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Abstract: Neuronal cells are equipped with the function of a sensor that senses stimulation and
elongates neurites to connect nearby neuronal cells in forming a neuronal network, as they are
generally said to be hard to recover from physical damage, such as in the case of a spinal cord injury.
Therefore, in this study, a novel in vitro simulator in which micro dynamic stimulations are applied
to a damaged neuronal cell colony artificially is proposed to investigate the possibility of promoting
the reconstruction of damaged neuronal cells on a colony basis. A neuronal cell colony differentiated
from iPS cells is physically damaged by cutting off treatment, and micro dynamic stimulations are
applied to the colony by utilizing a developed mini-vibration table system. NeuroFluor NeuO is
used to establish a method for fluorescent staining of the living neuronal cells, and morphologies of
the reconstructing neurons are analysed, revealing a relationship between the stimulation and the
reconstructing process of the damaged neurons. It is found that significant differences are observed
in the reconstructing efficiency between the statically cultured damaged neuronal cell colony and
the dynamically stimulated one. The results suggest that applying appropriate micro dynamic
stimulations is a promising approach to promote the reconstruction of a damaged neuronal cell
colony.

Keywords: micro dynamic stimulation; mini-vibration table; in vitro simulator; iPS cell; neuronal
cell colony; physical damage; reconstruction; fluorescent staining; reconstructing efficiency

1. Introduction

In clinical treatment of neuronal medicine, various types of neuronal cells are re-
constructed or transplanted into patients who suffer severe neuronal diseases or injuries
such as Amyotrophic Lateral Sclerosis (ALS) [1], Parkinson’s disease [2,3] and spinal cord
injury [4–8]. In the case of spinal cord injury, for example, reconstruction of the damaged
neuronal cells colony might be carried out first if the damage is not so severe. On the
other hand, in the future, regenerative medicine using pluripotency of stem cells will
be a probable way to determine whether the damage severe to such an extent that the
spinal cord is totally snapped off. Through the cellular reprogramming technique, by using
four transcription factors Oct3/4, Sox2, Klf4, c-Myc, induced pluripotent stem (iPS) cells
have been developed [9–11] that possess inherent properties to proliferate infinitely while
retaining the ability to differentiate into almost any type of cell. Regenerative medicine is
in currently in a phase of rapid development and the engraftment of transplanted neuronal
cells, as well as the reconstruction of the neuronal network, will become the most important
issue. In both cases it is strongly needed to develop new approaches or device systems to

Technologies 2021, 9, 83. https://doi.org/10.3390/technologies9040083 https://www.mdpi.com/journal/technologies

https://www.mdpi.com/journal/technologies
https://www.mdpi.com
https://doi.org/10.3390/technologies9040083
https://doi.org/10.3390/technologies9040083
https://doi.org/10.3390/technologies9040083
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/technologies9040083
https://www.mdpi.com/journal/technologies
https://www.mdpi.com/article/10.3390/technologies9040083?type=check_update&version=3


Technologies 2021, 9, 83 2 of 21

support these medical treatments technically, as well as to promote efficiency and quickness
of the treatments.

Several studies have reported that well-controlled dynamic stimulations are able to
promote abilities of cell proliferation, growth and recovery from damage [12–17]. Likewise,
the appropriate mechanical stimulations may have the potential to raise the efficiency and
speed of the differentiation of the iPS cells into the objective cells. Limited research reports
have been published so far about the relationship between mechanical stimulations and
cellular differentiation of rat pheochromocytoma (PC12), embryonic stem (ES) cells or iPS
cells [18–24]. Rapid progresses in microelectromechanical systems (MEMS) to manipulate
minute living cells, and in advanced materials to be used for scaffold in three-dimensional
cellular culturing provide a novel method to approach various sciences and technologies
related to iPS cells [25,26]. Effects of low frequency (10–40 Hz), low magnitude vibrations
in the differentiation of stem cells have recently been reported, stating that low frequency,
low magnitude vibrations are sufficient to induce or to promote mesenchymal stem cells
into neural cells [27–29].

In view of the circumstances, in this study, a novel in vitro simulator in which micro
dynamic stimulations are applied to an artificially damaged neuronal cell colony is pro-
posed in order to investigate the possibility of promoting the reconstruction of a damaged
neuronal cell colony. Firstly, a cantilever-type piezoelectric mini-vibration table, which
enables us to impose various micro dynamic stimulations directly onto the cultured adhe-
sive cells or cellular colonies on culture dish set inside the incubator, is developed together
with an in vitro seeding-damage-reconstruction device. Secondly, in order to verify the
ability of the developed system, dynamic stimulations are applied to a damaged mouse
neuronal cell colony. The neuronal cells differentiated from mouse iPS cells are cultured for
5 days, and after the cells have grown sufficiently, the neuronal cell colony with neurites
are physically damaged by cutting off treatment. Micro dynamic stimulations by using
the developed mini-vibration table are applied for 6 days after the cutting damage, while
NeuroFluor NeuO(STEMCELL Technologies) is used to conduct fluorescent staining of the
living neuronal cells. Thirdly, effects of the dynamic stimulations on the reconstructing pro-
cess of the damaged neuronal cells are investigated by analysing the immunostained areas
of the living neuronal cell colony with or without dynamic stimulations. The parameters of
reconstruction efficiency as well as the extensibility of reconstructed neurites are newly
proposed in order to achieve quantitative analysis about the possibility of promoting the
reconstruction of a damaged neuronal cell colony.

2. Materials and Methods
2.1. Development of Mini-Vibration Table

Figure 1a shows the practical construction of the proposed mini-vibration table which
is designed based on the following analysis. Basically, vibrator of the table is made from
one metal strip (stainless steel, 120 mm length × 6 mm width × 0.4 mm thickness as
typical dimensions). Bi-morph type piezoelectric excitation is used utilizing piezoelec-
tric elements (or PZTs) bonded on both side of the vibrator, where each side consists of
four 6.0 × 3.0 × 0.2 mm PZTs (C-213, Fuji Ceramics, Shizuoka-ken, Japan) side by side.
One end of the vibrator is rigidly clamped by two brass blocks. A culture dish with a
35 mm inner diameter is supposed to be mounted on triangular Aluminium support on
the other free end of the vibrator. When voltage was applied to the PZTs on the vibrator,
the inverse piezoelectric effect of the PZT bends the vibrator. This bending deformation
causes the vibratory movement of the free end of the vibrator, as shown with a red arc in
Figure 1a. Figure 1c shows the real view of the developed mini-vibration table with a cell
culture dish on its free end. As shown in Figure 1b, by using the signal output function of
the FFT analyser and an amplifier (NF Electric Instruments, HSA4012, Yokohama, Japan),
a continuous sine wave is generated and applied to the PZTs of the vibration table. The
cells in a culture dish mounted on the vibration table are stimulated dynamically with a
given frequency, amplitude and direction. Eight such vibration tables can be set inside
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a conventional CO2 incubator after appropriate sterilization treatment. Practically, these
eight vibration tables are electrically connected to the FFT analyser through a specially
developed switching hub and are operated independently.
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Figure 1. (a): Construction schematic of developed simple mini-vibration table by using bi-morph piezoelectric 
elements. (b): Control system of the mini-vibration table set inside CO2 incubator. (c): Typical real view of the 
developed mini-vibration table with cell culture dish on its free end. 
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Figure 1. (a): Construction schematic of developed simple mini-vibration table by using bi-morph
piezoelectric elements. (b): Control system of the mini-vibration table set inside CO2 incubator.
(c): Typical real view of the developed mini-vibration table with cell culture dish on its free end.

The above vibration table system is approximately modelled as a cantilever beam with
a concentrated mass at its free end. Equation of motion of transverse vibration of beam [30]
is given as

∂2w
∂t2 +

EI
ρA

∂4w
∂x4 = 0 (1)

where w(x,t), E, I, A, ρ are transverse displacement, Young’s modulus, moment of inertia,
cross-sectional area, and density of the beam, respectively, with distance x from the clamped
edge and time t. The boundary conditions for this case are

w(0, t) = 0,
∂w(0, t)

∂x
= 0,

∂2w(l, t)
∂x2 = 0, EI

∂3w(l, t)
∂x3 = m

∂2w(l, t)
∂t2 (2)
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where l is length of the beam, m is representative mass of the culture dish and its support
at free end of the beam. Solving Equation (1) under the boundary conditions (2) yields
following transcendental frequency Equation

1 + cos αlcos hαl +
m

ρAl
αl(cos αlsin hαl − sin αlcos hαl) = 0 (3)

The natural frequency f [Hz] of the vibration table is given by the following Equation

f =
(αl)2

2πl2

√
EI
ρA

, α2 =

√
ρA
EI

ω (4)

where αl is a root of the frequency Equation (3) with circular frequency ω. The displace-
ment of the table part is expressed by the following equation provided that the harmonic
vibration is excited

w = a sin(ωt + φ), ω = 2π f (5)

where a, φ are amplitude of displacement and phase angle, respectively. Then, the accelera-
tion of the table part is calculated as follows

..
w = −aω2 sin(ωt + φ) (6)

where aω2 is the maximum acceleration of the table part.
Since the developed vibration table is a simple cantilever structure, stable large dis-

placement can easily be achieved by adjusting the span of the vibrator, as seen in Figure 1c.
Additionally, by rotating the culture dish, any direction of two-dimensional dynamic stim-
ulation can be enforced to the cells cultured on the dish. Furthermore, natural frequencies
can easily be sifted by adjusting the length l of the vibrator. In this study, stable vibrations
in a horizontal direction are realized in condition with total amplitude up to 60 µm and
frequency up to 12 Hz due to electro-mechanical ability of the device system.

2.2. Cell Preparations

In this study, mouse iPS cells (Cell No. APS0001, Cell name: iPS-MEF-Ng-20D-17,
Lot No. 013) [9] are purchased from RIKEN Cell Bank and used in all experiments. The
iPS cells are maintained in undifferentiated state when cultured in the presence of the
SNL76/7 STO feeder cell [31] layer. The SNL76/7 STO cells are cultured in KnockOut
DMEM (Dulbecco’s Modified Eagle Medium, Invitrogen, Waltham, MA, USA) + 2 mM
Glutamine (nacalai tesque) + 10% FBS (foetal bovine serum, Lot No. A70109-1732 (standard
quality)) + 1% antibiotic substance (penicillin streptomycin solution stabilized, SIGMA-
Aldrich, St. Louis, MO, USA). The SNL76/7 STO cells are treated with 10 µg/mL Mito-
mycin C Solution (nacalai tesque) for 2 h. Then, the cells are washed with PBS twice and
are replated on 0.1% gelatin coated tissue culture dishes at a density of 5.4 × 105 cells/dish.
The mouse iPS cells provided for the experiment are seeded on the SNL76/7 STO feeder
cells at a density of 5 × 105 cell/dish with D-MEM (Dulbecco’s Modified Eagle Medium,
Wako, Osaka, Japan) + 15% FBS + 1% NEAA (Non-Essential Amino Acids, invitrogen) + 1%
antibiotic substance + 10−4 M 2-Mercaptoethanol(Lot No. 2268B111, COSMO BIO Co.,
Tokyo, Japan) + 1000 U/mL LIF (Leukaemia Inhibitory Factor, MILLIPORE, Burlington,
MA, USA), and are cultured in a CO2 incubator (temperature: 37 ◦C, humidity: 100% and
5% CO2 + 95% air). The culture medium is changed every 24 h. After 3 days of incubation,
the iPS cell colonies are detached from the feeder cells by using Trypsin-EDTA solution
(SIGMA) and are provided for the following differentiation process.

In this study, the SFEBq culture method (Serum-free Floating culture of Embryoid
Body-like aggregates with quick reaggregation) [32] is used in neural differentiation
process of the mouse iPS cells. The fundamental procedure of the differentiation can
be divided into two main stages. In the first stage, the mouse iPS cells are induced
into neural progenitor cells in suspension culture with G-MEM (Glasgow Minimum Es-
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sential Medium) + 10% KSR (Knockout Serum Replacement, Invitrogen) + 1% antibiotic
substance + 2 × 10−3 M glutamine + 1× 10−3 M sodium pyruvate (Invitrogen) + 0.1 × 10−3 M
NEAA + 0.1 × 10−3 M 2-Mercaptoethanol. The cells are seeded on non-treated dishes at
a density of 6 × 105 cells/dish and are cultured in a CO2 incubator (temperature: 37 ◦C,
humidity: 100%, 5% CO2 + 95% air) for five days. The neural differentiation process begins
with separating the iPS cell colony from the feeder cells. Once the iPS cell colony detaches
from the feeder cells, aggregation of the iPS cells in suspension initiates the differentiation.

Even if the feeder cells remain partially, these can be removed each time by transferring
spherical aggregates of the floating iPS cells to a new culture dish, since the feeder cells
need to attach to the culture dish. Thus, any contamination of the feeder cells can be
avoided in the following adhesion culture of the cells. Then, in the second stage, the neural
progenitor cells are induced into neurons in adhesion culture with the above-mentioned
medium plus 1 × 10−4 M all-trans-Retinoic Acid (Wako). This time the cells are seeded on
four 2% Matrigel (FALCON)-coated dishes [33,34] and are cultured in the CO2 incubator
(temperature: 37 ◦C, humidity: 100%, 5% CO2 + 95% air) for another four days. Main
procedure of differentiation from mouse iPS cells into motor neurons is shown in Figure 2a
together with a typical picture of the cell colony taken by a phase-contrast microscope.
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Figure 2. (a): Differentiation procedures from mouse iPS cells into motor neurons. By way of motor neuron progenitor cells,
motor neurons are formed, and neurites start to sprout from the colony in all directions after about 10 days. (b): Typical
differentiating mouse neuronal cell colony (at Day 8) from iPS cells. Left side figure: Light phase-contrast micrograph. Right
side figure: Stained image of HB9 the motor neuron-specific transcription factor by using Mouse Anti-MNR2 antibody. The
stained image is observed under the phase-contrast microscope with excitation light of 546 nm wavelength. Cell body of
the motor neuron is coloured in red. It is confirmed that the differentiated neuronal cells are positive for HB9 staining.
(Scale bars = 100 µm).
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Among the neurons, optical neurons, sensory neurons and motor neurons are well
known. It is reported that motor neurons uniquely carry a motor neuron-specific tran-
scription factor HB9 [35,36]. Therefore, as shown in Figure 2b, an additional experiment of
immunostaining the HB9 by using Mouse Anti-MNR2 antibody (Developmental Studies
Hybridoma Bank, Iowa City, IA, USA) is conducted in order to confirm what kind of neu-
rons are induced in the above differentiation process, and it is confirmed that the present
differentiated neurons are positive for HB9 staining and mostly identified as the motor
neurons.

2.3. In-Vitro Seeding-Damage-Reconstruction System for Neuronal Cell Colony

The reconstruction experiment of the damaged neuronal cell colony is conducted
as follows. Fluorescent staining of the damaged neuronal cell colony in reconstructing
process is realized by using NeuroFluor NeuO (STEMCELL Technologies, Vancouver, BC,
Canada), which has the remarkable ability to stain living neurons without fixation, and
that the fluorescent image is continually observed under inverted phase-contrast micro-
scope throughout the experiments. The proposed in vitro seeding-damage- reconstruction
device is shown in Figure 3, while the detailed procedures are schematically explained in
Figures 4 and 5, and are summarized as follows:

(1) Retractable twin plates (A, B) system with guide structure is constructed inside the
ϕ35 culture dish as seen in Figure 3a,c. The plate A is equipped with 2.0 × 3.0 × 1.7 mm
seeding pit together with 0.5 × 0.5 × 0.3 mm guide tunnel in its lower side as shown in
Figure 3b.
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Figure 3. In vitro seeding-damage-reconstruction device. Retractable twin plates (A, B) built in culture dish to be used for
the reconstruction experiments of the damaged neuronal cell colony. (a) Construction schematic of the system. (b) Details of
plate A and its 2.0 × 3.0 × 1.7 mm seeding pit and 0.5 × 0.5 × 0.3 mm guide tunnel. (c) Real view of the developed system
built in the φ35 culture dish.

(2) After appropriate sterilization treatment using UV light exposure, 2% Matrigel
coating is carried out on the surface of the culture dish.

(3) At day 0, the above-mentioned adhesion culture medium of 2 mL is dispensed
on the culture dish and then the neural progenitor cell colony is seeded at a density of
around 103 cells/colony inside the seeding pit under plate A, as shown in Figure 4a.
The size of the colony is set as constant as possible. The seeded cell colony is easy to
adhere at an appropriate point by the support of plate B. Three hours later, the experiment
starts provided that the cells adhesion to the culture dish is confirmed. Delicate cell
manipulations are carried out inside the isothermal chamber (Olympus IBMU and IBML
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which are installed on inverted phase-contrast microscope (Olympus, IX71, Shinjuku-ku,
Japan)), of which the inner environment is kept at a temperature of 37 ◦C and CO2 at 5%,
so that the cultured cells are kept in a normal condition during the experiment.
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Figure 5. Experimental time scheme of reconstructing culture procedures of damaged neuronal
cell colony by applying 12 h. Intermittent dynamic stimulations (vibration total amplitude: 60 µm,
frequency: 5 Hz, 12 h. interval) for 6 days along with completely static case for comparison.

(4) At day 2, after the culture medium is aspirated out, plate B is removed so that the
neurites are able to sprout freely to the right-hand direction, then a new culture medium is
dispensed. Hereafter, the culture medium is changed every 48 h.
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(5) At day 5, fluorescent stained images using 0.1% NeuroFluor NeuO are observed
under an inverted phase-contrast microscope (Olympus, IX83) with excitation light of
488 nm wavelength. Then, cutting-off damage is conducted as the neuronal cell colony is
severed by using a cell-scraper along the right-hand side edge line of plate A, as shown in
Figure 4c,d. It is important to conduct the cutting operation smoothly by paying attention
not to harm the Matrigel coat surface of the culture dish. After the cutting operation,
the culture dish is kept untouched for three hours so that the cell adhesion becomes stable.
From day 5, micro dynamic stimulations (vibration total amplitude: 60 µm, frequency:
5 Hz, 12 h. interval) using the mini-vibration table set inside CO2 incubator are applied as
schematically described in Figure 5. On the other hand, static case (culture without the
stimulations) is continued to culture in the completely same environment.

(6) At day 7 and day 9, reconstructing features of the damaged neuronal cell colony
are observed by fluorescent stained images by using NeuroFluor NeuO without fixation of
the cells.

(7) Finally, at day 11, immunostaining treatment is conducted by using Mouse Anti-
βIII-tubulin antibody (R&D Systems, Minneapolis, MN, USA) with fixation of the cells. The
cells are fixed by 4% paraformaldehyde phosphate-buffered solution (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) for 20 min, then are permeabilized with 0.3% Triton X-100
(Amersham Biosciences, Amersham, UK) + PBS for 5 min at room temperature. For the
βIII-tubulin staining, the cells are incubated with Mouse Anti-βIII-tubulin antibody at 4 ◦C
in darkness for 12 h. Then, the cells are further reacted with a 0.2% Alexa Fluor 488 goat
anti-mouse IgG antibody (Invitrogen) for 60 min at room temperature. Then, fluorescent
stained images through βIII-tubulin, which is uniquely carried by neurons, are observed
under the phase-contrast microscope (Olympus, IX83) with excitation light of 488 nm
wavelength.

3. Results

Effects of the dynamic stimulations on reconstructing process of the damaged neuronal
cell colony differentiated from iPS cells are estimated by measuring the immunostained
areas of the neural cells with or without the micro dynamic stimulations by utilizing
the developed vibration table. In the results shown in the following Figures 7 and 10,
differences between the dynamically stimulated case and the static case (control, i.e.,
at 0 Hz) are statistically analysed by t-test and are considered to be significant when the
probability, p value, is less than 5 percent.

Figure 6 shows immunostained images of the in vitro reconstructing process of the
damaged neuronal cell colony. Left side figures are the static case (control, without micro
dynamic stimulation) for comparison. Right side figures are the case under micro dynamic
stimulation (vibration total amplitude: 60 µm, frequency: 5 Hz, 12 h. interval). The
reason why frequency of 5 Hz is used in this experiment is that it is most effective in
differentiation and growth of mouse iPS cells into neurons as found by our previous
study [23]. Figure 6a–d are stained fluorescent image by NeuroFluor NeuO, which has a
remarkable ability to stain living neurons without fixation, and that the fluorescent image
is continually observed under phase-contrast microscope throughout the experiments. As
for Figure 6e, on the other hand, βIII-tubulin is stained after fixation of the cell colony in
order to obtain a stable and clear image. It is clearly confirmed that neurites are sprouted
around the seeding pit. Figures in green show direct fluorescent microscopic images with a
dotted red line, which shows the approximate cutting line given from (b). The right end
side figures in red show binarized images of the lost area (Alost in (a)) or the reconstructed
area (Areconst. in (c), (d), (e)) in case of micro dynamic stimulation by utilizing WinROOF
(scale bars = 200 µm). Furthermore, the yellow arrow in Figure 6c–e shows the direction of
vibration stimulation by utilizing the developed mini-vibration table. Figure 6a shows the
image just before cutting damage was made at day 5. Figure 6b shows the state immediately
after the cutting damage (day 5), while the dotted red line shows the approximate cutting
line. Black shadowy line behind the red cutting line shows the right-side edge of the
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Plate A explained in Figure 4. Figure 6c shows the initial reconstructing state (day 7 or
2 days after cutting damage) Neuronal reconstruction around the damaged boundary is
gradually taking place by sprouting neurites in several points. Figure 6d shows the middle
of reconstructing process (day 9 or 4 days after cutting damage) where reconstructed
neurites are growing almost evenly and densely. Figure 6e shows the reconstructed final
image in this series of experiment (day 11 or 6 days after cutting damage) where neurites
are dramatically grown in numbers, density and length, especially in direction to the
right-hand along with the cutting edge. This seems prominent in case under the micro
dynamic stimulation.
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Figure 6. Immunostained images of the in vitro reconstructing process of a damaged neuronal cell colony. Left side figures
are the static case (control, without micro dynamic stimulation) for comparison. Right side figures are the case under micro
dynamic stimulation (vibration total amplitude: 60µm, frequency: 5 Hz, 12 h. interval). (a–d) are stained by NeuroFluor
NeuO, while (e) by βIII-tubulin. Figures in green show direct microscopic images. The right end figures in red show area
presumed to be cut off and lost: Alost. (a), or reconstructed area: Areconst. (c–e). These are binarized images by utilizing
WinROOF in case of micro dynamic stimulation. The dotted red line shows the approximate cutting line which is given
from (b), and the yellow arrow shows the direction of vibration stimulation. (a): Just before cutting damage is conducted
(day 5). (b): Immediately after cutting damage (day 5). (c): Initial reconstructing process (day 7 or 2 days after cutting
damage). (d): Middle of the reconstructing process (day 9 or 4 days after cutting). (e): Reconstructed final image (day 11
or 6 days after cutting). It is clearly seen that neurites are sprouted around the seeding pit. Reconstructed neurites are
dramatically sprouted to the right-hand direction, especially in a micro dynamic stimulation case. (scale bars = 200 µm).

Figure 7 shows a comparison of reconstruction efficiency Areconst./Alost (computed
area ratio from Figure 6) of the damaged neuronal cell colony between the statically cul-
tured neurons and the dynamically stimulated ones (vibration total amplitude: 60 µm,
frequency: 5 Hz, 12 h. interval) with respect to culture time after the cutting damage opera-
tion. The reconstruction efficiency increases with increasing culture time as 7, 9 and 11 days
(or, 2, 4 and 6 days after cutting damage) in the stimulation cases, while the situation is
not observed in the static cases. In all three cases, the reconstruction efficiency of the
dynamically stimulated cases is prominently higher than that of the static ones. Significant
differences are observed between the statically cultured damaged neurons and the dynami-
cally stimulated ones as the culture time increases, such as 9 to 11 days (or 4 to 6 days after
the cutting damage). At day 11 (6 days after cutting damage), it is found that the recon-
structed area from the cutting damage is up to around 80% in the dynamically stimulated
case, while the area is almost unchanged with culture days and shows around 25% in the
static case.

Figure 8 shows the relationship between the increase rate of reconstruction efficiency
Areconst./Alost against the static case and the culture time. Y-axis is normalized recon-
struction efficiency (stimulation/static) calculated from the results shown in Figure 7. The
increase rate of reconstruction efficiency increases exponentially as the culture time in-
creases, such as 7, 9, 11 days (or, 2, 4 and 6 days after cutting damage). The increase rate is
the highest in the day 11 with about 241%, while it is about 96% in the day 7. It is found
that the more the culture time after the cutting damage increases, the more the increase rate
of reconstruction efficiency increases dramatically. This suggests that not only imposing
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the dynamic stimulation but also having appropriate culture time should be key factors to
promote the reconstruction of damaged neuronal cell colony.

1 

 

 

Figure 7. Comparison of reconstruction efficiency Areconst./Alost of the damaged neuronal cell
colony between the statically cultured neurons and the dynamically stimulated ones (vibration ampli-
tude: 60 µm, frequency: 5 Hz, 12 h. interval) with respect to culture time according to the computed
area from Figure 6. Significant differences are observed between the statically cultured damaged
neurons and the dynamically stimulated ones as the culture time increases, such as 4 to 6 days after
cutting damage operation.
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Figure 9 shows definition of parameters for evaluation of extensibility of reconstructed
neurites of the colony [=(Em/Elost all) × 100] based on the typical binarized immunostained
images which is treated by utilizing image analyser software WinROOf, Image J and Octave.
Figure 9a shows definition of Llost_max: maximum straight-line length of neuron colony
measured from edge line of the cutting damage to the furthest front line of the lost neurites,
while Elost all: number of all pixels of the lost area of neurons Alost. Figure 9b shows
parameters Lm and Em defined on the reconstructed neurons colony. The parameter
Lm = (m/100) × Llost_max shows the location line until which the neuronal pixels are
counted for from the line of cutting damage, with m = 100 coincide with Llost_max. The
parameter Em is the number of neuronal pixels existing on the right side of line Lm on
reconstructed neurites of the colony.

Figure 10 shows the effect of dynamic stimulation (vibration amplitude: 60 µm, frequency:
5 Hz, 12 h. interval) upon extensibility of the reconstructed neurites [=(Em/Elost all) × 100]
with respect to the value of m (indicating location line up to which the neuronal pixels
are counted for) as well as the culture time. Results are computed based on the param-
eters defined in Figure 9. At day 5 (Figure 10a), extensibilities of the statically cultured
damaged neurons and the dynamically stimulated ones almost coincide with each other,
since these are the initial state, i.e., just before the cutting damage. In Figure 10b–d, signifi-
cant differences are observed between the statically cultured damaged neurons and the
dynamically stimulated ones as the culture time increases, such as day 7, 9, 11, respectively
(or 2, 4, 6 days after cutting damage). Especially, at day 11 (or 6 days after cutting damage),
it is found that significant differences are observed in the cases with lower m such as
m = 15~35, which correspond to comparatively proximal area to the cutting damage line.
Furthermore, at day 11, maximum value of m in the stimulated cases reaches up to 110,
which implies that reconstructed neurites finally surpass the initial length: Llost_max.
(straight-line length measuring from the line of cutting damage to the front line). Thus, it is
confirmed that the dynamic stimulation promotes reconstruction and extension of neurites
within the damaged neuronal cell colony.

Figure 11 shows the effect of culture time after cutting damage upon the extensibility
of reconstructed neurites [=(Em/Elost all) × 100] in the static case (a) and the dynamically
stimulated (vibration amplitude: 60 µm, frequency: 5 Hz, 12 h. interval) case (b). Basically,
figure axis and each data are the same as those given in Figure 10. On day 7, the extensibility
of the reconstructed neurites in the dynamically stimulated case (Figure 11b) is far below
compared to the initial state which is the state immediately before the cutting damage.
However, the extensibility gradually increases as the culture time increases in order of 7, 9,
11 days (or 2, 4, 6 days after cutting damage), and reaches closer to the initial state. On the
other hand, in the static case (Figure 11a), the extensibility does not increase systematically
or stably as the culture time increases in order of 7, 9, 11, and it is not clear whether the
extensibility is closer to the initial state or not, as the culture time increases. Especially,
on the day 11, in the lower area of m, such as 0 to 22 which is the proximal area to the
cutting damage, the extensibility is far below compared to the case of day 9.
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Figure 9. Definitions of parameters for the evaluation of extensibility of the reconstructed neurites of the colony [=(Em/Elost all) × 100]
based on the typical binarized immunostained images. The value of m indicates the location line up to which the neuronal
pixels are counted for, with m = 100 coinciding with Llost_max., while Em is the number of neuronal pixels existing
on the right side of line Lm defined on reconstructed neurites of the colony after the cutting damage. (a) Definition of
Llost_max:maximum straight-line length of neuron colony measured from edge line of the cutting damage to the furthest
front line of the lost neurons; (b) Lm and Em defined on reconstructed neuron network.
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Figure 10. Effect of dynamic stimulation (vibration amplitude: 60 µm, frequency: 5 Hz, 12 h. interval) upon extensibility of
the reconstructed neurites [=(Em/Elost all) × 100] with respect to the value of m (indicating location line until which the
neuronal pixels are counted for) and the culture time. Results are computed based on the parameters defined in Figure 9.
Significant differences are observed between the statically cultured damaged neurons and the dynamically stimulated ones
as the culture time increases, such as on day 7, 9, 11 (or 2, 4, 6 days after cutting damage), respectively. (a) Day 5 (initial state,
just before cutting damage); (b) Day 7 (2 days after cutting damage); (c) Day 9 (4 days after cutting damage); (d) Day 11
(6 days after cutting damage).
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Figure 11. Effect of culture time after cutting damage upon extensibility of reconstructed neurites
[=(Em/Elost all) × 100] in the static case (a) and the dynamically stimulated (vibration amplitude:
60 µm, frequency: 5 Hz, 12 h. interval) case (b). The extensibility of the reconstructed neurites in
the dynamically stimulated case gradually increases as the culture time increases in the order of
7, 9, 11 days (or 2, 4, 6 days after cutting damage), and reaches closer to the initial state. (a) Static
case (n = 6); (b) Dynamically stimulated case (n = 6).

4. Discussion

It has been pointed out that neuronal cells are equipped with the function of a sen-
sor that senses physical or chemical stimulations and elongates neurites in appropriate
directions to connect nearby neuronal cells in forming a network [37], while the cells are
generally said to be hard to recover from major physical damage where the cell body or
main neurites are almost severed completely. However, in the case of neuronal cell colony
differentiated from iPS cells with appropriate size and environment [7,8], neurites might
newly sprout from near-by undamaged neuronal cells within the colony. By avoiding the
damaged neurons or their remains, some of the newly sprouted neurites will have the
ability to make a connection between the damaged host neurons and the target neurons,
similar to rewiring activity taking place in the spinal cord injury [4,5]. The immunostained
images of the in vitro reconstructing process of the damaged neuronal cell colony shown
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in Figure 6c–e of this study imply the above possibility. Especially, Figure 6e shows how
the reconstructing activity takes place around the damaged edge area of the neuronal
cell colony. It is notable that an abundant thick bundle of neurites are sprouted from the
right-hand side periphery of the cell colony and these construct a complex and dense
neurites network. On the other hand, these phenomena are not seen in other un-damaged
edge areas of the colony.

In spinal cord injury, it has been pointed out that three cases are likely to try to rewire
the partly injured spine [5]. The first case is to promote axonal regeneration or direct
endogenous reconnection, and the second one is to have axonal sprouting or indirect
endogenous reconnection. The third case is to conduct neural stem cell transplantation
and that to promote indirect exogenous reconnection, which will be valid even in the fully
damaged spine. In the first two approaches, activation of damaged axon as well as neuron
itself will likely be key factor for regenerating the damaged axons and following successful
endogenous reconnection. Therefore, it is indispensable to develop techniques and devices
to promote axonal regeneration and axonal sprouting.

Regenerative medicine, on the other hand, is currently in a phase of rapid development
where the engraftment of transplanted neuronal cells as well as the reconstruction of neuron
networks are becoming the most important issues to be solved. In both cases, henceforth, it
is strongly needed to develop new approaches or device systems to support these medical
treatments technically, as well as to promote efficiency and quickness of the treatments.
In practical cases, various electric massagers embedded in bags, pillows, sofas, beds, etc.
in which electric vibrators are utilized might become simple and possible candidates to
apply the dynamic stimulations to the patient who has been under the clinical regenerative
treatments, provided that appropriate technical adjustments and medical monitoring are
carefully conducted.

In Figure 7, it is found that the reconstruction efficiency increases with increasing
culture time, such as in 7, 9 and 11 days (or, 2, 4 and 6 days after cutting damage) in
the stimulation cases. Furthermore, the increase rate of the reconstruction efficiency also
increases with elapsed culture time as shown in Figure 8. On the other hand, in the static
cases, the reconstruction efficiency is almost unchanged with increasing culture time as 7, 9
and 11 days. This implies that an important fact for the neuronal cell colony reconstruction
from the cutting damage such that the appropriately controlled dynamic stimulation
is indispensable to initiate the reconstruction process. However, the biochemical and
molecular mechanism of the reconstruction phenomena of the damaged neuronal cells
has not been elucidated thoroughly [4–8]. In this study, the neurons used are directly
differentiated from iPS cells and that undamaged neurons near-by damaged area in the
neuronal cell colony might intrinsically retain better ability in neurites sprouting and
growth compared to spontaneously grown neuronal cell colony.

In Figures 10 and 11, it is observed that the extensibility of the reconstructed neurites
in the dynamically stimulated case is gradually increases as the culture time increases in
the order of 7, 9, 11 days (or 2, 4, 6 days after cutting damage), and is getting closer to the
initial state (the state immediately before the cutting damage), while the phenomenon does
not explicitly occur in the static case. This means that the appropriately controlled dynamic
stimulation is quite effective and stable to promote the extensibility of the reconstructed
neurites from the damage. It is considered that the sensors of neuronal cells detect the
vibration stimulation and translate it into chemical or electrical signals, and these might be
transferred to neuronal cell growth cones leading stable neurites sprouting.

The results obtained in this study suggest various opportunities to develop effective
reconstruction strategies of neurites from the physical damage. Namely, it is confirmed
that the appropriate dynamic stimulation (or in other words dynamic stress) even as µm
order amplitude vibration (acceleration is computed as 3.0 × 10−3 G from Equation (6)) is
a promising approach to promote reconstruction of the damaged neuronal cell colony. The
method can possibly provide a supporting measure in clinical treatment for the damaged
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neurons in cases such as spinal cord injury, in which a huge scientific and medical challenge
to restore lost functions is still towering.

In the future, a more realistic and comprehensive in vitro simulator should be de-
veloped to meet serious and urgent clinical needs, for instance, in spinal cord injuries.
In order to achieve this goal, firstly, it is necessary to identify the optimal condition of
the directionality, the frequency, the magnitude, the timing, and the duration time of the
applied dynamic stimulations to promote the reconstruction of the damaged neuronal cell
colony. Secondly, a human neuronal cell colony should be used instead of the mouse one,
although the differentiation time from human iPS cells into neuronal cells is required 30 to
40 days and its process is much more complicated. Thirdly, the present in vitro simulator
system should be expanded in a three-dimensional culture environment in order to realize
more actual conditions of the spinal cord injury. One promising candidate for this challenge
might be the incorporation of gel-embedded three-dimensional culture [24]. Finally, neuro-
electric reactions between the reconstructed neurons and nearby target neurons should be
examined to confirm not only structural reconstruction but also functional reconstruction
as a neuronal network.

5. Conclusions

In this study, a novel in vitro simulator which is able to apply micro dynamic stimu-
lations onto a damaged neuronal cell colony differentiated from iPS cells is developed in
order to investigate neuronal repair and regeneration. By using the system, as a first step,
influence of the dynamic stimulations on the promotion of the reconstruction process of
the neuronal cell colony from the damage is investigated. Newly proposed parameters for
the reconstruction efficiency as well as the extensibility of reconstructed neurites are used
for the evaluation of the present method. The results can be summarized as follows.

(1) Applying dynamic stimulations by utilizing a developed mini-vibration table
together with an in vitro seeding-damage-reconstruction device and time dependent flu-
orescent staining observations by using NeuroFluor NeuO are able to provide a novel
method to simulate ongoing reconstruction process of the damaged neuronal cell colony;

(2) It is found that significant differences are observed in the reconstruction efficiency:
Areconst./Alost between the statically cultured damaged neuronal cell colony and the
dynamically stimulated one as the culture time increasing such as 4 to 6 days after cutting
damage operation;

(3) The extensibility of the reconstructed neurites [=(Em/Elost all)×100] in the dynam-
ically stimulated case is gradually increasing as the culture time increasing in the order of
2, 4, 6 days after cutting damage operation and is getting closer to the initial state, while it
does not explicitly occur in the static case;

(4) It is confirmed that applying appropriate micro dynamic stimulations is a promis-
ing approach to promote the reconstruction of the damaged neuronal cell colony, and that
the present in vitro simulator system could possibly provide some fundamental informa-
tion as a simple disease model for the spinal cord injury.
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