjury revealed
immediate breakage and buckling of microtubules in
axon undulations and progressive loss of microtubules.
Collectively, these data suggest that dynamic stretch of
axons induces direct mechanical failure at specific
points along microtubules. This microtubule disorgani-
zation impedes normal relaxation of the axons, result-
ing in undulations. However, this physical damage also
triggers progressive disassembly of the microtubules
around the breakage points. While the disintegration of
microtubules allows delayed recovery of the “normal”
straight axon morphology, it comes at a great cost by
interrupting axonal transport, leading to axonal swell-
ing and degeneration.—Tang-Schomer, M. D., Patel, A.
R,, Baas, P. W., Smith, D. H. Mechanical breaking of
microtubules in axons during dynamic stretch injury
underlies delayed elasticity, microtubule disassembly,
and axon degeneration. FASEBJ. 24, 1401-1410 (2010).
www.fasebj.org

Key Words: traumatic brain injury « traumatic axonal in-
Jury * taxol + micropattern

DUE TO THEIR VISCOELASTIC NATURE, axons are supple
during normal daily activities and can accommodate
substantial mechanical deformation, such as stretching
(1, 2). However, axons are thought to become brittle
under very rapid or “dynamic” mechanical loading
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conditions, predisposing them to mechanical damage.
This viscoelastic response may be critical in traumatic
brain injury (TBI), where axons in the white matter are
exposed to high strain rates as the brain is rapidly
deformed (3, 4). Indeed, diffuse axonal injury (DAI),
identified as damage or dysfunction of axons through-
out the white matter, is the most common and impor-
tant pathology in TBI (5-8). Although dynamic defor-
mation of axons during trauma rarely leads to primary
disconnection (7-9), immediate structural damage has
been found, manifested as delayed elasticity (10). In
turn, this primary damage to unidentified cytoskeletal
components may play an important role in the well-
characterized interruption of axonal transport and
protein accumulation in swellings that lead to second-
ary disconnection and degeneration following trau-
matic axonal injury (11, 12).

While there has been extensive characterization of
cytoskeletal disruption after axon trauma, it has been
difficult to determine whether the damage is directly
due to mechanical disruption or results from biochem-
ical processing (13, 14). For example, while a reduced
spacing or compaction of neurofilaments has been
found shortly after injury, this is thought to be due to
proteolysis or dephosphorylation of the neurofilament
sidearms (15, 16). Likewise, a reduction in the number
of axon microtubules has also been found after me-
chanical trauma (14, 15, 17). However, this loss was
observed >1 h after injury and thought to be mediated
by posttraumatic influx of calcium (14, 15). Nonethe-
less, the structure and stability of microtubules may
render them especially vulnerable to mechanical dis-
ruption.

Representing the stiffest structural components of
axons (18), microtubules are composed of regions of
either stable or dynamic tubulin polymers (19). Dy-
namic regions inherently display instability during the
exchange of tubulin with a diffusive monomer pool,
allowing rapid changes in the length of individual
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microtubules during axonal remodeling, such as in
development and regeneration (20). However, this
inherent instability of microtubules may prove a liabil-
ity on mechanical trauma to axons. Notably, microtu-
bules along the middle lengths of axons are rather
stable compared with those in the terminal regions and
can resist depolymerization from calcium or pharma-
cological stimulations (21).

In this study, we developed a micropatterned cell
culture system to examine the immediate and evolving
effects of dynamic stretch applied exclusively to axons.
This patterned culture was comprised of laddered
parallel fascicles of axons (2 mm in length) spanning 2
discrete populations of cortical neurons. With a silicone
membrane on the bottom of the culture wells, dynamic
stretch could be induced exclusively to the axon-only
region using loading conditions akin to in vivo trau-
matic axonal injury. We found the first direct evidence
that microtubules represent one of the “weakest links”
of the cytoskeleton in axons undergoing rapid mechan-
ical stretch. Furthermore, traumatic microtubule dam-
age appears to trigger a unique sequence of events that
can end in axonal degeneration.

MATERIALS AND METHODS
Isolated axon culture in micropatterned channels

The isolated axon culture system consists of a molded elasto-
meric stamp placed against a deformable silicone membrane
(0.005-inch thickness; Specialty Manufacturing, St. Paul, MN,
USA; Fig. 1). Microchannels (0.4X2 mmX0.2 mm deep) were
fabricated onto the surface of the stamp by casting polydim-
ethylsiloxane (Sylgard 184; Dow Corning, Midland, MI, USA)
from patterned lithographic masters, as described previously
(22). Primary cortical neurons from embryonic day 18
Sprague-Dawley rats (Charles River, Wilmington, MA, USA)

A

Figure 1. Dynamic mechanical stretch of iso-
lated cortical axons. A, B) Schematic illustration
of axonal stretch injury model. Axon-only region
of the elastic membrane overlaps with a 2- X
15-mm slit at the bottom of an airtight chamber. A
controlled air pulse deflects the elastic membrane
downward, thus inducing a tensile elongation
exclusively of axons. C) Phase-contrast photomi-
crograph of the axon-only region, formed by a
silicone stamp that creates microchannels per-
mitting only axon outgrowth across the chan-
nels. D) Fluorescence microscopic confirma-
tion that the neurites in the microchannels
were axons demonstrated by immunoreactiv-
ity to neurofilament protein (NF, green),
while immunoreactivity to microtubule-asso-
ciated protein 2 (MAP2, red), a specific
marker for the dendrites, was found only
outside the channels. Scale bar = 100 pm.
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were plated on the micropatterned culture platform pre-
coated with 20 pg/ml poly-L-lysine. At the time of cell plating,
the microchannels were filled with sterile water; this strategy
was found to effectively prevent cell bodies from entering the
channels. The cells were plated at a density of 375,000—
500,000 cells/cm? and cultured in NeuroBasal medium (In-
vitrogen, Carlsbad, CA, USA) supplemented with B-27 neural
supplement (Invitrogen) and 5% fetal bovine serum (Hy-
Clone, Logan, UT, USA). Over 24 h, the channels were
sufficiently perfused with culture medium and provided di-
rectional cues for enhanced axon growth. By 3-4 d in culture,
axon processes started to enter the microchannels, and by
7-10 d they had traversed the 2-mm length to integrate with
neurons on the other side.

Chemicals

Experiments were performed at 10-12 d in vitro in controlled
saline solution (CSS; 120 mM NaCl, 5.4 mM KCI, 0.8 mM
MgCl,, 1.8 mM CaCl,, 15 mM glucose, and 25 mM HEPES,
pH 7.4). The wells were treated 30 min before stretch with
either CSS, taxol (0.01-1 pwM; Sigma, Ronkonkoma, NY,
USA), a microtubule stabilizer, or nocodazole (0.01-50 uM),
a microtubule destabilizer by competing for free tubulin (23).
Other than combinatorial drug treatments when nocodazole
dosages exceeded 1 pM with the presence of taxol, the
dosages used for single-drug treatment were magnitudes
smaller (=1 wM) compared with those known to disrupt
microtubules (10-100 wM; ref. 24).

In vitro dynamic stretch injury of axons

The culture wells were placed in a sealed device in an
orientation that placed the region containing the cultured
axons directly above the machined 2- X 15-mm slit of a
bottom metal plate (Fig. 14, B), as described previously (10,
25, 26). A controlled air pulse was used to rapidly change the
pressure in the chamber and deflect downward the portion of
the substrate containing the cultured axons. This deflection
induced a tensile elongation of the cultured axons. The
measurement of nominal uniaxial strain (€) is calculated by
determining the centerline membrane deflection () relative
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to the slit width (w) and substituting into the geometric
relationship:

w + 487
€= sin

43w

. 43w 10
W+ 49° :

Membrane deflection & was determined by zdistance
change of the center of the focal plane at a specific
chamber pressure from that of 0 pressure (the default
ambient pressure). Once the pressure-strain relationship was
determined, the pressure values were applied in a controlled
fashion to axonal cultures for desired strain levels.

Live-cell imaging and morphological analysis

Fluo-4 AM ester (2 wM; Molecular Probes, Carlsbad, CA,
USA) was used to visualize live axons (25). Fluorescence
microscopy was performed on a Nikon TE300 inverted mi-
croscope with a CCD camera (Cooke Corporation, Romulus,
MI, USA). Fluorescence images were collected using the
Camware v2.15 software. Three to 5 microscopic fields
(150X113 wm with average ~50 axons) corresponding to
different, nonoverlapping microchannels (total 25 micro-
channels/well) in the axon-only region were randomly cho-
sen. Images were acquired with an X60 oil lens (at a final view
of X600) and analyzed with NIH Image] (U.S. National
Institutes of Health, Bethesda, MD, USA). For each observa-
tion, =5 independent trials (wells) were performed and
analyzed with the Student’s ¢ test.

We used NIH Image] to quantify axonal alterations. The
contour of axonal process was traced, and the ratio of
poststretch to prestretch length was determined. Undulations
of single axons were easily identified as bending distortions
with a width of 5-8 wm and amplitude of 3-6 wm. Length
changes of individual undulations were similarly quantified as
that of the total length of the axon. The density of undula-
tions was expressed as number of undulations per axon of
~150 pm length in a microscopic field (at a final view of
X600).

Immunocytochemical examination

Fixed cells (4% paraformaldehyde, 20 min) were permeabil-
ized (0.1% Triton X-100 in phosphate saline solution, 20
min) and incubated in a primary antibody solution (1:500 to
1:1000 dilution) overnight at 4°C, followed with a secondary
antibody (1:200 to 1:500 dilution) incubation for 1 h at room
temperature, and then they were extensively washed. Fluores-
cence images were acquired with an X60 oil-objective lens.

Monoclonal microtubule-associated protein 2 (MAP2;
1:1000; Sigma) and rabbit polyclonal anti-neurofilament 68
kDa (NF; 1:500; Covance Research Products, Princeton, NJ,
USA) antibodies were used to differentiate cell bodies and
axons, respectively. Monoclonal anti-BIII-tubulin antibody
(1:500; Sigma) and goat anti-mouse Alexa 488 and goat
anti-rabbit Alexa 564 (1:200; Invitrogen) secondary antibod-
ies were used.

Electron microscopic examination

We used standard transmission electron microscopic (TEM)
techniques. Specifically, cells were fixed with a mixture of
2% paraformaldehyde and 2.5% glutaraldehyde overnight,
washed with 0.1 M sodium cacodylate buffer in three 10-min
rinses, postfixed with 2% osmium plus 1.5% potassium ferri-
cyanide, followed with 3 buffer washes and 2 diH,O washes.
To enhance the intensity of cell membranes, cells were
stained with 2% uranyl acetate for 20 min, followed with 2
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diH,O washes. Serial dehydration was performed with 3 min
incubation in 50-100% EtOH. Cells were embedded in resin,
separated from the silicone membrane, and reembedded. For
each sample, both longitudinal and cross-sections of 60 nm
were obtained (imaged at X2-9X10"). Axons in each cross-
section (covering the area of 1 microchannel) were examined
for the presence of a typical 24-nm-wide circular profile of
microtubules.

RESULTS

Isolated axonal culture in micropatterned channels

In the present study, dynamic tensile elongation was
applied exclusively to integrated axons spanning 2
populations of cortical neurons (Fig. 14, B). As a new
adaptation from previous studies (10, 25, 26), micropat-
terned channels were incorporated on the elastic sub-
strate via soft lithography techniques (22). Compart-
mentalization of axon outgrowth was confined within
these channels, producing 2-mm regions of axons
arranged in a uniaxial fashion (Fig. 1C). Confirmation
that the processes in the gap region of the microchan-
nels contained only axons was demonstrated by their
immunoreactivity to neurofilament protein, while im-
munoreactivity for the dendritic marker MAP-2 was
only found outside of the channels in the cell body
region (Fig. 1D).

Evidence of primary mechanical damage to the
axonal cytoskeleton after dynamic stretch injury

As the elastic substrate was extended under controlled
mechanical loading conditions, axons remained at-
tached and experienced strains that corresponded to
the underlying substrate. Under slow loading rates of
stretch (with a duration of minutes), the axons easily
tolerated stretching up to twice their original length (a
strain of 100%) and returned back to their prestretch
length with no evidence of damage. Under dynamic
loading conditions, i.e., with strain pulse duration of
<50 ms, axons were consistently found to display
multiple regions of undulating distortions along their
length immediately after stretch, consistent with our
previous observations (10, 25, 26). To examine whether
these undulations were a direct response to the dy-
namic tensile stretch, we characterized axonal length
changes at a fixed strain rate of 44 s™' and varying
strain levels (corresponding to durations of 1-30 ms;
Fig. 2). The magnitude and density of these undula-
tions increased in proportion to an increase in the
mechanical loading strain (Fig. 2B, C). For example, at
a strain of 75%, the total poststretch length of axons in
the gap region increased by ~8%, with a remarkable
~65% localized length increase in the region of a
typical undulation.

Linking microtubule stability with morphological
alterations of axons after dynamic stretch injury

To examine the involvement of microtubules in stretch-
induced axon shape changes, the axons were treated
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A

Figure 2. Degree of axonal un-
dulation is proportional to the
applied mechanical strain.

A) Fluorescence photomicrograph Before inj.
of axons loaded with fluo4 display-
ing multiple undulations (arrow)
immediately after stretch (1-30 ms
duration, with a fixed strain rate of After inj.,

44 s~ '), the extent of which is
proportional to the applied me-
chanical strain levels. Scale
bars = 5 um. B) Quantitative
analysis of total length of axons
(normalized to prestretch
lengths): 30% strain: CSS (see
Materials and Methods), n =
18, taxol, n = 7; b0% strain:
CSS, n = 18, taxol, n = 6; 75%
strain: CSS, n = 15, taxol, n =
18. n = total number of axons
examined. C) Quantitative anal-
ysis of undulation densities, de-
fined as number of undulations

30% strain

50% strain

75% strain

CSS
b N

Taxol

per axon process of ~150 pum B 113 ocss C
length: 30% strain: CSS, n = 6, 1.1 @Taxol § s
taxol, n = 3; 50% strain: CSS, 1.09 E 6
n = 6, taxol, n = 3; 75% strain: 1.07 3 14
CSS, n = 5, taxol, n = 6. n = g 105 The
total number of microscopic = 103 S 8o
fields examined (field of 150 101 508
pm X 113 wm with average ~50 0.89 5 o8
axons). TP < 0.01 wvs. control o0.97 E E;
CSS; Student’s ¢ test. 095 y i
30% strain ’

with taxol or nocodazole at 30 min before stretch.
Notably, neither drug treatments (0.01-1 puM in CSS)
utilized induced overt morphological changes in non-
injured axons (Fig. 2A and Fig. 3A).

For axons treated with taxol and subsequently
stretched, there were increases of undulation length
and density at all strain levels tested, compared with
nontreated stretched axons (Fig. 2B, ). At 30 and 50%
levels, the differences were statistically significant.
These increases appeared to be related to a greatly
reduced rate of relaxation of the axons compared with
untreated axons (Fig. 3). Indeed, the taxol-treated
axons were essentially fixed in the dysmorphic undulat-
ing geometry for at least 3 h after dynamic stretch at the
highest levels of strain (75% strain). These effects were
dose dependent and were not found with the lowest
dose of 10 nM. In addition, the effects were dependent
on preinjury treatment, since no postinjury dose of
taxol (1-10 wM) blocked relaxation of undulations.

Preinjury treatment with nocodazole (0.1 pM) had
the opposite effect of taxol treatment. There was an
almost immediate relaxation of nocodazole-treated ax-
ons, with <2 undulations noted among 50 axon pro-
cesses of a length of ~150 wm (width of a microscopic
view), compared with ~60 undulations/50 axon pro-
cesses in CSS after dynamic stretch at 75% strain (Fig. 4).
When the combination treatment of nocodazole and
taxol was examined, there was a dose-dependent mutu-
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ally opposing effect on undulation relaxation. For
example, 50 uM nocodazole and 1 M taxol resulted in
~14 undulations/50 axon processes, compared with
~45 undulations/50 axon processes with 1 uM nocoda-
zole plus 1 pM taxol treatment, and ~70 undula-
tions/50 axon processes with 1 M taxol treatment only
(Fig. 4). Despite the different time course of undula-
tion relaxation, the initial length distention after
stretch at 75% strain was not significantly different, i.e.,
with a ratio of ~1.6 (Fig. 3).

Role of microtubule destabilization in the progression
to axonal degeneration after dynamic stretch injury

We further examined the involvement of microtubules
in trauma-induced axonal degeneration after dynamic
stretch at 75% strain. Although the straight geometry of
the stretched axons was gradually restored, these axons
were mechanically injured, manifested by development
of focal swellings in hours and eventual degeneration
(Fig. 5). With the use of fluorescence live imaging of
axons loaded with fluo-4, axonal swellings were found to
develop by 1 h and gradually enlarged in size within 3 h
(Fig. 5A). Simultaneous phase-contrast imaging con-
firmed that these swellings were volumetric enlargements.
In addition, the same axonal swellings identified with live
imaging were found to be associated with tubulin accu-
mulation by immunocytochemical staining (Fig. 5B).
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Figure 3. Microtubule destabiliza-
tion and axon relaxation after dy-
namic stretch injury. A) Phase-
contrast and fluorescence (fluo4)
photomicrographs demonstrating
that axons without treatment
(CSS) displayed multiple undula-
tions after stretch and gradually
resumed their original straight ori-
entation within 40 min. However,
axons pretreated with taxol (T; 1
M) maintained their undulations
for at least 3 h, while removal of
taxol at 40 min poststretch allowed
relaxation of axonal undulations
by ~3 h postinjury. In contrast,
axons pretreated with nocodazole
(N; 0.1 pM) relaxed to their pre-
stretch orientation immediately
after injury. Scale bars = 5 wm.
B) Quantitative analysis of the
length of individual undulations
over time demonstrated that only
pretreatment with taxol (1 uM)
maintained the undulations,
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Taxol treatment was found to greatly delay axonal
degeneration after stretch injury (Fig. 5C). Specifically,
axons pretreated with taxol (1 wM) remained mostly
intact with little swelling at 3 h after injury, compared
with extensive axonal swellings in untreated axons.
Remarkably, by 24 h, >50% of axons pretreated with
taxol still remained intact, compared with a complete
loss of structure of injured axons in CSS. In addition,
pretreated axons with immediate removal of taxol were
also largely preserved at 24 h postinjury. In contrast,
most of the axons pretreated with nocodazole (0.1 uM)
were lost within 1-3 h postinjury. Notably, neither drug
treatment induced detectable loss of noninjured axons

at 24 h postinjury.

Ultrastructural analysis of axons reveals dynamic
stretch injury-induced microtubule breaking and
progressive loss

TEM examination of the longitudinal sections (60-nm
thick) of axons demonstrated ultrastructural alterations
of the axonal microtubule lattice induced by dynamic
stretch injury (Fig. 6). The microtubules were easily

MT BREAKING IN STRETCHED AXONS

while a lower pretreatment dose
(10 nM) or poststretch treatment
(1 pM) had no effect. Values of
data points are listed in Supple-
mental Table S1.

identified as dark 24-nm-wide filamentous structures
that traversed the main axis of an axon. Immediately
after injury (~1 min), microtubules appeared to re-
main unchanged in straight segments. However, major
alterations of microtubule configuration were found in
the undulations (Fig. 6A). Specifically, the continuity of
microtubules was lost at the peak of the undulations. At
the breakage points, microtubules displayed conspicu-
ous free ends that appeared frayed, similar to a shorting
microtubule undergoing catastrophic depolymeriza-
tion (27). Some portions of microtubules were twisted
with a spiral configuration. Different degrees of axon
undulations from multiple axons demonstrated pro-
gressive phases of undulation relaxation and acute
formation of axonal swellings immediately after stretch
injury (Fig. 6B). Collapse of the undulation appeared
to be associated with localized microtubule loss within
the distortions. In particular, few microtubules re-
mained continuous within the swelling, in a sharp
contrast to the apparently intact microtubule lengths in
the adjacent straight axonal segment.

Similar breakage of microtubules in undulations was
found with drug-treated axons postinjury (Fig. 6C).
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Figure 4. Quantitative analysis of undulation densities. CSS
(see Materials and Methods), n = 5; nocodazole (N; 0.1 uM),
n=9;N (1 uM), n = 3; taxol (T; 1 pM), n = 3; T (1 pM) +
N1 pM),n=3T (1 pM) + N (50 pM), n = 8. n = total
number of microscopic fields examined (field of 150X113
pm with average ~50 axons). P < 0.01 vs. control CSS;
Student’s ¢ test.

Immediately after stretch injury, there were no notable
changes of microtubule breakage ratio between taxol
(1 pM)-treated and control injured axons. This ultra-
structural evidence supported previous observation of
the similar undulation magnitude and density at 75%
strain level between the 2 groups (Figs. 2 and 4),
suggesting that 1 M taxol had no effect on immediate
mechanical breakage of microtubules. In contrast,
there was a great loss of microtubules within undula-
tions of nocodazole (0.1 wM)-treated axons. This ultra-
structural evidence provided the explanation for the
rapid relaxation of axon undulation with nocodazole
treatment (Fig. 3).

Quantitative TEM analysis of axon cross-sections re-
vealed progressive loss of microtubules in injured axons
and its modulation by taxol or nocodazole treatment
(Fig. 7). More than 99% taxol pretreated axons sur-
vived, compared with ~67% nontreated axons and
~53% nocodazole pretreated axons, immediately after
injury. By 3 h, 90% taxol pretreated axons still con-

A Beforeinj. After inj.
1hr

After inj.

tained their normal complement of microtubules, com-
pared with ~58% nontreated and ~30% nocodazole-
pretreated axons.

DISCUSSION

Widespread axon swelling and degeneration are the
hallmarks of pathological consequence of traumatic
brain injury. However, little is known about how direct
mechanical trauma induces these changes. Using real-
world mechanical loading conditions to induce dy-
namic stretch injury of isolated axons, we found that
primary microtubule damage plays a central role in
evolving axonal pathology after trauma. Indeed, our
data show that dynamic stretch ruptures axonal micro-
tubules at specific points triggering depolymerization
of the microtubules. With immediate localized micro-
tubule disconnection triggering a subsequent total loss
of microtubules, axon transport is progressively de-
railed, leading to mounting swelling, protein accumu-
lation, and, ultimately, axon degeneration.

Using an adaptation of micropatterned system, we
established pristine 2-mm-long axon tracks that span
2 populations of cortical neurons. The design of
laddered microchannels provided directional cues
for the growth of parallel fascicles of axons while
restricting entry of neurons. This geometry ensured
the capacity for uniaxial stretch of the axons, which is
thought to be an important aspect of axonal trauma
in vivo (28).

By applying tensile stretching exclusively to axons, we
found that the rate of mechanical loading plays an
important role in the extent of injury. Under slow
loading rates of stretch, with duration of minutes, the
axons could easily tolerate extending to twice their
original length. However, under dynamic loading con-
ditions with strain pulse duration of less than <50 ms,
multiple pathological changes were observed. Notably,
these injury parameters are similar to the mechanical
forces known to induce DAI in humans and animal
models during head rotational acceleration (3, 4, 28).

Taxol MNocodazole

Sham

1hr

Figure 5. Microtubule destabilization and axon degeneration after dynamic stretch injury. A) Simultaneous live imaging of
fluo-4 fluorescence (top) and phase-contrast (bottom) photomicrographs show development of axonal swellings after stretch
injury by 1 h and gradually enlarged in size. B) Axonal swellings shown with live imaging (left) correspond with B-tubulin
immunoreactivity of the same axons following fixation (right). €) B-Tubulin immunostaining of fixed cultures shows axon
degeneration over hours. In control injured axons (CSS), there was a progression of axonal swellings (arrows) leading to a
complete loss of axons by 24 h. However, pretreatment with taxol (1 wM) substantially reduced the appearance of swellings after
injury and prevented degeneration, with 50% of the axons remaining intact by 24 h postinjury. In contrast, pretreatment with
nocodazole (0.1 wM) rapidly accelerated degeneration, with almost complete loss of axons by 3 h. Each photomicrograph

represents =5 independent cultures. Scale bars = 5 pum.
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Figure 6. Microtubule breaking immediately after dynamic stretch injury. TEM (X2-9 X 10*) of 60-nm-thick longitudinal sections of axons
demonstrate microtubule disruptions observed immediately after injury. A) In straight segments of axons, microtubules traversed the main
axis of axons without regions of interruptions. Within undulations, microtubules demonstrated uniformly open spacing at the peak,
displaying frayed free ends (asterisk). Remaining portions of microtubules were disorganized and twisted, with a curling configuration
(arrow). B) Demonstration of progressive phases of undulation relaxation and acute formation of axonal swellings after stretch injury.
() Taxol (1 uM)-pretreated axons demonstrated similar microtubule disruptions in axons as control injured axons immediately after stretch
injury (top). In contrast, nocodazole (Noc; 0.1 uM)-pretreated axons demonstrated almost complete loss of microtubules within the

undulation (bottom). Scale bars = 500 nm.

A major morphological change observed immedi-
ately following dynamic stretch of axons was the forma-
tion of undulations along the axon lengths. As an
induced form of “delayed elasticity,” these undulations
occurred during 20-ms stretch and only gradually re-
laxed back to their prestretch length and straight
morphology within ~40 min poststretch. It has been
found previously that neurites demonstrate <1 min lag
during normal viscoelastic elongation/retraction (I,
29). However, the prolonged delayed recovery of axon
shape in the present study demonstrates that there was
an immediate major mechanical disruption of the
axonal cytoskeleton during stretch that restricted nor-
mally rapid relaxation. Although the straight geometry
of the stretch-injured axons was gradually restored,
accumulations of transported proteins subsequently
formed in swellings (10), similar in appearance to
axonal pathology found in DAI (7, 30). Within hours,
the axons began to degenerate and almost none re-
mained by 24 h postinjury.

By manipulating microtubule stability, we found that
microtubule damage and disorganization are the primary
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sources for the delayed elasticity and subsequent degen-
eration of axons after dynamic stretch injury. Application
of the microtubule-stabilizing agent taxol before injury
greatly reduced the rate of relaxation of the axons after
injury, essentially fixing the dysmorphic undulating geom-
etry in place for several hours. Paradoxically, despite
inhibiting restoration of apparently “normal” straight
morphology, taxol treatment greatly reduced axon degen-
eration. By 24 h after injury, taxol treatment preserved
more than half of the axons compared with almost
complete obliteration of axons in nontreated injured
cultures. This apparent protective stabilizing effect was
related to the availability of taxol very close to the time of
injury, since application only 5 min after injury had little
effect on slowing relaxation of the axon undulations.
Notably, acute application of taxol before injury is suffi-
cient for the protective effect, since pretreated axons with
immediate removal of taxol were still largely preserved at
24 h postinjury. These dramatic protective effects of taxol
treatment suggest a novel therapeutic strategy for this
class of compounds for traumatic axonal injury. However,
it will be important to establish whether there is a postin-
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Figure 7. Progressive loss of microtubules after
dynamic stretch injury. A) TEM cross-sections
(60-nm thickness, imaged at X2-9X10%) of
axons demonstrate progressive microtubule
loss. Axons without injury (sham), axons in
CSS (control), or axons pretreated with taxol
(I wM) or nocodazole (0.1 wM) had similar
numbers of microtubules (arrow). After stretch
injury, control axons gradually diminished

their microtubules. However, axons pretreated with taxol maintained their number of microtubules over time, and axons
pretreated with nocodazole accelerated their loss of microtubules. B) Quantitative analysis showed relative proportions of
surviving axons with cross-sections containing =1 microtubule. Refer to numeric values in Supplemental Table S2. Scale bars =

500 nm.

jury therapeutic window of opportunity for microtubule
stabilization to prevent subsequent depolymerization.

Compared with taxol treatment, a completely opposite
paradoxical effect was found with the application of
nocodazole, an agent that promotes microtubule instabil-
ity by competing for free tubulin (23). Preinjury nocoda-
zole treatment resulted in an extremely rapid relaxation
of axonal shape to a straight geometry within minutes
after injury. Despite this rapid restoration of a normal-
appearing shape, nocodazole-treated axons subsequently
displayed greatly accelerated swelling and degeneration
compared with nontreated injured axons. In addition, the
combination of taxol and nocodazole created a dosage-
dependent opposing effect on undulations. Similar to
taxol, the effect of nocodazole solely depended on the
availability of the drug at the time of injury. In contrast,
nocodazole applied at submicromolar concentrations
used in this study had a minimal effect on microtubules of
uninjured axons for =24 h. Therefore, the action of
nocodazole depended on dynamic stretch injury-induced
damage, i.e., the normally stable microtubules along the
axon length became much more vulnerable and suc-
cumbed to drug-promoted destabilization.

To directly identify ultrastructural alterations of the
axonal microtubule lattice induced by stretch injury, TEM
was used to examine longitudinal sections of axons.
Immediately after injury, the straight regions of the axons
displayed the normal parallel configuration of microtu-
bules with no interruptions. However, open spacing of
individual microtubules was uniformly found at the peaks
of the undulations. This spacing was bordered by liber-
ated free ends of microtubules that appeared frayed
and/or curled at the disconnection points. In addition,
rather than a parallel arrangement, the collective micro-
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tubule polymers appeared twisted and tortuous, suggest-
ing severe disruption near the breakage points.

The highly specific structural damage within axon undu-
lations suggests primary mechanical failure or rupture at
specific points along individual microtubules at the time of
injury. Considering that microtubules are the most rigid
structural component of the axonal cytoskeleton, broken
ends of microtubules may fail to realign and adjacent tortu-
ous segments may not be able to freely slide. This could
create a physical blockade that impedes normal axon relax-
ation to the prestretch length, resulting in undulations.
Notably, microtubule stabilization and presumed reduction
in flexural rigidity with preinjury application of taxol (31-33)
failed to mitigate breakage of the microtubules, likely due to
the dynamic nature of the deformation.

A potential process that both released the block to
relaxation of the axons and triggered subsequent degen-
eration after injury was found with temporal ultrastruc-
tural TEM examination of axon cross-sections. Without
treatment, the normal complement of microtubules, seen
as ~24-nm-wide circular profiles, was found to gradually
diminish after injury, with almost no profiles found re-
maining by 3 h. This time course coincides with the
relaxation of the undulations and subsequent develop-
ment of axonal swellings. However, by stabilizing the
microtubules with preinjury treatment of taxol, the num-
ber of microtubules was maintained over time, with only a
slight reduction in their number by 3 h postinjury. Con-
versely, preinjury treatment with nocodazole (at a nondis-
ruptive, very low dosage of 0.1 wM) greatly accelerated the
loss of microtubules, which were almost completely unde-
tectable immediately after injury.

These observations suggest that as the microtubules were
essentially dissolved after trauma, their buttressing of the
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undulated regions along injured axons was released, result-
ing in relaxation to the straight orientation. While the
restoration of normal straight morphology outwardly ap-
peared as a type of recovery, it came at a great cost. With the
progressive loss of microtubules, axon transport was essen-
tially derailed, leading to unabated swelling and degenera-
tion.

The present data also demonstrated that not all micro-
tubules were disconnected in one region after trauma.
This suggests a process whereby protein transport is
interrupted primarily at the individual microtubule level,
allowing protein accumulation to occur at multiple sites
along injured axons. This same process may also account
for the similarly appearing protein accumulation within
periodic axonal varicosities along damaged axons that is
well characterized after traumatic brain injury (30, 34-37).

The mechanism triggering gradual microtubule depo-
lymerization after trauma remains unclear. However, it is
curious that the traumatic breaks in the microtubules
appear similar to the protofilament curling, previously
shown to be promoted by hydrolysis of the tubulin-
associated GTP, signifying microtubules undergoing ac-
tive disassembly (27). As such, traumatic microtubule
disconnection may trigger a unique type of “catastrophe”
or conversion of intrinsic microtubule instability to depo-
lymerization (38, 39). Specifically, breakage points essen-
tially create unstable GDP-tubulin ends that are prone to
depolymerization (40), as is classically found in the switch
from growth to shrinkage of sprouting axons (41). TEM
analysis of randomly selected regions of axons shortly
after injury showed that individual microtubules were lost
while others remained intact, suggesting that depolymer-
ization was initially limited to regions of mechanical
damage and not a generalized effect. Yet, as opposed to
axon sprouting (42), no rescue of depolymerization of
microtubules was observed after axon trauma resulting in
the total loss of microtubules, as has been observed n vivo
(14). It is unclear why the microtubules did not ultimately
repolymerize following trauma. Future studies are needed
to examine whether it is direct damage to the lattice of the
stable microtubules that limits their ability to repolymer-
ize or if reassembly of the lost polymer is suppressed due to
as yet unidentified effects on microtubulerelated proteins.

The observation of microtubule breaking and irreversible
depolymerization under a dynamic regime may have broad
implications for microtubule and cellular biomechanics. It is
interesting that microtubule rupture depends on strain rate
but not the strain levels. As microtubules must slide against
each other in the lattice during stretching to accommodate
the strain, dependence on the strain rate may reflect me-
chanical sensitivity of the lateral bonding between adjacent
polymers and/or microtubule-associated proteins (43).

Collectively, the present results suggest that microtu-
bules are weak links of the axonal cytoskeleton during
traumatic axonal injury. Dynamic deformation of axons
induces primary mechanical rupture and damage to the
microtubules, which in turn triggers delayed elasticity of
axons and progressive microtubule disassembly. As a
consequence, axonal transport is impaired, leading to
protein accumulation and ultimately, axon degeneration.

MT BREAKING IN STRETCHED AXONS

The mechanical induction of this unique microtubule
disassembly process distinguishes traumatic axonal injury
from other forms of axon injury such as those induced by
physiological changes like hypoxia and ischemia.
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