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Abstract
Diffuse axonal injury (DAI), a major component of traumatic brain injury, is characterized by a
sequence of neurochemical reactions initiated at the time of trauma and resulting in axonal
degeneration and cell death. Calcium influx through mechanically induced axolemmal pores and
subsequent activation of calpains are thought to be responsible for the cytoskeletal damage leading
to impaired axonal transport. Focal disruption of cytoskeleton accompanied by the accumulation of
transported membranous cargo leads to axonal beading which is the characteristic morphology of
DAI. By applying fluid shear stress injury on cultured primary neurons, acute calcium (Ca2+) and
calpain responses of axons to mechanical trauma were investigated. Intracellular Ca2+ concentration
([Ca2+]i) shows a steady increase following injury that can be blocked by sealing membrane pores
with Poloxamer 188 and by chelating intra- or extracellular Ca2+. Calpain activity increases in
response to mechanical injury and this increase depends on Ca2+ availability and on axolemmal
permeability. Both the [Ca2+]i increase and calpain activity exhibit focal peaks along the axons which
co-localize with mitochondria and predict future axonal bead locations. These findings suggest that
mechanoporation may be the initiating mechanism resulting in ensuing calcium fluxes and
subsequent calpain activity and that post-injury membrane repair may be a valid therapeutic approach
for acute intervention in DAI.
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INTRODUCTION
Traumatic brain injury (TBI) is a major cause of disability and death worldwide; from 100 to
350 patients per 100,000 inhabitants are admitted to hospital care following a TBI, of which
approximately 80% are mild injuries (Servadei et al., 2007). More than 11.5 million people are
estimated to live with TBI-related disability, impairment, complaint or handicap in Europe and
the USA alone (Schouten, 2007). Yet with this enormous burden to the society, there is no
clinically proven therapy available to limit the neuropathological sequelae of TBI (Wang et
al., 2006). The diffuse form of TBI, diffuse axonal injury (DAI), is associated with the inertial
forces applied to the head at the time of the injury. The resulting large deformations of the
brain tissue does not immediately sever axons (Gennarelli et al., 1998; Maxwell et al., 1993),
but microstructural cellular damage leads to a spectrum of neurochemical changes (McIntosh
et al., 1996) that can result in axonal bead formation leading to disconnection from target tissues
and cell death (Gaetz, 2004; Raghupathi, 2004). Understanding the neurobiological
mechanisms of the post-traumatic sequelae of events will enable identifying potential
therapeutic targets for clinical intervention.

Mechanoporation, the generation of transient membrane pores due to mechanical tissue
deformation has been suggested to underlie DAI (Buki and Povlishock, 2006; Gennarelli,
1996). Calcium ions (Ca2+) entering the cytoplasm due to the steep concentration gradient
across the membrane could initiate a series of cascade reactions that eventually lead to the
degeneration of the axon and secondary neuronal cell death (Gaetz, 2004). Activation of
calpains, Ca2+-activated neutral proteases, due to high intracellular Ca2+ concentration
([Ca2+]i) is a key event in the DAI pathology (Liu et al., 2008). Calpains are known to degrade
cytoskeletal proteins such as microtubule-associated proteins, spectrin, and tubulin (Billger et
al., 1988; Johnson et al., 1991); however there is no direct evidence of degradation of
microtubules by calpains. Loss of microtubules among other cytoskeletal proteins leads to
impaired axonal transport resulting in axonal beading morphology (Maxwell and Graham,
1997) as microtubules are mainly responsible for motor-based axonal transport (Coleman,
2005). It has been recently shown by our group that shear stress injury on cultured neurons
causes mechanoporation-induced focal disruption of axonal microtubules and subsequent
axonal beading (Kilinc et al., 2008).

[Ca2+] has been shown to increase within 1 hour (h) following in vivo TBI in a variety of
experimental models (Fineman et al., 1993; Maxwell et al., 1995; Shapira et al., 1989). In
vitro, a sharp increase in [Ca2+]i was observed immediately following injury; however, the
maintenance of [Ca2+]i seems to depend on the type of injury. A sudden drop in [Ca2+]i to
basal levels within 2 min was observed following biaxial stretch injury (Cargill and Thibault,
1996), whereas a slow decrease in [Ca2+]i was observed following fluid shear stress injury
(LaPlaca et al., 1997). Following uniaxial stretch injury, a gradual increase for at least 1h was
observed and was due to the early proteolysis of the a-subunit of the tetrodotoxin-sensitive
voltage gated Na+ channels (Iwata et al., 2004; Wolf et al., 2001). Recently, Ca2+-permeable
AMPA receptors following in vitro stretch injury were shown to be critical in the Ca2+ influx
(Spaethling et al., 2008). These results show that the time course and the pathway of the
Ca2+ influx highly depends on the injury type and needs further clarification for establishing
a causal link between [Ca2+]i rise and subsequent neuropathology.

In head injured humans, activated μ-calpain and calpain-mediated spectrin breakdown products
were shown to increase compared to control levels (McCracken et al., 1999). Calpains were
shown to be active and functional as early as 15 min following in vivo TBI (Kampfl et al.,
1996) and calpain-mediated spectrin breakdown was detected in the brain areas associated with
high cell death at 90 min post-injury (Saatman et al., 1996). Calpain activation has been shown
to follow a biphasic pattern following injury as demonstrated by acute and delayed decreases
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in cytoskeletal proteins (Saatman et al., 2003; Serbest et al., 2007). Early activation of calpain
is suggested to contribute in the progressive structural damage in the axonal cytoskeleton
following injury whereas the delayed activation is attributed to the late phases of axonal
degeneration (Saatman et al., 2003). Although the hypothesis suggesting that early activation
of calpains due to Ca2+ influx through mechanoporated plasma membrane seems reasonable,
a recent study showed that calpain-mediated spectrin breakdown was detected in a small
fraction of mechanoporated axons but in a larger fraction of the axons which showed delayed
membrane perturbation, probably associated with later stages of neurodegeneration (Farkas et
al., 2006). The temporal and spatial activation and activity pattern of calpain following
mechanical trauma are currently unknown.

Poloxamer 188 (P188) is a nontoxic, nonionic, tri-block amphiphilic co-polymer (MW: ~8400)
consisting of a central hydrophobic polyoxypropylene molecule that is flanked on both sides
by two hydrophilic chains of polyoxyethylene. P188 has been shown to be capable of sealing
damaged cell membranes (Maskarinec et al., 2005) suggesting a novel pharmacological
strategy against cell injury. Electroporated (Lee et al., 1992), irradiated (Greenebaum et al.,
2004), and thermally damaged (Padanilam et al., 1994) skeletal muscle cell membranes were
shown to be resealed by P188. In primary neuron culture, P188 was shown to save neurons
from excitotoxic or oxidative stress-related necrosis and from electroporation (Marks et al.,
2001). The ability of P188 to protect neuronal cells from trauma-induced necrotic and apoptotic
death via membrane repair was previously demonstrated (Serbest et al., 2005; Serbest et al.,
2006). It was recently shown by our group that P188 blocks mechanically-induced increase in
membrane permeability and subsequent cytoskeletal disruption and transport impairment in
cultured primary neurons (Kilinc et al., 2008). In vivo, post-injury delivery of P188 was able
to protect neurons following spinal cord compression injury (Borgens et al., 2004), excitotoxic
injury (Curry et al., 2004; Frim et al., 2004) and acute intraparenchymal brain hemorrhage
(Cadichon et al., 2007). Collectively, these studies show the ability of P188 to repair damaged
cell membranes and to rescue neurons following a variety of insults. However, it is not known
if the neuroprotective effect of P188 is via blocking the post-traumatic increase in [Ca2+]i and
subsequent calpain activity.

Using an in vitro model of mechanical injury, it has recently been demonstrated that
mechanoporation leads to focal microtubule disruption, organelle accumulation and
subsequent focal axonal beading leading to degeneration of the axon (Kilinc et al., 2008). In
the current paper, the initial Ca2+ and calpain response of the axons to mechanical injury was
examined. In contrast with previous reports (Cargill and Thibault, 1996; Geddes-Klein et al.,
2006a; Geddes-Klein et al., 2006b; LaPlaca et al., 1997; Lusardi et al., 2004; Spaethling et al.,
2008; Wolf et al., 2001), [Ca2+] exhibits a steady increase that depends on intra- and
extracellular Ca2+ and that can be blocked by sealing membrane pores. Similarly, calpain
activity is higher in the injured neurons and is regulated by Ca2+ influx through mechanically
induced poration. Both [Ca2+] increase and calpain activity have focal peaks at distinct
locations along the axons that co-localize with axonal mitochondria and constitute future
axonal beads. These observations suggest the mitochondrion as a key player in the injury-
induced [Ca2+]i increase and calpain activation.

MATERIALS AND METHODS
Cell Culture and Reagent

Embryonic day 8 chick forebrain neurons were harvested, dissociated and plated on German
glass coverslips (Bellco Glass, Vineland, NJ) at a concentration of 1.5×104 cells·cm−2

(Heidemann et al., 2003). Chick forebrain neurons are very similar to cultured mammalian
hippocampal neurons and are commonly used as a cell model system to study axonal
neurobiology (Heidemann et al., 2003). In experiments requiring tracking of multiple neurons,
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indexed coverslips (Bellco) were used to track individual neurons. Coverslips were treated
with 2-[2-(3-Trimethoxy-silyl-propyl-amino)-ethylamino]-ethylamine (Sigma, St. Louis,
MO) to promote attachment as described elsewhere (Geddes et al., 2003). Cultures were
maintained in supplemented M199 medium (Invitrogen, Carlsbad, CA) and incubated (5%
CO2; 37°C) for 4–6 days before experimentation. Culture medium was changed every other
day. HEPES buffered, supplemented Ham’s F12 medium (Invitrogen) was used as
experimental medium during live imaging experiments.

Experimental Procedure
The controlled shear stress device is based on a cone-and-plate viscometer and applies uniform
shear stress over the coverslip area through the controlled rotation of the cone (Blackman et
al., 2000). When used with high onset rates the rotation of the cone, which is in fluidic contact
with the cell culture, induces fluid shear stress injury in neurons (Kilinc et al., 2008). A shear
impulse of 45dyn·cm−2 with 20 ms onset time was consistently used to induce shear stress
injury. Sham (uninjured) controls underwent the exact protocol except without the cone
rotation. A stage heater (NevTek, Burnsville, VA) maintained constant temperature (37°C)
during experiments. Images were taken with an inverted Nikon Diaphot Eclipse TE300
microscope (Optical Apparatus, West Chester, PA). In experiments testing the effect of P188
treatment, P188 (Pluronic acid F-68, Sigma) was dissolved in the experimental medium and
applied to neurons 5 min post-injury with a final concentration of 100μM.

Beading Analysis
Indexed coverslips allow tracing of individual neurons during the experiment, enabling us to
image 7–8 neurons per coverslip. Images were obtained immediately after and 60–90 min after
the injury. To quantify axonal beading, we used a Matlab-based (MathWorks, Natick, MA)
interactive image analysis program that successfully detects axonal beading(Kilinc et al.,
2009). The beading score is the volume-weighted sum of the radii of axonal swellings, whose
diameter was at least twice the axon diameter, normalized by the length of the axon in question.
Change in the beading score, normalized by the time period between two image acquisitions,
was calculated for each individual axon and compared among different experimental groups.

[Ca2+]i Measurement and Quantification
Fluo-3 was used as the Ca2+ indicator. When compared with Fura-2, the higher dissociation
constant (Kd) value (0.325 vs. 0.14μM) reduces the buffering of the [Ca2+]i signal. In addition,
the longer excitation wavelength avoids the cell damage by exposure to UV, and its large optical
signal provides very good signal-to-noise ratio (Merritt et al., 1990). To control for the effect
of volume changes on the fluorescence intensity, Fluo-3 was used in tandem with the
volumetric intracellular marker, CellTracker Red (CTR, Invitrogen). Prior to experiment,
neurons were incubated in the dark with experimental medium containing 3.3 μM CTR and
5μM Fluo-3 for 20 min and rinsed twice with experimental medium. Up to three predetermined
areas on the coverslip were imaged before and after the injury, with 5 min intervals using
appropriate filter sets for the two indicators. Image acquisition settings were kept constant
among different experimental groups. To avoid photo-bleaching, locating the neurons and
focusing were conducted under red fluorescence, as CTR was brighter and more bleach-
resistant than Fluo-3. The ratio of background-subtracted average intensities of Fluo-3 over
CTR at the axonal area (excluding focal peaks) was analyzed over time to compare [Ca2+]i rise
among different experimental groups. Similarly, the average intensities at the bright spots were
used to calculate the ratio. For intracellular Ca2+ chelation, 20 μM 1,2-Bis(2-aminophenoxy)
ethane-N,N,N′,N′-tetraacetic acid tetrakis-AM (BAPTA-AM, Invitrogen) was added to the
incubation medium (along with Fluo-3 and CTR). For extracellular Ca2+ chelation, the
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experimental medium was buffered with 1 mM ethyleneglycol-O, O′-bis(2-aminoethyl)-N, N,
N′, N′-tetraacetic acid (EGTA, Sigma).

Calpain Measurement and Quantification
To detect calpain activity in living neurons, the fluorogenic calpain substrate 7-amino-4-
chloromethylcoumarin, t-BOC-L-leucyl-L-methionine amide (t-BOC; Invitrogen) was used.
Non-fluorescent t-BOC freely diffuses into the cell and becomes membrane-impermeant after
being conjugated to a thiol. Cleavage of t-BOC-thiol by calpain results in the release of
fluorescent 7-amino-4-methylcoumarin-thiol (MAC-thiol). The formation of MAC-thiol is not
reversible. Therefore, steady state calpain activity level results in an increase in fluorescence
due to the accumulation of MAC-thiol. Changes in calpain activity can thus be detected by
considering the rate of change in the MAC-thiol fluorescent signal (Rosser et al., 1993). Prior
to experiment, neurons were incubated with experimental medium containing 5μM CTR and
rinsed twice with experimental medium. Rinsing was followed by incubation with the
experimental medium containing 10μM t-BOC for 10–15 min. Neurons were injured as
described above, and a fixed area on the coverslip was imaged at 5 min intervals for 20–25
min post-injury. An excitation/emission filter set suitable for DAPI was used to record t-BOC
fluorescence. Since t-BOC demonstrated photo-activation as well as photo-toxicity, exposure
to ultraviolet light was kept minimal, using CTR signal to control focal plane. In experimental
groups involving Calpain inhibition, neurons were incubated and experimented in media
containing 3μM Calpain Inhibitor I or N-Acetyl-Leu-Leu-Nle-CHO (ALLN; Calbiochem).
The percent change in the rate of t-BOC signal intensity vs. time was calculated for individual
axons and used in comparison among different experimental groups.

Staining of Mitochondria
Neurons were stained with mitochondrion specific MitoTracker-Green dye (Invitrogen) to
investigate distribution of axonal mitochondria relative to focal CTR peaks and phase contrast
images of the axon. Neurons were exposed to 5 nM MitoTracker for 60 min before
simultaneous phase contrast and fluorescent imaging.

Statistical Analysis
In axonal beading measurements, we analyzed 5–9 neurons per coverslip and used 3–8
coverslips per experimental condition. N for statistical calculations is the number of axons.
Data were expressed as mean ± 90% confidence intervals. Statistical analysis was performed
using one way analysis of variance (ANOVA), followed by Tukey-Kramer’s post hoc test to
determine one-tail p values between different experimental groups.

RESULTS
Axonal Beading Requires Calcium and Calpain Activity

Fluid shear stress injury was applied to chick forebrain neurons at 4–6 days in vitro. To
determine the roles of extra- and intracellular Ca2+ in the post-injury beading response, neurons
were injured in the experimental medium buffered with 1 mM EGTA or pre-incubated with
20 μM BAPTA prior to injury, respectively. To determine the effect of the calpain inhibition
on axonal beading, neurons were incubated with 3 μM ALLN prior to and after the injury.
Figure 1A shows a representative neuron pre- and 30–60 min, where axonal beading
morphology is presented. Axonal beading is reduced to the levels of sham controls by chelating
intra- and extracellular Ca2+ and by directly inhibiting calpain activity in the absence of calcium
chelators (Figure 1B).
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Injury-induced Increase in Axonal [Ca2+]i Is Inhibited by Ca2+ Chelators and by P188
Calcium imaging was performed using Fluo-3 loaded neurons. The calcium signal was
normalized by taking the ratio of the Fluo-3 signal to that of CellTracker Red (CTR), a
fluorescent cytoplasmic reporter. Neurons were subjected to injury and imaged for 20–30 min
taking a snapshot every 5–10 min. Figure 2A shows a sham control and an injured neuron over
the course of 30 min post-injury. In the sham controls the average of Fluo-3/CTR signal
intensity ratio is steady for the axonal area as well as for focal [Ca2+]i peaks. In the injured
neurons, the axonal average of the intensity ratio shows a gradual increase. At the focal peaks,
the increase has a higher initial rate compared to the rest of the axon but decreases back to the
levels of the axon average by 20 min post-injury time point (Figure 2B). The rate of change in
the Fluo-3/CTR signal ratio in axonal areas and in focal peaks is significantly higher in the
injury group when compared to sham controls at all post-injury time points. EGTA, BAPTA
and P188 effectively block the increase in the rate of change (Figure 2C). Collectively, these
results show that injury-induced [Ca2+]i rise depends on the availability of extracellular
Ca2+, existence of membrane pores and the status of the intracellular Ca2+ buffering system.

Injury-induced Increase in the Calpain Activity Is Regulated by Membrane Permeability and
Ca2+ Availability

t-BOC is a fluorogenic reporter of calpain activity which freely diffuses into the cell and
fluoresces when specifically cleaved by calpain (Robles et al., 2003). Following the addition
of t-BOC to the culture medium the fluorescence level increases steadily due to the calpain
activity in the cell. Changes in calpain activity can thus be detected by considering the rate of
change in the fluorescence signal. Post-injury calpain activity in the neurons was measured by
the rate of change in the t-BOC fluorescence over time. In the sham controls, baseline calpain
activity was detected as a slow increase in the t-BOC signal due to the retention of the
fluorescent cleaved t-BOC molecule in the cytoplasm. When the neuron is injured, this increase
in the signal is more pronounced (Figure 3A). As in the case of [Ca2+]i, there exist focal t-BOC
peaks that correspond to axonal regions showing higher CTR and t-BOC signal intensity.
Injured axons have higher calpain activity compared to sham controls, and in both sham control
and injury groups there are focal peaks of calpain activity, where the t-BOC signal is higher
than the rest of the axon (Figure 3B). For each axon and focal peak, the slope of the t-BOC
signal vs. time curve is considered as one data point indicating calpain activity. The calpain
activity in the sham controls was not different than the incubator controls (cells treated
identically except not placed in the injury device), and ALLN reduced the rate of basal calpain
activity significantly. Shear stress injury induced an increase in the calpain activity that could
be blocked by ALLN, BAPTA, EGTA, and post-injury P188 treatment both in the axon and
in focal peaks of calpain activity (Figures 3C and 3D). These findings indicate that post-injury
calpain activity depends on extracellular and intracellular Ca2+ availability and can be inhibited
by sealing membrane pores with P188.

Focal Peaks of Calpain Activity Co-localize with Mitochondria and Predict Bead Formation
Sites

Focal peaks of CTR concentration were observed to occur normally in healthy neuron cultures.
Shear stress injury was applied to CTR-loaded neurons, and they were tracked over the post-
injury period to investigate the localization of these focal CTR peaks relative to injury-induced
axonal beads (Figure 4A). 81.5% of all post-injury beads detected at 2h post-injury (N = 22
neurons) were co-localized with pre-injury focal CTR peaks, which lacked any sign of beading
before the injury. Likewise, 67.7% of pre-injury focal CTR peaks predicted future bead
locations. The distribution and size of focal CTR peaks were similar to those of axonal
mitochondria. Therefore, in order to establish a relationship between focal CTR peaks with
mitochondria, mitochondria and cytoplasm were simultaneously stained with MitoTracker
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Green and with CTR, respectively (Figure 4B). 84.0% of all focal CTR peaks analyzed were
associated with mitochondria (n = 119 peaks). These findings indicate that axonal beads
develop at those locations where mitochondria are localized. As mitochondria are known to
play a major role in intracellular Ca2+ dynamics (Wang et al., 2003), this co-localization
suggests that axonal beads preferentially occur at those spots where a sustained disturbance in
the ionic balance is evident. Furthermore, these same spots were shown to exhibit sharper
[Ca2+]i increases and higher calpain activity compared to the rest of the axon.

DISCUSSION
Fluid shear stress injury was applied to cultured primary neurons and post-injury [Ca2+]i and
calpain activity was observed. Ca2+-dependent calpain activity was found to underlie post-
injury axonal beading. Intracellular and extracellular Ca2+ chelation and calpain inhibition
reduced injury-induced axonal beading to the levels of uninjured controls. Increase in
[Ca2+]i and calpain activity following mechanical injury was blocked by chelating intracellular
or extracellular Ca2+ and by repairing the cell membrane with Poloxamer 188 (P188). [Ca2+]
and calpain signals were heterogeneous along the axons and demonstrated focal peaks which
corresponded to the locations of axonal mitochondria. The majority of these focal spots became
axonal beads later in the injury progression, suggesting a causal relationship between Ca2+,
calpain dynamics, and the formation of axonal beads. The apparent association between
mitochondria and bead formation is intriguing, and further studies are required to elucidate the
role of mitochondria in calcium dynamics and subsequent pathology in injured axons.

Calcium rise and subsequent calpain activity play important roles in injury-induced
neuropathology following TBI. Understanding the spatial and temporal patterns of axonal
calcium concentration and calpain activity will shed light on the mechanisms of
mechanoporation-induced axonal beading (Blumbergs et al., 1995; Strich, 1961). It is
hypothesized that mechanoporation-induced rise in the [Ca2+]i activates calpains (Liu et al.,
2008) which would then cause disruption of the axonal cytoskeleton, specifically microtubules,
which are the main conduits for axonal transport (Coleman, 2005). Focal disruptions of
microtubules would lead to axonal transport impairment and subsequent accumulation of
transported cargo consisting of proteins and vesicle-bound organelles such as mitochondria.
According to this hypothesis, influx of extracellular Ca2+ is the initiating event of the post-
traumatic proteolytic activity and subsequent axonal beading. Here, it is demonstrated that the
influx of extracellular Ca2+ is indeed necessary for the increase in [Ca2+]i, increase in calpain
activity and axonal bead formation following in vitro mechanical injury. The finding that
intracellular chelation of Ca2+ by pre-injury loading of BAPTA inhibits [Ca2+]i rise, calpain
activity, and axonal beading suggests that the state of the intracellular Ca2+ buffering is also
important in the effectiveness of Ca2+ influx. The presence of BAPTA would increase the
Ca2+ buffering capacity in the axons and thereby block the increase in [Ca2+]i. It is also
demonstrated that calpain activity is an essential step for axonal bead formation by showing
that beading is blocked by the specific inhibition of calpains. Taken together, these observations
support the suggested mechanism for the mechanically-induced neuronal degeneration where
calpain-mediated disruption of microtubules and subsequent impairment of axonal transport
lead to axonal beading. Since Ca2+ and calpain activity are shown to be crucial for axonal
degeneration, inhibition of initial [Ca2+]i increase via resealing mechanically-induced
membrane pores may have a therapeutic potential following TBI.

Direct measurements of [Ca2+]i and calpain activity following mechanical injury provides
further information on the subcellular localization and dynamics of these key elements. In
contrast to previous studies (Cargill and Thibault, 1996; Geddes-Klein et al., 2006a; Geddes-
Klein et al., 2006b; LaPlaca et al., 1997; Lusardi et al., 2004; Spaethling et al., 2008; Wolf et
al., 2001) an immediate, sharp [Ca2+]i increase following injury was not observed. The
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explanation for not observing a sharp increase in [Ca2+]i may be the unique combination of
the application of shear stress injury and the use of cultured primary neurons in this model.
Also, previous studies report somatic or total [Ca2+]i signal, rather than focusing on the axonal
Ca2+. In the literature, steady post-injury increase of [Ca2+]i was indeed demonstrated in
different experimental settings. In vitro, axonal stretch injury-induced a steady increase in the
[Ca2+]i following brief, sharp peak in the signal (Wolf et al., 2001). In vivo, a recent study
demonstrated long lasting (up to 7 days) increase in basal [Ca2+]i following brain injury (Sun
et al., 2008).

The occurrence of focal axonal [Ca2+]i peaks in a traumatic injury model is demonstrated for
the first time. It is also remarkable that these peaks were associated with pre-injury
mitochondria locations and underlie the morphological pattern of axonal bead formation. The
dynamic intracellular Ca2+ mechanisms responsible for the initiation and the maintenance of
these focal ion gradients should be studied in depth in order to enhance the understanding on
the focal events in early and late phases of axonal pathology. Due to diffusion, the existence
of focal gradients is only possible by sustained Ca2+ flux to that region. As these regions co-
localize with mitochondria, one would suspect Ca2+ release from these organelles in the early
post-injury period. Mitochondrial dysfunction follows acute brain injury due to the loss of
intracellular ion balance and increase in [Ca2+]i (Merenda and Bullock, 2006). Mitochondrial
dysfunction has been demonstrated in in vivo TBI, where resulting Ca2+ accumulates in the
organelle and cellular energy is lost (Xiong et al., 1997; Zhou et al., 2007). The relationship
between the localization of mitochondria and the sites of beading is interesting and suggests
the possibility that mitochondria may contribute, through their regulation of calcium levels, to
axonal beading. However, future work will have to address the role of mitochondria in the
formation of axonal beads.

In vivo calpain activity has been observed as early as 15 min post-injury (Kampfl et al.,
1996) and was shown to exhibit a biphasic pattern where early activation was suggested to
contribute in the progressive structural damage in the axonal cytoskeleton whereas the delayed
activation was attributed to the late phases of axonal degeneration (Saatman et al., 2003).
Calpain-mediated spectrin breakdown following traumatic injury was observed in a variety of
experimental settings (Buki et al., 1999; Kampfl et al., 1996; McCracken et al., 1999; Saatman
et al., 1996); however, injury-induced calpain activity has not been directly monitored. Using
an established protocol for the detection of calpain activity in neurons (Robles et al., 2003),
this study demonstrates the early activity of calpain observed in injury models in vivo (Kampfl
et al., 1996; Saatman et al., 2003) and monitors the activity pattern of axonal calpain. The
locations that exhibited focal peaks of [Ca2+]i also exhibited higher calpain activity compared
to the rest of the axon. There is approximately three times more calpain activity at these focal
peaks compared to the rest of the axon suggesting that focal calpain activity is causing focal
disruption of microtubules, as previously reported by our group (Kilinc et al., 2008). Local
concentration of calpain-mediated spectrin breakdown products have been observed around
dilated mitochondria in the somata of traumatically injured rat brain, suggesting a link between
mitochondria and focal calpain activity (Farkas et al., 2006). Further studies are necessary to
explain how focal Ca2+ and calpain peaks are initiated and maintained in the axons.

The full mechanistic roles of calcium in the beading response remain to be elucidated. Since
calcium elevations contribute to membrane resealing through calcium-dependent proteins
(Detrait et al., 2000; Yoo et al., 2003), it seems unlikely that this role of calcium would
contribute negatively to the development of axonal injury. Rather, calcium fluxes, as indicated
by the data, drive intracellular activation of calpain, and perhaps additional pathways. Results
show that injury-induced elevations of calpain activity are inhibited by both calcium chelation
and P188, and that P188 prevents injury-induced calcium increases. Thus, the data suggest that
membrane poration drives increases in calcium levels and calcium-dependent calpain activity;
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however, it cannot be currently ruled out that additional calpain regulatory mechanisms might
also be involved. In addition, calcium is known to play a role in endogenous membrane repair
mechanisms (McNeil and Steinhardt, 2003). Further studies are required to determine the exact
mechanism by which P188 repairs the damaged plasma membrane and how it interacts with
calcium-dependent repair processes.

It is not known whether activated calpain causes microtubule disruption. Calpain is known to
degrade microtubule-associated proteins (MAPs) and monomeric tubulin (Billger et al.,
1988); however, degredation of assembled microtubules has not been demonstrated. Axonal
microtubules are known to undergo spontaneous depolymerization with high [Ca2+]i levels
(O’Brien et al., 1997) and to be severed by katanin (Ahmad et al., 1999) and spastin (Errico et
al., 2002). It has been speculated that phosphorylation of MAPs could be regulating
microtubule severing by blocking the access of katanins to microtubules (Baas and Qiang,
2005). Degradation of MAPs via injury-induced focal calpain activity might then eliminate
this block and cause microtubule severing leading to the focal disruption of microtubule
structure.

In this study mechanical trauma to primary central nervous system neurons was applied, and
acute [Ca2+]i, and calpain responses were measured. Focal axonal beading, the hallmark
morphology of DAI, was shown to be mediated by calcium-dependent calpain activity.
[Ca2+]i increase and calpain activity showed focal peaks along the axons which co-localized
with mitochondria and predicted future axonal bead locations. P188, previously shown to block
injury-induced microtubule disruption and axonal beading via resealing damaged membrane
(Kilinc, et al., 2008), blocked the increase in [Ca2+]i and calpain activity supporting the
hypothesis that trauma induces Ca2+ influx through compromised cell membrane. These
findings suggest that the restoration of membrane integrity is a valid therapeutic approach for
acute intervention in TBI and that membrane damage is responsible for the ensuing calcium
fluxes and calpain activation.
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Figure 1.
Injury-induced axonal beading requires Ca2+-dependent calpain activity. A. Axonal beading
was observed following shear stress injury to the neurons (arrows). B. Change in the axonal
beading score was normalized by post-injury period (hours). Injury-induced increase in the
beading score is reduced to sham control levels when the shearing medium was buffered with
1mM EGTA, when the intracellular Ca2+ was chelated by 20μM BAPTA, or when the neurons
were treated with 3μM calpain inhibitor ALLN prior to injury. ANOVA is followed by Tukey-
Kramer test. Number of neurons analyzed is displayed on bars (Sham control: 18 neurons on
2 coverslips; injury: 54 neurons on 7 coverslips; injury + EGTA: 32 neurons on 4 coverslips;
injury + BAPTA: 16 neurons on 2 coverslips; injury + ALLN: 22 neurons on 4 coverslips).
Error bars represent 90% confidence intervals.
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Figure 2.
Injury-induced increase in the intracellular calcium concentration. A. Both sham controls and
injured neurons have focal [Ca2+]i peaks. The signal intensity of the non-ratiometric Fluo-3
[Ca2+]i indicator increases over time in the injured neuron compared to sham controls. B. In
axonal areas (left panel) the intensity ratio of Fluo-3 signal over CellTracker Red signal
increases steadily for the injury group (triangles, n = 24 neurons) compared to sham controls
(circles, n = 14 neurons). At focal [Ca2+]i peaks (right panel), the ratio for the injury group
(triangles, 24 neurons) shows a sharp increase compared to sham controls (circles, n = 13
neurons) for the first 10 min but decreases to the axonal level during the rest of the post-injury
period. * p < 0.05; ** p < 0.01. C. Mechanical injury induces an increase in the rate of change
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of the normalized axonal [Ca2+]i signal that can be blocked by EGTA, BAPTA and post-injury
P188. ANOVA is followed by Tukey-Kramer test. Number of neurons analyzed is displayed
on bars. Error bars represent 90% confidence intervals.
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Figure 3.
Injury-induced increase in calpain activity. A. Signal intensity of t-BOC, a specific fluorescent
substrate of calpain, increases significantly in the injured neurons compared to sham control.
Time indicates the post-injury period. B. t-BOC intensity vs. time plots for the neurons shown
in A. In sham controls, there is a gradual increase in the t-BOC signal indicating basal calpain
activity. Both for the sham control (left graph) and the injured neuron (right graph) focal peaks
(open circles) show a higher rate of increase than the axon average (filled circles). X-axes
indicate time after t-BOC addition. C. and D. Calpain activity, measured by the rate of t-BOC
signal intensity change, increases significantly in mechanically injured neurons and this
increase is blocked by ALLN, BAPTA, EGTA, and post-injury P188 both in the axon and in
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focal peaks. Control = Incubator controls; C = 3μM ALLN; B = 20μM BAPTA; E = 1mM
EGTA; P = 100μM P188. ANOVA is followed by Tukey-Kramer test. *Significantly different
from sham controls. Number of neurons analyzed is displayed on bars. Error bars represent
90% confidence intervals.
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Figure 4.
Injury-induced axonal beads are associated with pre-injury densities of axonal mitochondria.
A, Majority of focal CellTracker Red (CTR) concentration do not co-localize with
morphological abnormalities before the injury. At 2 hours post-injury axonal beading is
widespread and many bead locations co-localize with focal CTR peaks (arrows). However, not
all focal peaks correspond to a bead location at this time point (arrowheads). B, Images of a
control neuron double-stained with CTR and MitoTracker Green fluorescent markers. Focal
peaks of the CTR image usually correspond to a high density area in the MitoTracker image
(arrows). However, some focal peaks do not correspond to any mitochondrion (arrowhead).
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Phase contrast image of the same control neuron reveals that focal CTR peaks may naturally
exist in an axon without any beading morphology. Bars = 10μm.
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