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Traumatic brain injury (TBI), which is mainly caused by impact, often results in chronic
neurological abnormalities. Since the pathological changes in vivo during primary
biomechanical injury are quite complicated, the in-depth understanding of the
pathophysiology and mechanism of TBI depends on the establishment of an effective
experimental in vitromodel. Usually, a bomb explosive blast was employed to establish the
in vitro model, while the process is complex and unsuitable in the lab. Based on water-
hammer, we have developed a device system to provide a single dynamic compression
stress on living cells. A series of amplitude (~5.3, ~9.8, ~13.5 MPa) were generated to
explore the effects of dynamic compression loading on primary microglia within 48 h.
Apoptosis experiments indicated that primary microglia had strong tolerance to blast
waves. In addition, the generation of intercellular reactive oxygen species and secretory
nitric oxide was getting strongly enhanced and recovered within 48 h. In addition, there is a
notable release of pro-inflammatory cytokine by microglia. Our work provides a
reproducible and peaceable method of loading single dynamic compression forces to
cells in vitro. Microglia showed an acute inflammatory response to dynamic loadings, while
no significant cell death was observed. This insight delivers a new technological approach
that could open new areas to a better understanding of the mechanism of cell blast injuries.
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INTRODUCTION

Traumatic brain injury (TBI) is an international health concern, which results in chronic
neurological abnormalities including cognitive deficits, emotional disturbances, and motor
impairments (Maas et al., 2000; Marshall, 2000; Doppenberg et al., 2004; Thompson et al.,
2005). The effective treatment is limited due to the complex pathological processes of primary
and secondary injury to the central nervous system (CNS) that follow TBI (Schmidt et al., 2005; Atif
et al., 2009). Primary injury includes damages induced by mechanical impact on the brain (Graham
et al., 2000; Marshall, 2000). Secondary injury results from processes triggered by primary insults,
such as oxidative/nitrative stress, acute inflammation, or apoptosis by microglial response (Farkas
et al., 1998; Marshall, 2000; Bao et al., 2010).

The in vivo TBI experimental model had been successfully built depending on the fluid-
percussion model which was designed by Denny and Russell (Cernak et al., 2011; Rubovitch
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et al., 2011; Huber et al., 2013). The model generates a
controllable impact on an animal’s head (Denny-Brown and
Russell, 1941). On the other hand, various in vitro impact
injury experimental models have also been developed for
understanding the mechanical stimuli during an impact
loading as well as subsequent biological responses of cells
(Morrison et al., 2011). When exploring the cell behaviors
after dynamic stress is applied, including the biological
responses and establishing cell stress–strain relationships, the
challenge is how to properly apply a controllable force on the
monolayer or single-cell [capture its real-time strain field at a
single cell scale (i.e., 10−5m) for mechanical behaviors] (Patterson,
2020). This challenge is mainly related to the dynamic condition,
which is totally different from static or quasi-static conditions.
With atomic force microscopy (AFM), magnetic twisting
cytometry (MTC) (Trepat et al., 2004), and uniaxial stretching
rheometer (USR) (Desprat et al., 2005), it is not difficult to
simulate a static or quasi-static condition to explore the
mechanic of cell behaviors after applying forces. While for the
dynamical loading process, the most useful device to generate
controllable and purely dynamical stress is the split Hopkinson’s
pressure bar (SHPB). While for a monolayer or single cell, it is so
hard to find two such small or soft bars (the length scale for a
single cell is about 10−5m, and the young’s modulus of a single cell
is usually below 100MPa), which means it cannot reach a stress
equivalent condition in this process. Also, it is hard to hold such a
single cell between 2 bars. Therefore, various reasonable
assumptions were proposed, mostly based on the research-
scale perspective and the corresponding mechanical methods,
including the mechanical and the biological methods
(Moeendarbary and Harris, 2014; Hao et al., 2020). Despite
various experimental models that have been built for tissues or
monolayers, there are still challenges in applying dynamic
pressure loading on a single cell in vitro (Shepard et al., 1991;
Cernak et al., 2011; Rubovitch et al., 2011; Huber et al., 2013).
Interference of various types of stress loading (compress, shear,
and tensile, etc.) simultaneously makes the data recording and
analysis complicated. In addition, an open-field underwater blast
or shock tube, which is a common method to keep cells exposed
to the shock wave, needs special experimental conditions (Sawyer
et al., 2017a; Sawyer et al., 2018). Therefore, generating acute
dynamic loadings with physiologically relevant length-scales and
time-scales under normal cell culture conditions is a major
limitation in understanding the biomechanical mechanism of
how cells respond to stress loading (Shepard et al., 1991;
Moeendarbary and Harris, 2014).

Acute inflammatory responses of TBI include alterations in
the permeability of the blood–brain barrier, infiltrations, and
accumulations of polymorphonuclear leukocytes and
hematogenous macrophages (Farkas et al., 1998; Morganti-
Kossmann et al., 2001; Raghupathi, 2010). Subsequently, the
produced pro-inflammatory cytokines and reactive free
radicals by injured microglia change the vascular
permeability to cause brain edema formation and exacerbate
the pathologic injury process (Scholz et al., 2007). In addition,
acute inflammatory events can also lead to the production of
harmful reactive oxygen species, nitric oxide, and other

detrimental molecules causing nervous cell necrosis and
apoptosis (Shohami et al., 1994; Nguyen et al., 2010). As
brain-resident macrophages, microglia, are activated rapidly
during TBI, they are involved in neuroinflammation,
secondary brain injury, and CNS repairment (Hangzhe
et al., 2017). In addition, studies have shown that microglia
are sensitive to primary overpressure waves and secrete a
variety of reactive species and cytokines (Kane et al., 2012;
Clark et al., 2019). However, it remains unclear whether these
changes were induced directly by the dynamic pressure loading
or caused indirectly by the damage of brain tissue (Readnower
et al., 2010).

Here, based on the theory of dynamic loading in fluid-filled
tubes, we designed and developed a dynamic pressure loading
system for cells in vitro. The system could provide a controllable,
single-pulse dynamic compression loading into the cell medium,
with the collecting of the loading parameters directly.
Furthermore, the potential functional acute response of
primary microglia after dynamic pressure loading was
investigated by analyzing the cell viability and oxidative/
nitrative stress as well as inflammatory response.

MATERIALS AND METHODS

Basic Principle and Design of the Dynamic
Pressure Loading System
Dynamic pressure loading inside a fluid-filled tube, modeled as a
“water-hammer,” is a well-known problem in power and process
plants (Wylie et al., 1993). Based on this theory, we could generate
a weak shock wave [the “weak” signifies that the thermal energy
generated by impact compression is small compared to the total
internal energy of the fluid (Smith, 1973)], which would
propagate in fluid matter at an acoustic speed, once a
projectile with an initial velocity [(V0)] impacts a fluid
column in the tube. A schematic diagram of this impact
process is presented in Figure 1A. A fundamental assumption
is that there is no cavitation of fluid column separation occurs,
and the cross-section change is within the elastic range. Then, to
describe the pressure change of this weak shock wave, a
Joukowsky equation is a perfect approximation for predicting
the maximum pressure due to this water-hammer impact
(Joukowsky, 1900; Walters and Leishear, 2018):

P(0) � (ρc)f(ρc)p(ρc)f + (ρc)pVo , (1)

Where (ρc)f is the fluid acoustic impedance and (ρc)p is the
projectile acoustic impedance. In most cases, the impedance of
projectile is much higher than that of fluid, so Eq. 1 could be
rewritten as:

P(0) ≈ (ρc)fVo . (2)
Deshpande et al. (2006) had theoretically and experimentally

confirmed that the pressure would rise to its maximum value
almost instantaneously and then decreases at a nearly exponential
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rate. Then, the equation to approximately describe the pressure
change of this weak shock wave could be written as:

P � P(0) exp( − t/(m
ρc
)

p

⎞⎠ , (3)

Where the subscript p represents projectile. Here, we know that
we could simulate an underwater shock wave or generate a
dynamic compression stress wave in fluid based on such a
water-hammer model. Due to the aim is simulating a single
compression stress wave environment, we designed a membrane

setting that has a very closer acoustic impedance to fluid to reduce
the reflected stress wave as possible as shown in Figure 1A.

While in this model we have not taken the tube effects into
consideration. Then, we need to know to evaluate the
fluid–structure interaction problem. The acoustic speed (co) of
this weak shock wave could be calculated by the sound speed
equation:

c0 � ⎛⎝Kf

ρf
⎞⎠1

2

, (4)

FIGURE 1 | Schematic diagram showing the basic principle of the fluid–structure interaction model. (A) Projectile with initial velocity impacts the fluid to generate a
compression wave in the fluid; the compression wave across the membrane at the middle of the tube with weak reflected wave and transmission wave into the extended
fluid; (B) generation and propagation of compression wave with the space–time plot in this simplifiedmodel; (C) fluid–structure interaction of this tube model to show the
axial motion due to the Poisson’s effect.
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Where Kf is the fluid bulk modulus and ρf is the density of the
fluid. Here, the fluid is considered compressible to allow the shock
wave propagation. However, classical water-hammer theory did
not neglect the coupling motion between the fluid and tube
during this wave propagation process (Skalak, 1956; Tijsseling,
1996), which means that despite the fluid being considered
compressible, the deformation of the tube wall should be
taken into account. Here, a general solution of wave celerity
has been derived by Hutarew (1973) to describe this interaction:

cf � 1/(ρf( 1
Kf

+ 1
A

δA

δP
)) , (5)

Where A is the cross-section area of the channel, P is the total
pressure, cf is fluid wave propagation celerity, and δ is a small
change sign. Although a series of complex theoretical processing
was performed during this fluid–structure interaction process,
Korteweg had proposed a quasi-one-dimensional model to
predict the key physical effects, which then had been
confirmed experimentally by Joukowsky and Tijsseling
(Joukowsky, 1900; Tijsseling, 1996; Korteweg, 2010). Those
research studies support that the key effects are the pressure
generated by the acoustic wave in the water which is balanced by
static stress in the surrounding tube, considering the purely elastic
radial deflection uncoupled from the longitudinal motion (Junger
and it, 1972; Howe, 1998). Then, a classical formula for wave
celerity in an elastic tube had been first derived by Korteweg:

c−2f � c−2o + ρf2R

Esh
, (6)

Where R is the mean radius of the tube, Es is the elastic modulus
of the tube, and h is the thickness of the tube. A more clearly
writing to describe the coupling between the tube and fluid is as
follows:

cf � co(1 + (c2o
c2s
)(ρf

ρs
)(2R

h
))−0.5

, (7)

Where cs is the acoustic speed of the tube and ρs is the density of
the tube. Moreover, a single non-dimensional parameter β is
introduced (Shepherd and Inaba, 2009; Perotti et al., 2013) to
determine the extent of fluid–structure coupling in this model:

β � (c2o
c2s
)(ρf

ρs
)(2R

h
) . (8)

Eq. 6 could be rewritten as the Moens–Korteweg wave speed
equation as follows:

cf � c0/ �����
1 + β

√
. (9)

After that, a whole stress wave propagation process in fluid
including the impact and membrane setting had been described
in Figure 1B. This theoretical wave celerity could be used to
compare with the experimental wave celerity to check whether
this system works.

As the tube wall has a purely elastic radial deflection due to
the stress wave, it may be workable to acquire the stress wave

data with a non-contacted measuring method of the tube wall
to reduce potential error. As R. Skalak had solved the initial
problem of water-hammer, there are two waves, a primary
flexural wave (hoop motion) accompanied by the shock wave
in fluid and a precursor wave (weak axial motion) due to the
Poisson’s effect as shown in Figure 1C. These waves had been
observed by Shepherd and Inaba, (2009), and the experimental
data had an agreement with the theory of R. Skalak. The
primary flexural wave (hoop strain) propagates at the same
velocity as the shock wave in fluid, while the precursor wave
(weak axial strain) propagates at a much higher speed, the
acoustic speed of the tube wall. Importantly, as the pressure
change is exceedingly small due to this precursor, there is
approximately only one wave propagating in the fluid. Since
the initial and exact solutions of the water-hammer had
already been given, once the dynamic pressure loading
system meets the basic principle mentioned previously, the
pressure in the fluid could be evaluated by the strain of the tube
wall (Leishear, 2005; Leishear, 2006; Leishear, 2007).

After we have ensured the stress generation part, evaluation,
and measuring methods, we need to consider how the cells will
suffer from this compression stress. The length scale of the living
cell is about 101μm, while this is too far smaller than the length
scale of a tube or fluid column once designed at 101mm. So, it is
reasonable to treat the isolated living cell as a particle which
means cells would not have any effect on stress waves. Also, a
uniform treatment would make sure the cells would suffer from
the nearly same stress.

The Construction of the Dynamic Pressure
Loading System
According to the model we built, a dynamic pressure loading
system was developed to generate a single compression wave
on cells in vitro (Deshpande et al., 2006). The structure of the
system is shown inFigure 2, which consists of gas gun, O-ring,
cell tube, strain gauges, pressure transducer, and a hollow
extended tube set. The gas gun was made by Northwestern
Polytechnical University. The O-ring and cell tube were made
of steel. The cell tube had a length, thickness, and diameter of
140 mm × 0.25 mm × 12 mm. The hoop strain of the cell tube
during impact was measured in real-time by semiconductor
strain gauges stuck on the surface. The pressure transducer
(BoSiDe), with a working range of 0–15 MPa, was connected at
the bottom of the cell tube to measure the pressure of the fluid
inside.

According to the aforementioned theories, a compression
wave could be generated by an accelerated steel projectile
impacting the O-ring. The amplitude, duration, and
waveform of the compression wave could be adjusted by
changing the parameters of the projectile (velocity, mass/
length, and material) which is controlled reproducibly and
precisely. After impact loading, the compression wave
propagates in the cell medium, accompanied by a hoop
tensile wave in the tube wall.

Importantly, to load a single impact wave within the fluid, an
extra column of fluid in a hollow tube is connected after the cell
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medium, which helps the compression wave continue to
propagate and reduces any reflex waves (Figure 2B). A nitrile
butadiene rubber (NBR) membrane, which has a similar wave
impedance to the cell medium, was used to separate the sterile cell
medium and the extra fluid. For the cell experiment, the pressure
transducer was replaced by this hollow tube after the pressure
data acquisition was finished. The pressure within the medium in
the tube could be calculated by the hoop strain of the cell tube
(Skalak, 1956).

Animals
Newborn C57BL/6J mice were obtained from the Medicine
Laboratory Animal Center, Xi’an Jiaotong University, and
housed in an environmentally controlled facility with food and
water ad libitum.

Primary Microglia Cultures
Primary microglia were obtained and isolated from C57BL/6J
mice (Yu et al., 2019; Scheiblich et al., 2021). Brain cells were
dissociated by mechanical shearing and trypsin and cultured with
DMEM/F12 complete medium with PLL-coated culture flasks.
After 10 days, the flasks containing brain cells and culture
medium were shaken at 220 rpm for 40 min to collect primary
microglia suspension, which would be re-cultured in six-well
plates for subsequent treatment (Long et al., 2020).

Microglial Cell Treatment
Primary microglia cells were suspended by 0.5% trypsin before
each mechanical stimuli treatment. A 120-mm-long tube is
fulfilled with the cell medium containing 3 × 106 microglia,
and a 25-mm-long steel projectile was used to generate various
levels of pressure. After treatment, microglia were transferred
onto a 96-well plate immediately and cultured at different time
points for subsequent analysis. The experimental time points
12, 24, and 48 h reflected the cumulative time. Microglia
loaded in the tube with no pressure applied were used as
control groups.

Cell Survival Rate
The cell survival rate was assessed by cell counting kit-8 (CCK-8,
Dojindo) following the manufacturer’s instructions. The optical

density (OD) at 450 nm was detected using a microplate reader
(Bio-Tek). The calculation method is as follows:

Cell survival rate(% Control) �
OD valueexperiment

−OD valuebackgroud
OD valueControl−OD valuebackgroud

× 100% .

(10)
Also, a standard curve between the absorbance values at

450 nm and the number of cells in a 96-well plate had been
tested according to the manufacturer’s instructions. A linear
fitting of this standard curve was used to calculate the number
of cells in each well of every group, to possibly reduce the
influence of the number of cells changing.

Caspase-3 Activity Assay
The caspase-3 activity was determined using Caspase 3 Activity
Assay Kit following the manufacturer’s instructions (Beyotime).
The results were recorded using a microplate reader at a
wavelength of 405 nm. The detection samples were acquired
by cell lysis and centrifugation at 4°C. This assay was based on
the principle that Ac-DEVD-ρNA (acetyl-Asp-Glu-Val-Asp
p-nitroanilide) is catalyzed by caspase-3 and then produces
ρNA (p-nitroaniline). The absorbance of each sample at
405 nm was measured, and the caspase-3 activity was
calculated in combination with the standard curve and protein
concentration. The results are presented as the mean units/mg ±
standard error of the mean (S.E.M) for every 10 k cells.

Lactate Dehydrogenase Assay
Cell death was evaluated by quantifying the lactate
dehydrogenase (LDH) using LDH Cytotoxicity Assay Kit
(Beyotime) according to the manufacturer’s instructions. At
each experimental time point, the cell culture was collected to
test the accumulated released LDH. The results were
presented in a form of accumulated LDH released for every
10 k cells with an absorbance at 490 nm. The calculation
method is as follows:

LDH � ( ODexperiment − ODblank

number of cellsexperiements
)/( ODControl − ODblank

number of cellsexperiements
) . (11)

FIGURE 2 | Construction of the dynamic pressure loading system. (A) Schematic diagram of the dynamic pressure loading system. For evaluation and calibration,
the semiconductor strain gauges were stuck in the middle surface of the cell tube, and the pressure transducer was connected to the bottom of the cell tube; (B) for
loading pressure to cells in vitro, the pressure transducer was replaced by the NBR membrane and an extra column of fluid in a hollow tube extended.
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Detection of Intracellular Reactive Oxygen
Species and Nitric Oxide Production
The intracellular ROS levels were measured using Reactive
Oxygen Species Assay Kit (Beyotime) following the
manufacturer’s instructions. Fluorescence was observed by
fluorescence microscopy (Olympus) and recorded using a
fluorescence spectrophotometer (Bio-Tek) (excitation
wavelength of 485 nm and emission wavelength of 525 nm).
The fluorescence intensity was normalized against the control
wells and the number of cells:

Relative level ofROS � (valueexperiment − valueblank
number of cellsexperiements

)/(valuecontrol − valueblank
number of cellscontrol

) .

(12)

Total NO production in the culture medium was determined
by measuring the concentration of nitrate and nitrite, a stable
metabolite of NO, using a modified Griess reaction by Total
Nitric Oxide Assay Kit (Beyotime). OD at 540 nm was measured
using a microplate reader, and the NO concentrations were
calculated by comparing absorptions with the standard curve.
The results were presented as a modified form (mean μmol/L ±
S.E.M for every 10 k cells).

Enzyme-Linked Immunosorbent Assay
ELISA kit (Neobioscience) was used to quantify the concentration
of tumor necrosis factor-α (TNF-α) in the culture medium
following the manufacturer’s instructions. OD at 450 nm was
measured using an ELISA reader (Bio-Tek). The results were

FIGURE 3 | Evaluation of the dynamic pressure loading system. (A) Tracing data of pressure transducer at the end of the tube; (B) hoop strain tracings by two pairs
of semiconductor strain gauges with 58.86 mm separation.
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presented as a modified form (mean pg/mL ± S.E.M for every 10 k
cells).

Statistical Analysis
All biological data were expressed in the form of mean ± S.E.M
from at least three independent experiments (n≥ 3). Biological
results were analyzed by one-way ANOVA with Tukey’s post hoc
test (the corresponding codes were programmed by R (v4.1.3) in
IntelliJ IDEA, including analysis and plotting process). The
comparisons of results between the experimental groups versus
control groups (no comparison between the different
experimental groups) were only within each experimental time

point. A p-value of < 0.05 was deemed to be statistically
significant and is indicated in the figures by an asterisk. The
P-values of < 0.01 and < 0.001 were indicated by two and three
asterisks, respectively.

RESULTS

Evaluation and Calibration of the Dynamic
Pressure Loading System
To evaluate whether the dynamic pressure loading system
matches the theoretical model, the actual primary flexural
wave speed needs to be calculated. A representative pressure
data recorded by the pressure transducer are shown in Figure 3A.
The pressure reached a peak within 20 μs and declined
exponentially. The actual maximum pressure inside the fluid
should be half of the max recording value, as the transducer was at
the tube end (Veilleux and Shepherd, 2017).

Two pairs of strain gauges (distance: 58.9 mm) were used to
record the time phase difference of the primary flexural wave in
the tube wall (Figure 3B). Theoretically, the propagation velocity
of the primary flexural wave (Korteweg wave celerity) should be
much slower than that of the precursor wave (acoustic celerity in
the tube) (Shepherd and Inaba, 2009). The velocities were 4,620 ±
200 m/s (precursor wave) and 1,120 ± 118 m/s (primary flexural
wave) (Figure 3B), which are consistent with the theoretical
velocities of 4,996 m/s (acoustic velocity in steel) and 1,201 m/s
(Korteweg wave celerity) (Shepherd and Inaba, 2009).

Since the tube length was 120 mm, a 25-mm-long steel
projectile was used to avoid waveform superposition. The

FIGURE 4 | Calibration of the pressure amplitude from the pressure and
strain data provided by the pressure transducer and hoop strain gauges. (A)
Hoop and longitude strain tracings at the same position; (B) max pressure
amplitude versus max hoop point plot with a linear fitting, compared with
a theoretical curve.

FIGURE 5 | Real-time historical tracing of hoop strain with an extra
hollow tube for the in vitro cell experiment. The value of strain had been
transformed to pressure amplitude. Three different pressures were loaded on
cells (green line: 13.5 ± 1.9 MPa; blue line: 9.8 ± 0.9 MPa; and red line:
5.3 ± 0.4 MPa).
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projectile was accelerated by a gas gun to impact the cell medium,
and an overview of the results is presented in Figure 4. Both the
primary flexural and the precursor waves on the tube were
recorded by the hoop and longitudinal strain gauges
(Figure 4A). The motions in hoop and longitudinal were
synchronous, and the ratio was nearly 0.3 consistent with the
Poisson’s ratio. As the hoop strain was less than 2 mε, the hoop
motion of the tube wall was elastic deformation. Here, the
maximum hoop strain and maximum fluid pressure yielded a
linear equation in calibrating the pressure amplitude (Figure 4B).
The experimental data linearly fitted a constant of 0.0425 (R2 =
0.9805) which is consistent with the theoretical parameter of
0.0456 (Leishear, 2006; Leishear, 2007).

Microglial Cell Viability Analysis
To investigate the tolerance ability to dynamic impact loading,
the viability of microglia was explored after various levels of

impact loading. Real-time hoop strains of three typical
pressure levels were recorded. With the linear equation
(max hoop strain versus max pressure), the real-time
pressures had been calculated (green line: 13.5 ± 1.9 MPa;
blue line: 9.8 ± 0.9 MPa; and red line: 5.3 ± 0.4 MPa)
(Figure 5). The distance between the strain gauges and the
NBR membrane was nearly 74.1 mm, and the reflected wave
was predicted at about 1.32 ms after the primary wave signal
was first recorded. It is worth noting that the level of the
reflected wave was reduced very obviously (<10%) (Figure 5).

After exposure to impact loading, no apparent morphology
changes were observed microscopically (even to 13.5 MPa). Cells
maintained their shapes, and no or little debris was noted. Then,
CCK-8, caspase-3 enzyme activity, and LDH release of microglia
were analyzed at 12, 24, and 48 h, respectively, post exposure
(Figure 6). Cell survival rate analysis as well as caspase-3 enzyme
activity in the cytoplasm and the accumulated released LDH

FIGURE 6 | Analysis of cell survival rate within 48 h post exposure. (A) Cell survival rate (n � 4); (B) caspase-3 enzyme activation. The values represent the mean
units/mg ± S.E.M (n � 3) and are normalized for every 10 k cells; (C) analysis of accumulated LDH released into the cell medium. The values represent the mean OD
value ± S.E.M for every 10 k cells (n � 4). The statistical method is one-way ANOVA with Tukey’s post hoc test.
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showed no statistically significant changes compared to control at
each time point (Figure 6).

Stress Response and Cytokine Production
A fundamental hypothesis of this work was that compression
stress could induce immune response in microglia. So, the
intercellular ROS and the secretion of NO and TNF-α in the
cell medium were measured after applying compression stress
(Figure 7). The relative levels of intercellular ROS showed a
significant increase and reached peaks at 12 h compared with
those of the control group (p < 0.001) and then decreased to
the nearly same level as the control group within 48 h, except
the 9.8 MPa group which still showed a slightly higher level
than the control group (p< 0.05) (Figure 7A). The released
NO in the cell medium of the low-pressure group (5.3 MPa)
jumped to a very high level compared to that of the control
group (nearly 4 to 5 folds of control) at 12 and 24 h (p < 0.001)
and then dropped to about 2-fold compared to that of the

control group (p < 0.001) at 48 h (Figure 7B). As for the
moderate-pressure group (9.8 MPa), the released NO
exhibited a significant increase at the experimental time
points 24 and 48 h (p< 0.001), except the 12 h time point
(p> 0.05). In addition, the highest-pressure group (13.5 MPa)
also showed a trace increased level of NO compared with the
control group at every time point, 12 h (p < 0.001), 24 h (p <
0.05), and 48 h (p < 0.05). The accumulated concentrations of
secreted TNF-α after impact loading within 48 h are shown in
Figure 7C. After the impact experiments, for all pressure
groups, primary microglia were found with a significant
increase in the accumulated released results of TNF-α in the
cell medium at all time points (p< 0.001).

Taken together, microglia were sensitive to dynamic impact
loading with acute stress and inflammatory response; the stress
response can be detected early at 12 h andmostly returned to normal
within 48 h, while the inflammatory responses of secreted TNF-α
were much quicker and stronger after high-pressure impact.

FIGURE 7 | Stress and inflammatory response by primary microglia within 48 h post exposure. (A) Accumulated intercellular ROS level regulation was presented as
a relative level form (fold of control within each experimental time point) and normalized for every 10 k cells (n � 4); (B) accumulated secretion of NO into the cell medium
was presented as a form of mean μmol/L ± S.E.M and normalized for every 10 k cells (n � 4); (C) concentration of TNF-α regulation. The concentration was calculated
by comparing with the standard curve. The values represent the mean pg/mL ± S.E.M and are normalized for every 10 k cells (n � 3). All the results were analyzed
by one-way ANOVA followed by Tukey’s test. The comparison only occurred between the experimental groups and control groups within each experimental time point
(*p-value less than 0.05 was considered significant; **p-value less than 0.01 was considered significant; and ***p-value less than 0.001 was considered significant).
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DISCUSSION

The study on TBI has been carried on for decades, during
which many models had been developed to apply impact
pressure on animals, tissues, and culture cells, such as shock
tube and fluid percussion (Courtney and Courtney, 2010;
Kuehn et al., 2011; Pun et al., 2011; Woods et al., 2013;
Simard et al., 2014). The main limitation in research is how
to generate an accurate and idealized dynamic pressure
loading process at physiological scales. This modeling
process requires well-considered and clearly described
various factors, including stress factors (waveform,
amplitude, and duration) (Moeendarbary and Harris, 2014).
In addition, when the length scale comes to a single cell or cell
monolayer, the reflected waves during stress wave propagating
will make the situation more complicated and uncontrollable
(Chen and Chen, 2011; Serra-Picamal et al., 2012). Therefore,
to minimize such disturbances in the dynamic loading process,
based on a simplified FSI model (the theories and model are
detailed in the Method part), we have developed a single-pulse
dynamic pressure loading system for in vitro cells in the
laboratory. This system was convenient to generate a
compression wave in the fluid with real-time monitoring
(Figure 1). Cell suffered the dynamic loading under a
normal culture condition, which facilitates the study on
behavior response and biomechanical mechanism of the cell
after stress in vitro (Figures 2, 3). In addition, an extended
liquid column was adopted to reduce the reflected waves, as the
wave impedance of the NBR membrane is close to the medium
(Figure 4) (Chen and Chen, 2011). In addition, duration,
amplitude, and waveform of the stress wave were adjustable
by changing the length/mass, velocity, or material of the
projectile. Theoretically, the maximum amplitude of
pressure is the maximum elastic deformation of the tube
wall. In this study, a steel projectile was used to generate an
exponential-attenuation wave which had been applied to
simulate an underwater shock wave (Deshpande et al., 2006).

Microglia play an irreplaceable role in acute response
during TBI and very sensitive biological model during
pressure loading (Sappington and Calkins, 2008). It was
also demonstrated that cells are more sensitive to pressure
amplitude than duration (Kane et al., 2012). Then, three
different pressure amplitudes (low pressure: 5.3 MPa,
moderate pressure: 9.8 MPa, and high pressure: 13.5 MPa)
had been applied in this study (Figure 4). The microglia
viability after pressure loading within 48 h demonstrated
that primary microglia showed very strong tolerance to
compression pressure, even at an extremely high-pressure
level (13.5 MPa) (Figure 6). It coincides with Sawyers
research which performed underwater explosives at 14 MPa
(Sawyer et al., 2017a; Sawyer et al., 2017b; Sawyer et al., 2018).
Moreover, a similar phenomenon could be found in neuronal/
glial cultures (Mukhin et al., 1997). Although most neurons
had died, this similar injury causes little glial cell death post
18 h. Under such a microsecond/millimeter scale, the
movement of the cell can be negligible, and it can be
considered that the cytoskeleton structure of the cell

directly bears the compression loading (Ott et al., 1994;
Subra, 2007; Sinke et al., 2010). Despite the cytoskeleton
structure being quite complex and fluid (Subra, 2007;
Hoffman and Crocker, 2009; Tee et al., 2015; Lenne et al.,
2021), much research is needed to verify the structural
mechanisms of the cytoskeleton on maintaining this stable
structure under dynamic loading.

Acute responses of microglia were investigated within 48 h
after the pressure loading (Figure 6). The results showed that
the pressure loadings have a significant effect on ROS/NO
generation and TNF-α cytokine production. The levels of
intercellular ROS and the secreted NO reached a peak
around 24 h and reduced to normal within 48 h, while the
production of TNF-α keeps a high level. These results
suggested that cytokine production was likely to have a
linearly time-dependent relation. Another noticeable result
was the inducible trend of cytokine expression, which did
not exhibit a clearly linearly stress-dependent relation; this
may be explained by previous reports that a nonlinear
relationship may exist between the pressure intensity and
the degree of the cellular inflammatory responses (Sawyer
et al., 2017a; Sawyer et al., 2017b; Sawyer et al., 2018). In
addition, results of acute response also indicate that microglia
will rapidly activate the inflammatory response after being
loaded by a compression wave and may remain active, thereby
prolonging the entire acute inflammatory stress response
process. The significantly induced expression of ROS/NO
and TNF-α indicated the immune responses of microglia
under dynamic loading applied. In addition, a very
meaningful aspect was that in vitro neurons/glial-cultured
trauma models with glutamate antagonists had confirmed
by experiments the important role of glutamatergic
processes in secondary neuronal injury following CNS
trauma, which may have some potential relations with our
studies about pure microglial (immediately immunological
reactions) (Faden and Simon, 1988; Nilsson et al., 1990;
McIntosh, 1993; Morrison et al., 2011). But more questions
remain to be addressed to understand how the mechanical
signal of the compression wave is received by the microglia and
the process of inflammation is quickly initiated.

In summary, this is the first report that a laboratory
apparatus provides single-pulse dynamic compression
loading to cells in vitro. The results presented here provide
a rational basis for isolating variables to explore the effects and
biomechanical mechanisms of a single mechanical factor on
cells. Also, we have highlighted the potential response of
microglia during dynamic pressure loading. All these will
facilitate the understanding and potential application for
immunoregulatory which can be extended to clinical
therapy for TBI.
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