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Abstract
Background: Diffuse axonal injury (DAI) is a one of the main causes of traumatic brain injury and caused by the impulsive stretching of neuronal axons resulting 
from rapid deformation of a brain. DAI is characterized by a gradual swelling of the axons which is formed by the accumulation of cellular organelles and proteins, 
and the swelling is the morphological hallmark of DAI pathology. In recent years, the details of the stress and strain of the whole damaged brain are becoming clear 
with the rapid development of the computational mechanics and finite element (FE) head models are able to give better prediction to the brain injury and to evaluate 
the protective safety methods with more detailed neuronal tolerance criteria. In this study, axonal injury induced by precisely controlled impulsive strain and strain 
rate was evaluated and the tolerance criteria for the functional disorder for each dysfunction and disruption level of axonal transport was obtained by observation of 
β-amyloid precursor protein (β-APP) in cultured rat cortex neuron. 
Methods: The uniaxial stretching device which could give various combinations of strains and strain rates to neurons was developed. The various loading conditions for 
neurons were verified by comparing the experimental displacement history of the substrate taken by microscopy with the FE strain distribution analysis of culturing 
substrate. The primary rat cortex neurons were stretched by different combinations of strains and strain rates and β-APP was immunostained at 3h after loading and 
observed by fluorescence microscopy. 
Results: The number of swellings and bulbs formed on axons by β-APP-accumulation after stretching were observed and counted by fluorescent images. The 
dysfunction of the axonal transport was defined as the rate of neurons that have β-APP-accumulating axonal swellings and disruption of the axonal transport was 
defined as the rate of neurons that have β-APP-accumulating axonal bulbs, respectively. The degree of the functional disorder of the axonal transport advanced with 
the increase of strain and strain rate. 
Conclusions: The mechanical threshold of dysfunction and disruption of axonal transport were the strain with 0.22 and the strain rate with 27 /s. The intervals 
between swellings on an axon are constant and do not depend on the axonal injury level nor the magnitude of the strain of the axons. 

Background 
Diffuse axonal injury (DAI), which involves widespread damage 

to neural cells, is caused by sudden inertial loading to the head, and 
is accompanied with the stretching of neural axons resulting from the 
rapid deformation of brain tissue [1]. This mechanical insult damages 
the neurofilament structure in the axonal cytoskeleton, causing focal 
compaction and/or impaired transport. The resulting accumulation of 
neurofilaments and transport materials induces focal axonal swelling 
[2]. Axonal swelling leads to secondary axotomy, resulting in the 
disconnection of neurons from target tissues and cell death [3,4]. 

The axonal swelling associated with the accumulation of cellular 
organelles and proteins is the morphological hallmark of DAI pathology 
[5]. In the past, histological diagnosis of DAI was made by silver staining 
for the presence of, previously referred to as, “axonal retraction ball”, 
however, it generally takes 12-24 h before retraction ball appears after 
head injury [6]. Earlier detection can be achieved by immunolabeling 
the β-amyloid precursor protein (β-APP) which is conveyed by axonal 
transport [7]. β-APP accumulates where axonal transport is disrupted 
[8] and the time to a detectable level of β-APP is as early as 1.75–3 h after 
head injury [9-11]. Wilkinson et al. [12] investigated the relationship 
between the size of the swellings of the damaged axon and survival time 
in postmortem brain tissue by measuring the minimum diameter of the 
β-APP-immunolabelled damaged axons and reported that there was a 

strong, positive and significant relationship between the mean size of 
axonal swellings and survival time. 

The better understanding of the relationship between the 
biomechanics and the pathophysiology of various phases of axonal 
trauma may give future advancements in the prevention and treatment 
of traumatic axonal injury. Recently, finite element (FE) models of 
human head including the detailed brain structure have been developed 
as one of the biomechanical approaches and are considered to be the 
most powerful tool to investigate the response of the human head to the 
various impact conditions. FE models are not only able to predict stress 
and strain of the brain under various impact conditions but also have 
the capability to predict injury and death of cells with more detailed 
tolerance criteria of nerve cells. Tolerance criteria dependent on tissue 
level measures of loading should be provided with more compatible 
form to the FE models from a mechanical point of view. 
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Since the brain is a viscoelastic biological tissue, its mechanical 
response is dependent on both the magnitude and the rate of strain. 
When axons are exposed to impulsive stretching, strains are always 
accompanied with various strain rates. The axonal injury resulting from 
brain tissue deformation should be investigated with the dynamically 
controlled strain related with strain rate, where the time history of the 
displacement of the substrate must be generated repeatedly and stably. 
However tolerance criteria for strain and strain rate compatible with 
FE models are difficult to obtain by in vivo models because of a lack of 
an accessibility to the tissue [13]. 

However the swellings along the axons observed at the early stage 
of axonal injury can be reproduced by tensile and shear stress on in 
vitro models and the pathology has a remarkably similar appearance 
of axonal swellings found after diffuse brain injury in humans 
suffering brain trauma [14-17]. Pfister et al. [14] realized an in vitro 
uniaxial stretch model for axonal injury, where strain and strain rate 
were independently controlled and the effect of the strain rate on 
neural stretch injury was observed. However the difference between 
dysfunction and disruption of the axonal transport is not observed 
and the quantitative evaluation of dysfunction and disruption is not 
mentioned. The quantitative relation between impulsive strain and 
axonal injury in which the axonal swellings and the bulbs are observed 
independently is still unclear. 

In this study, axonal injury induced by impulsive stretching is 
evaluated by observation of β-APP in cultured rat cortex neuron. 
Dysfunction of the axonal transport and disruption of the axonal 
transport were independently defined and observed and the mechanical 
threshold of dysfunction and disruption of axonal transport are 
evaluated. 

Methods 
Uniaxial stretching device and PDMS chamber 

Under the dynamic loading condition, the results of uniaxial 
stretching is more appropriate than biaxial deformation on a 
membrane in order to quantitatively appreciate the influence of strain 
rate on neuronal damage by stretching. A uniaxial stretching device 
was developed so as to realize the uniaxial strain with various strain 
rates. The polydimethylsiloxane (PDMS) chamber with a thin substrate 
was manufactured. The strain distribution around the center of the 
substrate on which neurons were cultured was calculated numerically 
by finite element method (FEM). 

The results showed the ratio of the strain perpendicular to the 
strain in the stretching direction stays within 10%. The uniaxial 
stretching device consists of a servo actuator (RCS3-SA8C, IAI, 
Shizuoka, Japan), a servo actuator controller (SCON-C; IAI), a linear 
sensor for measuring tensile displacement (LP-20F, Midori Precisions, 
Tokyo, Japan), a load cell for measuring tensile loading (TCLS, Toyo 
Sokki, Kanagawa, Japan), a load cell converter (LC14111, Unipulse, 
Tokyo, Japan), a programmable logic controller, an A/D converter unit 
(KV-3000 CPU, Keyence, Osaka, Japan), an AC power unit (KV-U7, 
Keyence) and a polydimethylsiloxane (PDMS) chamber, and is shown 
in Figure 1(A). 

The PDMS chamber is clamped to the microscope stage at one 
edge and the other edge of the chamber is connected to the stainless 
plate, and the displacement of the stainless plate is stopped by hitting 
the stopper (B1). The stainless plate is connected to the slider of the 
actuator through a wire and other tip of the wire is connected to an 

iron piece (B2). The iron piece is attracted strongly with the magnet 
set on the slider (B3). The schematic illustration of the device-loading 
mechanism is shown in Figure 1, the stretching process (C1) and the 
releasing process (C2), respectively, and both the stretching and the 
releasing process are described as follows, respectively. The stainless 
plate connected to the PDMS chamber is pulled by the servo actuator 
through the wire in the direction of the arrow as shown in (C1). The 
stainless plate is pulled and moved until the plate hits the stopper. 
The stainless plate stays at original position during acceleration of the 
actuator by the slack of the wire and the chamber is pulled suddenly at a 
constant velocity once tension is applied to the wire. The substrate fixed 
at the bottom of the PDMS chamber is stretched at the same time as the 
PDMS chamber is stretched. On the last stage of the stretching process, 
the iron piece is detached from the magnet on the slider by the stainless 
plate hitting the stopper and stopping suddenly (C2). Subsequently, 
the PDMS chamber and substrate stretched return to the original state 
by elastic force. Through the process mentioned above, the device can 
generate the semi-sinusoidal displacement waveform during stretching 
and releasing. 

The basic structure of the PDMS chamber with a well and a thin 
substrate is shown in Figure 2(A). The base, a PDMS-prepolymer and 
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Figure 1.  Uniaxial stretching device 
The uniaxial stretching device and its components. The device consists of a PDMS  
chamber on a microscope stage, a linear sensor, a load cell, a servo actuator and a  wire (A). 
The PDMS chamber is clamped to the microscope stage at one edge, and the other edge 
of the chamber is connected to the stainless plate those displacement is stopped by hitting 
the stopper (B1). The stainless plate is connected to the slider of the actuator through a 
wire and other tip of the wire is connected to an iron piece (B2). The iron piece is attracted 
strongly with the magnet set on the slider. (B3). The schematic illustration of the device-
loading mechanism is shown for the stretching process (C1) and the releasing process (C2), 
respectively. 
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the curing agent (SYLGARD 184 Silicone Elastomer Kit, Dow Corning, 
Midland, MI, USA) were mixed in 10:1 mass ratio and the mixture was 
deaerated in a round desiccator connected to a dry vacuum pump. 
The deaerated mixture was poured into a polystyrene square case and 
stainless mold to be 0.3 and 10 mm in thickness (B), respectively, and 
was cured on a hot plate at 65°C for 1h. After curing, the two parts were 
bonded by the deaerated mixture and cured at 65°C for 1h (C). 

Strain distribution analysis of culturing surface by FEM 

The numerical analysis of the strain distribution of the culturing 
surface was carried out by FEM. The FE model of the chamber is shown 
in Figure 3(A). A direction of the x axis corresponds to the stretching 
direction and the y axis corresponds to the perpendicular to the 
stretching direction in the coordinate system. 

Numerical calculation was carried out by FEM code LS-DYNA 
ver.971 by LSTC (Livermore Software Technology Corporation, CA, 
USA) and the Jvision 3.0 by JSOL (Tokyo, Japan) was used as the pre- 
and post-processor. The material property of the chamber model is 
shown as follows [18]. The density: 9.2 × 102 kg/m3, Young’s modulus: 
0.75 MPa, Poisson’s ratio: 0.49 

The results of numerical analysis for the stretching are shown in 
Figure 3(B) and (C). The chamber was stretched 4 mm with the velocity 
0.5 m/s. The strain distribution of the whole culturing surface in 
longitudinal direction, i.e. the direction of the x axis is shown in Figure 
3(B1) and the strain distribution in perpendicular to the stretching 
direction, i.e. the direction of the y axis is shown in Figure 3(B2). The 
strain for stretching direction (B1) shows tension and the strain for 
perpendicular to the stretching direction (B2) shows compression. The 
strain by stretching was evaluated on the four elements of the culturing 
surface. The four points a, b, c, and d are shown in Figure 3(C1). The 
strains in the direction of x axis on four points are shown in Figure 
3(C2) and those in the direction of y axis are shown in Figure 3(C3), 

respectively. The maximum tensile displacement of 4 mm caused the 
tensile strain of 0.3 in the stretching direction on point b, point c and 
point d, and the tensile strain of 0.25 was caused on the point which 
locates rather close to the end of the culturing surface (shorter edge) 
as shown in Figure 3(C2). And the compressive strain 0.02– 0.03 
perpendicular to the stretching direction was caused around the center 
of the culturing surface on point c and point d, and the strain increased 
as closing to the edge and the rather bigger compressive strain of 0.06–
0.07 was caused on the point a as shown in Figure 3(C3). The tensile 
strain with 0.3 was obtained on the point c in the stretching direction 
and compressive strain in the perpendicular direction 0.02–0.03. 

The results of numerical calculation show that the compressive 
strain in perpendicular direction can be controlled smaller than 10% 
compared with the tensile strain in the stretching direction. 

The displacement history of the center of the culturing surface 
The deformation of the center of the culturing surface in the PDMS 

chamber was measured experimentally. The PDMS chamber was 
pulled 4 mm in total by 0.5 mm every time by the uniaxial stretching 
device. The center area of the culturing surface was observed and the 
photos were taken by microscope, and the strain around the center was 
calculated by image analysis based on the mark attached on the surface. 

The Green-Lagrange strains of the culture substrate in the PDMS 
chamber were calculated by microscope images before and after the 
stretching. The strains on the central point of the culturing substrate 
in the stretching direction and perpendicular direction were obtained 
for every 0.5 mm displacement to 4 mm in total and plotted in Figure 
4(A).  In the experiment, the compressive strain perpendicular to the 
stretching direction was smaller than 0.03 for the tensile strain 0.3 in 
the stretching direction at the maximum displacement with 4 mm. The 
history of the displacement of the central point for various stretching 
speeds are shown in Figure 4(B). The impact 1 corresponds to the strain 
of 0.10 at the strain rate 11 s-1, the impact 2 corresponds to the strain 
of 0.15 at the strain rate 21 s-1, the impact 3 corresponds to the strain 
of 0.22 at the strain rate 27 s-1 and the impact 4 corresponds to the 
strain of 0.30 at the strain rate 38 s-1, respectively. The curves stood up 
in the first 10 msec by stretching, and converged in the last 10 msec 
by releasing with the same ratio as the standing up.  It is expected that 
the neuron on the substrate is stretched/compressed with a similar 
deformation history through the substrate. 

Culturing the primary rat cortex neurons 

Primary rat cortex neurons (Gibco, Life Technologies, Carlsbad, 
CA, USA) were cultured in Neurobasal medium (Gibco) supplemented 
with 2.5 mL/L GLUTAMAX-I (Gibco) and 20 mL/L B27 Supplement 
(Gibco) under conditions of 5% CO2 and 100% humidity at 37°C. The 
cells were seeded into Poly-D-lysine-coated culture substrate (10 mm × 
30 mm) of PDMS chamber at 6 × 104 cells/cm2 for 7–9 days as shown in 
Figure 5. The neurons matched in age to those subjected to strains were 
cultured in the PDMS chamber as a sham control, after which they 
were set in and removed from the uniaxial stretching device without 
receiving any mechanical load. 

The medium in the PDMS chamber was not removed during the 
experiment which was completed within 5 min. The temperature of the 
device and surroundings were kept at 37°C. The PDMS chamber was 
returned to the CO2 incubator after the experiment. 

Uniaxial stretching for axonal injury 

A primary effect of dynamic deformation of axons following 

Figure 2. PDMS chamber 
PDMS chamber with a well fixed on a stainless steel plate at four points, the thin PDMS 
substrate with 0.3 mm thickness is glued and baked under the PDMS plate with 10 mm 
height. The chamber is stretched by the stainless steel plate fixed under the chamber (A), 
the cells are cultured on the center area of the bottom surface of the well with 10 mm × 30 
mm (B). PDMS chamber fired and hardened (C). 
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stretching is the disruption of axonal transport, resulting in 
accumulation of transported materials in axonal swellings within just 
hours [17]. Swellings appear in a periodic interval along the connected 
axons, like beads on a string, to form a pathological phenotype referred 
to as “axonal varicosities” [19]. Axonal pathology found shortly after 
traumatic brain injury (TBI) is a single swelling at a disconnection point 
on an axon, described as a terminal “axonal bulb” (previously referred 
to as a “retraction ball”) [1, 19-21]. In this study, β-APP was stained 
at 3 h post loading and observed  by using an inverted fluorescence 
microscopy (IX71, Olympus, Japan) equipped with a fluorescence 
mirror unit (U-MWIG3, Olympus). Cultures were rinsed with 
Dulbecco’s phosphate-buffered saline (DPBS) with Ca2+ and Mg2+ and 
fixed with 4% paraformaldehyde for 20 minutes at room temperature. 

After permeabilization with 0.3% Triton X-100 for 5 minutes at 
room temperature, cultures were blocked with 5% goat serum for 60 
minutes at room temperature and incubated in rabbit polyclonal anti-

β-APP (51-2700, Invitrogen, Life Technologies) at a dilution of 1:50 as 
the primary antibody overnight at 4°C. Subsequently, 10 μg/mL Alexa 
Fluor 594-conjugated goat anti-rabbit IgG (H+L) secondary antibody 
(A-11037, Molecular Probes, Life Technologies) was applied for 60 
minutes at room temperature. Β-APP-accumulated axonal swellings 
and axonal bulbs formed after stretching were observed and counted 
quantitatively by fluorescent images as shown in Figure 6. 

Dysfunction of the axonal transport was defined as the rate of 
neurons that have β- APP accumulated axonal swellings. Disruption 
of the axonal transport was defined as the rate of neurons that have 
β-APP-accumulated axonal bulb. In addition, we evaluated the number 
of axonal swellings per 100 μm and the length of the axon in which 
axonal bulb was observed, respectively. The axon length was measured 
manually by Image J (National Institutes of Health, Bethesda, MD, 
USA). Results were expressed as the mean ± standard deviation (SD) 
of 4 independent experiments. 200–300 neurons per a PDMS substrate 
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Figure 3. Strain distribution analysis of PDMS chamber by FEM 
The strain distribution of the PDMS chamber was obtained by finite element analysis. The finite element model of the PDMS chamber (A). The strain distribution of  longitudinal direction 
(B1) and the transverse direction (B2) of the culture substrate at 4 mm displacement of the PDMS chamber. Relation between the tensile displacement and the longitudinal strain (C2) or 
transverse strain (C3) at four points (C1) of the culture substrate are shown. 
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were analysed totally. Means were compared by Steel’s multiple 
comparison test. A p value of less than 0.05 was considered significant. 

Results and discussion 
β-APP-accumulated axons significantly increased for a strain of 

0.22 with a strain rate of 27 s-1 and a strain of 0.30 with a strain rate 
of 38 s-1 as shown by “＊” in Figure 7 in a stretch-dependent manner 
compared with a sham control. Although the number of axons with 
swellings significantly increased with increase of strain and strain rate, 
it can be considered that the generation of the bulb is accompanied 
with the certain threshold, such as 0.22 and 27 s-1. The rapid stretch 
of axons can damage the axonal cytoskeleton, resulting in a loss 
of elasticity and impairment of axoplasmic transport. Subsequent 
swelling of the axon occurs in discrete bulb formations or in elongated 
varicosities that accumulate organelles. Transmission electron 
microscopy (TEM) following in vitro stretch revealed periodic breaks 
of individual microtubules along axons that regionally corresponded 
with undulations in axon morphology. 

However, typically less than a third of microtubules were broken 
in any region of an axon. Within hours, these sites of microtubule 
breaks evolved into periodic swellings, resulting impartial transport 
interruption [22]. The generation of swellings can be regarded as the 
temporal dysfunction of the axonal transport and is in the process 
to secondary axotomy in the disconnection of neurons from target 
tissues, and cell death. 

In summary, the threshold of the dysfunction and the disruption 
of axonal transport was strain of 0.22 at strain rates of 27 s-1. The 
electrophysiological threshold of the optic nerve of guinea pig is 
reported as 0.33 [33], and the threshold of the strain which causes 
the cell death of the hippocampus of rat brain slice culture is also 
reported as 0.18 [33]. Both precedent study show that the thresholds 
for the dysfunction and for the disruption obtained in our study are 
considerably proper 

LaPlaca et al. [24] reported that the strain rate caused cell damage 
and cell death for 3D cultured neurons was less than 30 s-1. And the 
undulations can be observed post-injury with at least 0.05 strain [25]. 
Although more detailed and widely accepted assessment method is 
required in order to judge the dysfunction of the axonal transport 
and disconnection of neurons, the observation of the accumulation of 
β-APP could still be a one of the most reliable quantitative markers for 
traumatic axonal injury at a cellular level. 

The number of axonal swellings per 100 μm increased slightly in 
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Figure 4. Displacement measurement of PDMS chamber 
The strain and displacement of the culturing substrate fixed on the PDMS chamber for 
the uniaxial stretching were observed experimentally. Relation between the forced 
displacement and distortions around the center where cells are cultured was obtained. 
The strain in the direction perpendicular to the stretching direction remains within 10% 
compared with the longitudinal strain (A). The displacement corresponds to the several 
impacts (Impact 1:strain 0.10, strain rate 11 s-1, Impact 2: 0.15, 21 s-1, Impact 3: 0.22, 27 
s-1, Impact 4; 0.30, 38 s-1) are expressed as the function of time. The displacements reached 
at its maximum point in 10 msec by stretching in all four cases and returned to its original 
position in next 10 msec by releasing (B). 

Figure 5. Fluorescent image of cultured neurons 
Fluorescence images of primary rat cortex neurons (green) and astrocytes (red). 
Microtubule-associated protein 2 (MAP2) is stained to label dendrites and glial fibrillary 
acidic protein (GFAP) is stained to label astrocytes. 

Figure 6. β-APP immunostaining 
Phase-contrast image (left) and fluorescence image (right) of sham control (upper), axonal 
swellings (middle) and axonal bulb (lower). β-APP is shown in red. β-APP accumulated in 
axonal swellings and axonal bulb by stretching with the strain 0.30 and strain rate 38 s-1. 

Figure 7. Formation rate of axonal injuries 
Rate of neurons that have β-APP-accumulated axonal swellings (left) and axonal bulbs 
(right). The four pair of strain and strain rate are also shown in the Figure 4(B). The * 
symbol represents a statistically significant difference (p < 0.05) versus sham control at 
each condition using Steel’s multiple comparison test. Results are expressed as the mean ± 
standard deviation (SD) of 4 independent experiments. 
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a stretch- dependent manner compared with sham control; however, 
the changes were not significant among stretching conditions as shown 
in Figure 8 (left). Similarly, there was no statistical significant change 
in axonal length of the axon in which axonal bulb was observed as 
shown in Figure 8 (right). The results mentioned above mean that 
axonal swellings are formed at the fixed interval regardless of stretching 
conditions. 

Monnerie et al. [26] reported that 70–90% of beads were separated 
by 0–10 μm regardless of which time-point was examined and that their 
distribution pattern along the dendrite shaft was similar between 5 min 
and 5 h after axonal stretch injury. Cater et al. [13] also reported that 
hippocampal cell death is dependent on tissue strain but not strain rate. 

Since the recent computational mechanics represented by FEM 
is developing rapidly and a number of human head FE models have 
been developed, the tolerances of neurons or the threshold of axonal 
injury in the mechanical sense is becoming more essential [27-
29]. Although the Head Injury Criteria (HIC) has been most widely 
accepted injury criterion, HIC cannot cover the concussive injuries as 
DAIs and subdural hematomas. Since HIC is only defined by resultant 
translational acceleration with respect to time, it is difficult to find a 
correlation between HIC and rotational head motion [30]. The neurons 
that the axonal direction was controlled were cultured in order to accept 
a demand in detailed mechanical threshold of the neurons with higher 
precision. An experimental model that subjected the cultured neurons 
to uniaxial stretch by controlling the direction of axonal elongation 
with a microfluidic culture technique was developed by Nakadate et al. 
[31]. They showed the difference in the orientation angle of a neurite 
relative to the tensile direction influenced the formation of swellings, 
ruptures and retractions of the neurite by using PC12 cells. 

On the contrary, concussive mild TBI has been rather spotlighted 
because despite the name, these injuries are by no means “mild” [25] 
and the accident itself is sometimes overlooked and repeated. Repeated 
traumatic injury may result cumulative damage to brain cells and 
rather serious compared with moderate and severe TBI. Biomechanical 
study of human concussion that attempts to relate the mechanical 
input to the localized tissue deformation, such as pressure, stress/strain 
responses, is needed for a proper assessment of brain injury outcome. 
There must be a threshold below which no loss of function occurs and 
a ceiling beyond which irreversible changes in brain function would 
occur [32]. Post-injury sequelae are difficult to address at the cellular 
level in vivo. The in vitro studies with experiment was reported by 
Slemmer et al. [33]. The degrees of membrane deformation result 
in a biaxial strain or stretch of 0.31 (mild), 0.38 (moderate) and 0.54 
(severe), respectively and suggest that the cells of the hippocampus may 
be susceptible to cumulative damage following repeated mild traumatic 
insults. Uniaxial stretching device which can control strain and strain 

rate more independently is expected and will be applied to the neuronal 
axons those direction are controlled. This may enable to relate the 
individual neuronal damage to the amount of cumulative damage by 
repeated insults because the each axon is clearly identified [34]. 

Conclusions 
The uniaxial stretching device which could give a combination 

of strain and strain rate to neurons was developed. The axons of 
the primary rat cortex neurons cultured on a PDMS substrate were 
stretched by some strains and strain rates. β-APP was immunostained 
at 3 h post loading and observed by fluorescence microscopy. 
Axonal swellings and bulbs generated on axons after stretching by 
accumulation of β-APP were counted by fluorescent images obtained. 
Dysfunction of the axonal transport was defined as the rate of neurons 
that have β-APP-accumulated axonal swellings and disruption of the 
axonal transport was defined as the rate of neurons that have a β-APP-
accumulated axonal bulb, respectively. The degree of the dysfunction 
and the disruption of axonal transport progressed with the increase 
of strain and strain rate. The threshold of dysfunction and disruption 
of axonal transport was considered as the strain with 0.22 and the 
strain rate with 27 s-1. The intervals between swellings on an axon are 
rather constant and are not influenced by the extent of injury nor the 
magnitude of the strain of the axon. 
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