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Concussive injuries induce neuronal stress-
dependent tau mislocalization to dendritic spines
with acrolein and functional network alteration in
TBI-on-a-chip
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Traumatic brain injuries (TBIs) are a risk factor for Alzheimer's disease (AD), and share several important

pathological features including the development of neurofibrillary tangles (NFT) of tau protein. While this

association is well established, the underlying pathogenesis is poorly defined and current treatment options

remain limited, necessitating novel methods and approaches. In response we developed “TBI-on-a-chip”,

an in vitro trauma model utilizing murine cortical networks on microelectrode arrays (MEAs), capable of re-

producing clinically relevant impact injuries while providing simultaneous morphological and electrophysio-

logical readout. Here, we incorporate a digital twin of the TBI-on-a-chip model to resolve cell-scale me-

chanical deformation via shear stresses and demonstrate direct connections between impact forces with

aberrations in tau and synaptic deficits, and correlate these changes with elevations of oxidative stress, a

suspected key contributor to both trauma and neurodegeneration. This multi-disciplinary investigation

combines computational modeling, electrophysiology, and imaging, to explore tau mislocalization and

functional deficits as a function of force, in the context of a potential mechanism via acrolein. We hope

that this novel, integrative approach will help improve our mechanistic understanding of trauma and neuro-

degeneration, solo and in concert, and ultimately assist in generating more effective treatment options.

Introduction

Post-traumatic brain injury (TBI) and Alzheimer's disease (AD)
pose profound financial and societal impacts for all facets of our
society.1–4 While clinical studies have confirmed TBI as a risk fac-
tor for AD, the pathogenic mechanisms remain largely unknown
and treatment options are limited. Further, the majority of TBIs
are mild (mTBI) with limited initial symptoms,5 often delaying di-
agnosis and permitting the condition to worsen through bio-
chemical secondary injuries, culminating in neurodegeneration
such as AD. Therefore, the identification of critical and targetable
post-traumatic secondary injury mechanisms that could lead to

AD is of great importance, an undertaking which will undoubt-
edly necessitate multidisciplinary efforts at all levels. These inte-
grative approaches will be crucial towards enhancing our under-
standing of the pathogenesis, facilitating earlier diagnoses,
establishing effective therapeutics, and ultimately benefitting pa-
tients, their families, and society as a whole.

To date, mechanistic investigations into both TBI and AD
have largely been performed in animal models, which emu-
late important pathological features. However, the relatively
low resolutions inherent to in vivo studies have limited our
ability to discern key molecular pathways linking TBI with
AD, especially with regards to trauma-induced biochemical
(termed “secondary”) injuries, which represent a prime target
for intervention.6 This is particularly evident in head trauma
investigations, which can be fraught with compounding vari-
ables outside of the investigator's control. In contrast, in vitro
methodologies offer a simplified and well-controlled ap-
proach for isolating variables of interest, which could provide
an effective tool to unravel the complex interplay of patho-
genic pathways between TBI and AD.

In an effort to respond to this unmet need, we recently devel-
oped “TBI-on-a-chip”, an in vitro model capable of
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recapitulating multiple key in vivo components of both TBI and
AD pathologies, representing a novel preparation uniquely capa-
ble of mechanistically exploring the potential connection be-
tween TBI, AD, and neurodegeneration.7–9 At clinically-relevant
injury forces, TBI-on-a-chip has demonstrated impact-induced
elevations of both acrolein, a key aldehyde and a marker of oxi-
dative stress that has been implicated in TBI and AD, and Aβ42
aggregation, a hallmark of AD pathogenesis.9–12 Further evi-
dence suggests that acrolein may have a causative role in in-
flammation and Aβ42 aggregation, with corresponding deficits
in network electrical activity determined with microelectrode ar-
ray (MEA) recording technology.9 These results not only suggest
key molecular pathways linking TBI with AD, but also illustrate
the capabilities of this novel TBI-on-a-chip system.

In addition to Aβ pathologies, the disruption of tau has
also emerged as a key factor contributing to AD in both clini-
cal and preclinical animal studies,13–15 particularly in regards
to chronic traumatic encephalopathy (CTE), a disease charac-
terized by repeated TBI with neuropathological features simi-
lar to AD.16 Further, recent studies have revealed a link be-
tween neuronal stretch injury with tau displacement and
synaptic loss, morphological features thought to directly pre-
cede the neurofibrillary tangles that, along with amyloid pa-
thologies, pathologically define AD.17,18 With clinically rele-
vant mechanical concussive impact injuries, superior spatial–
temporal resolution, and electrophysiological capabilities, the
TBI-on-a-chip system is well suited to further this investiga-
tion, more specifically, to investigate the role of tau and
quantitatively describe its relationship with force, acrolein,
and alterations in synaptic architecture and function, in the
context of TBI and with regards to Aβ pathologies.

A critical concern of TBI is the mechanistic coupling be-
tween mechanical forces and tissue injury. It is well estab-
lished that the initial, primary injury triggers and dictates the
magnitude, and spatial and temporal nature of the resulting
secondary injuries, which in concert produce the final out-
comes of TBI.10,11,19,20 Therefore, understanding the mechan-
ical forces initially experienced by neurons at the cellular
level is of great importance to quantitatively link primary
with secondary injuries, and more acutely determine the final
pathological outcomes as a function of initial impact. While
similar investigations have been attempted in animal models,
we feel that TBI-on-a-chip, with its enhanced spatial and tem-
poral resolution, is uniquely capable of furthering this line of
inquiry by quantitatively incorporating concussive impact,
along with concomitant biochemical, morphological, and
electrophysiological assessment, simultaneously in the same
preparation.

In the current study, using TBI-on-a-chip integrated with
computational modeling, we have established a map of differen-
tial forces on the network adhered-MEA “chip” using finite ele-
ment analysis. We found that impacts induced an overall loss of
dendritic spines and increased levels of mislocalized tau
coupled with acrolein. These impact-induced changes are signif-
icantly intensified at the “edges” of the MEA, where the calcu-
lated force was higher relative to that at the MEA “center”. Inter-

estingly, acrolein exposure in the absence of impact is capable
of partially mirroring these impact-induced phenomena. Fur-
thermore, we show that impacts result in a severity-dependent
reduction of electrophysiological activity, a deficit that can also
be mimicked using acrolein. We also show that relatively high
g-force (200g) impacts significantly alter burst amplitude, an ob-
servation that, when combined with our previous electrophysio-
logical study,8 continues to suggest impact-induced changes in
network dynamics. These results reveal the quantitative relation-
ship between mechanical forces and resulting biochemical,
structural, and functional injuries, in cultured neuronal net-
works, with greater spatial and temporal resolution than previ-
ously possible. Taken together, this study, along with several
previous reports utilizing TBI-on-a-chip, continues to implicate
acrolein as a key culprit in both TBI and AD, suggesting that
acrolein could provide a promising therapeutic target for
slowing or even preventing the progression of TBI to AD.

Methods
Primary neuron culture

Neuronal networks were generated utilizing previously estab-
lished methods.7–9 Briefly, frontal cortex tissues were harvested
from E-16 embryos of ICR mice (Envigo, Inc., 3040F), employing
the protocols of Ransom et al.21 with minor modifications.22–24

Isolated cortices were mechanically separated, enzymatically
digested in a 0.05% trypsin solution (Gibco, 25300054), tritu-
rated, and combined with either NbActiv4 (Fisher, NB4500) for
morphological/immunofluorescence studies, or Dulbecco's
modified minimal essential medium (DMEM, HyClone,
11965092) supplemented with 4% fetal bovine serum (Gibco,
A5256801) and 5% horse serum (Gibco, 26050070) for electro-
physiological studies. Morphological studies and electrophysio-
logical cultures were seeded at 20k and 100k cells per 100 μL
droplet (or∼3 k and ∼14 k per mm2) respectively, in∼3 mm di-
ameter adhesion islands (the circular area in which cells ad-
here)8 on 5 × 5 cm custom microelectrode arrays. Post-seeding,
cultures were maintained at 37 ° C in a 5 or 10% CO2 atmo-
sphere, with biweekly (Monday/Thursday) media replacement,
without fetal bovine serum. This approach provides both high-
density “histiotypical” recording networks, or networks com-
posed of neuronal and glial cell types representative of the par-
ent tissue (which is verified by combining histology with the
method of isolation),24,25 and low-density neuronal networks for
evaluating dendritic features (i.e. spines). All animal procedures
were performed in accordance with the Guidelines for Care and
Use of Laboratory Animals of Purdue University and approved
by the Institutional Animal Care and Use Committee (IACUC) of
Purdue University, under institutional protocol 1306999879, as
well as the recommendation in the ARRIVE guidelines.

TBI-on-a-chip in vitro model of trauma

The “TBI-on-a-chip” in vitro trauma model was utilized for
the application of all experimental injuries, as previously de-
scribed and briefly summarized in Fig. 1, and a picture of the
device with phase contrast images of networks pre and post
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impact can be found in the SI (Fig. S1).7–9 In summary, this
uniquely modified impact pendulum provides real-time elec-
trophysiological and morphological monitoring of neuronal
networks grown on microelectrode arrays during rapid accel-
eration injury within a clinically relevant range of g forces
(30–300g). This is accomplished with a stainless-steel
“miniature-incubator” design, capable of maintaining life-
support parameters (physiological pH, osmolarity, and tem-
perature) while withstanding impact-forces of up to 300g.
This approach produces biomechanical acceleration forces
that stress subcellular mechanisms and cellular components
while generating limited cell death and can be used to both
investigate network activity immediately before and after im-
pact injuries, and/or morphological/immunocytochemical in-
vestigations. Further, the modular design of the impact pen-
dulum allows for the adjustment of both impact

accelerations and contact times, allowing investigators to ex-
plore a broad range of force-distributions.

Microelectrode array preparation

Microelectrode arrays (MEAs) were fabricated in-house utiliz-
ing previously described methods.26–28 Briefly, MEAs are
square, ∼1 mm-thick glass plates consisting of 64 photo-
etched, semi-transparent indium-tin oxide microelectrodes
(10 × 10 μm, each), forming a 1 mm2 central array (Fig. 1).
Electrode leads were insulated with methyl-trimethoxysilane
resin, laser de-insulated at central electrode termini creating
shallow (∼2 μm deep) recording craters, and subsequently
electro-plated with gold to adjust interface impedances to ap-
proximately 0.8 mΩ. Prior to seeding, MEAs were mask-
flamed for localized surface activation and sequentially
coated with poly-D-lysine and laminin.29 Said simply, flame
activation converts the MEA surface from hydrophobic to hy-
drophilic (favoring cell adhesion) at the exposed/non-mask
covered area, thus restricting cell adhesion only to these pre-
selected, activated locations. Briefly, poly-D-lysine (0.1 mg
mL−1, Sigma-Aldrich, P6407) was added to the MEA and left
to incubate at 37 °C overnight. The poly-D-lysine was then re-
moved and rinsed 2× with ultrapure water. Laminin (Sigma-
Aldrich, L2020, 1 mg mL−1) was diluted in DMEM (0.02–0.04
mg mL−1) and added to the adhesion area for ∼1 hour prior
to cell seeding. Of note, prior to experimentation circular
“landmarks” were measured and etched into MEA under-
sides, which provide an additional verification of proper cell
placement during morphological studies. Furthermore, acces-
sory experiments featuring dual networks utilized a set of
MEAs similarly etched to define our desired parameters (2
separate circles, Edge and Center), with a corresponding cus-
tom stainless-steel mask for flaming.

Electrophysiological recording

Network recording experiments were completed using previ-
ously described methods.8,9,28,30 Briefly, neuronal networks
(average age: 26 ± 5 days in vitro, a range previously demon-
strated to provide intra- and inter-culture reproducibility in
this model,8 and confirmed statistically here to not correlate
with treatments (Note S1 and Fig. S2–S5)) cultured on MEAs
were aseptically mounted within stainless steel recording
chambers that allow the continual maintenance of life-
support functions for the duration of the experiments. More
specifically, the following were controlled: temperature at 37
°C; a 7.4 pH via continuous flow (10 mL min−1) of 10%
CO2 in air; and a 300 mOsmol kg−1 with ultrapure water
infusion.

Analog electrical signals from extracellular spike activity
were amplified (10 K total gain) and digitized (40 kHz), before
time stamp conversion for storage and post-analysis (Plexon
Inc. Multichannel Acquisition Processor System, Dallas TX).
Active unit discrimination was accomplished utilizing
Plexon's waveshape templates, which provides real-time iden-
tification and sorting of individual units. Under optimal

Fig. 1 TBI-on-a-chip injury model overview. The TBI-on-a-chip impact
pendulum was utilized to generate rapid acceleration injuries within a
clinically relevant range of g-forces in neuronal networks grown on opti-
cally transparent microelectrode arrays (MEAs). The striker arm (SA) is re-
leased from one of several fixed initial-positions, whose forces have been
previously established for this model using dual accelerometer measure-
ments that were subsequently verified mathematically for a range be-
tween 30 and 300g.8 The force of gravity then guides the SA downward in
a pendulous motion to make contact with the target arm and stainless-
steel impact-chamber. This airtight “miniature-incubator” system pre-
serves the integrity of the MEA-adhered neuronal network, while main-
taining sterility and physiological parameters during injury application and
experimentation. To achieve neuronal network formation, E-16 murine
frontal cortices are isolated, pooled, mechanically separated and enzymat-
ically digested, before seeding onto custom fabricated MEAs. A corre-
sponding schematic of a typical MEA is also included, exhibiting 32 electri-
cal contacts converging from the left and right edges into a 64-electrode
array. Further enlargement reveals a total recording area of 1 × 1 mm2,
with representative cells. Taken together, this investigative tool offers
high-resolution morphological and electrophysiological capabilities. An
expanded immunofluorescence image demonstrates the type of optical
resolution available in this system. Further, 50 overlapping events from a
single, discriminated representative unit during a ∼2 hour baseline record-
ing period are included to illustrate unit consistency, indicating the stability
of cell-electrode coupling. Dotted line represents zero potential baseline.
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conditions, (visual signal-to-noise ratios >3 : 1) four separate
waveshapes can be distinguished from a single electrode, in
real-time. Once templates surpass their respective threshold,
the corresponding spikes are logged with a 25 μs sampling
resolution.

Whole network activity (spike and burst production) was
quantified using previously described methods.8,22,31,32

Briefly, real-time average network spike production was plot-
ted per minute for the duration of the entire experiment,
which served as the primary network activity display. For
each minute, total activity was divided by the number of ac-
tive channels, or channels with at least 10 discriminated
spike signals per minute. Burst activity was monitored utiliz-
ing the Plexon raster display. Additional spike rate and burst
analyses were quantified offline using the NeuroExplorer
analysis program (NEX Technologies, Colorado Springs).
Burst identification was achieved by integrating time stamps
from discriminated waveshape templates with a simulated
RC circuit using an integration constant of 70 ms, and apply-
ing 2 separate thresholds (T1 and T2). T1 was set at a level
close to noise and indicates the potential start of a burst,
while T2 was set at a value approximately five times the value
of T1 and confirms whether the T1 signal was indeed a burst.
Burst termination is influenced by the decay constant, and so
a 10 ms adjustment was performed to better match the pro-
file with the concluding spikes for each burst. A 100 ms gap
time was used to separate bursts. If the activity remained be-
low T1 for more than 100 ms, then two bursts were gener-
ated. This gap time was adjustable, and its selection was de-
pendent on the overall spike patterns observed via the time
stamp display in NeuroExplorer. For more information about
how these burst values are calculated, please see the SI (Note
S2). Further, a representative, full-length recording file is cur-
rently available in this method's inaugural publication.8 In
summary, while the precise methods of burst identification
and pattern feature extraction can vary,33–36 these descrip-
tions still provide valuable information about network behav-
ior, and can be utilized to reveal major states or modes of the
network.37

Each network's spontaneous activity is unique, thus data
are expressed as percent changes from this network-specific
reference activity, which was maintained in its stable state
for a minimum of 60 minutes (native activity) wherein activity
did not fluctuate greater than ±10% before any experimental
manipulation.8 This native activity exceeded 6 hours in sev-
eral experiments. All recordings were performed in fresh,
standard cell culture media.8 “Sham” networks were treated
identically to impacted networks, with the notable absence of
the application of force.

Computational modeling

A digital twin of the TBI-on-a-chip in vitro impact model was
used to quantify impact-induced shear stress distributions in
MEAs via finite element analysis, using a commercially avail-
able, industry-standard ANSYS modeling platform (similar to
previous multiphysics modeling work performed by this
lab).38,39 The system is comprised of 14 unique parts, sum-
marized in Table 1 and visualized in Fig. 2, which correspond
with exact dimensions from the in vitro configuration. The
computational domain was discretized using unstructured
meshing in ANSYS. The glass MEA and rubber O-ring were
discretized with a finely resolved mesh at 0.50 mm per grid
independence study, while other distant components were
more coarsely modeled to increase computational efficiency
(Table 1). The model simulates the first 5 ms of impact where
the initial time-point represents the moment the striker arm
contacts the target arm at a calculable initial velocity that is
proportional to the g-force. We simulated two cases, with the
initial velocity of 1.675 m s−1 and 0.827 m s−1, corresponding
to 200g and 30g impacts, respectively. The numerical solution
was obtained in ANSYS Mechanical using the explicit dynam-
ics solver suite with explicit time integration methods to
solve the equations of motion. These numerical schemes
were specifically used to account for rapidly changing condi-
tions, high speed impacts, and other highly transient physi-
cal phenomena. Standard culture medium fluid was best
modeled using an Eulerian reference frame with a water

Table 1 Digital twin parts, materials, and contacts

Part Material Contact type Mesh size (mm)

Striker arm STNL.STEEL 2 Frictional body interaction 5.0
Target arm STNL.STEEL 2 Bonded (to clip) 5.0
Clip STNL.STEEL 2 Bonded (to target arm); bonded (to plate) 2.0
Plate STNL.STEEL 2 Bonded (to clip) 2.0
Glass MEA FLOATGLASS Frictional body interaction 0.50
Silicone padding RUBBER1 Frictional body interaction 1.0
Rubber O-ring RUBBER1 Bonded (to reservoir) 0.50
Reservoir STNL.STEEL 2 Bonded (to rubber O-ring)

Bonded (to glass cover)
2.0

Glass cover FLOATGLASS Bonded (to reservoir) 1.0
Fluid media WATER2 Frictional body interaction 1.0
Screw 1 STNL.STEEL 2 Bonded to screw nut 1 0.5–1.0
Screw nut 1 STNL.STEEL 2 Bonded to screw 1 1.0
Screw 2 STNL.STEEL 2 Bonded to screw nut 2 0.5–1.0
Screw nut 2 STNL.STEEL 2 Bonded to screw 2 1.0
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(WATER2) material model which is commonly implemented
to model fluid in ANSYS Mechanical. This material model for
water has a density of 1000 kg m−3 and is described using the
Shock EOS linear model with Grüneisen coefficient of 0.28.
The rubber O-ring and silicone padding were described using
a 3rd order Ogden material type (RUBBER) with material con-
stants as defaulted in the Rubber1 ANSYS Material model.
The glass MEA and glass cover slide were modeled as float
glass (FLOATGLASS), while all other parts were modeled
using the stainless steel (STNL.STEEL 2) material law.

For each time step of the simulation, we computed the
components of in-plane shear stress (σyx and σyz) on the face
of the glass MEA. Time-averaged shear stress (TASS) at each
spatial location was calculated as the integral of the shear
stress magnitude normalized by the total time duration (eqn
(1)). This variable is representative of the amount of time-
averaged exposure of cells in a local area to the shear wave
propagation through the glass MEA.

TASS ¼ 1
T

ðT
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σyx
� �2 þ σyz

� �2q
dt

� �
(1)

Experimental protocols

Impacts. TBI-on-a-chip can provide impact injuries
throughout a range of clinically relevant g-forces, or intensi-
ties that best approximate those most likely to appear outside

of the laboratory setting.7–9 We selected impact forces of 30
and 200g (a relatively large force, i.e. rapid acceleration/
deacceleration injury, like in a motor vehicle accident) to
both describe these associated changes as a function of a
range of impact forces, while simultaneously highlighting
subtle alterations in neuronal networks after mild injury (i.e.
30g, football heading or mild sports injury), a current issue
that still requires much elucidation.40–42 Network activity was
evaluated immediately before and after impact injuries, while
morphological evaluations were performed at 24 hours post-
impact. All experimental cultures were aged 21 days in vitro
(D.I.V) unless otherwise noted (see “Electrophysiological re-
cording”), and conducted in tandem with procedurally and
age-matched control networks.

Exogenous acrolein exposure. In a complimentary group
of non-impact experiments, exogenous acrolein was asepti-
cally added to the culture media of neuronal networks, in
tandem with procedurally and age-matched controls. An acro-
lein (Sigma) stock solution (100 mM) was prepared for each
experiment, and then diluted with culture media to a final,
physiologically-relevant concentration of 100 μM, as previ-
ously described.25,43–46 To best ensure consistency between
trials, a new stock solution was made immediately preceding
each experiment. This effort is to account for the extremely-
reactive nature of acrolein.46,47 Acrolein-containing culture
media were replaced with standard media following a 4 hour
exposure period. Network activity was investigated immedi-
ately before and after exposure, while morphological analyses
were performed at 24 hours post-exposure.

Viability

Several inaugural studies have established TBI-on-a-chip's
ability to consistently produce graded, clinically-relevant
impact-injuries with minimal cell-death.7–9 However, to ac-
count for the novel, specific boundaries of this investigation,
a complementary viability study was performed, utilizing
morphological/immunocytochemical neuronal cultures as de-
scribed in “Primary neuron culture.” Following previously es-
tablished procedures,48,49 at 24 hours post-treatment cells
were thrice rinsed with isotonic phosphate buffered saline so-
lution (PBS, pH = 7.4, Gibco), exposed to a 25 μM and 7.5 μM
concentration of fluorescein diacetate (FDA) and propidium
iodide (PI), respectively, for 5 minutes, and then imaged in
PBS. Non-impact control networks revealed an average cellu-
lar viability of 86.7 ± 1.1%, a value which is comparable to
our previously published findings. When compared to net-
works that experienced the maximum impact forces provided
in this study (200g), no significant difference was observed
(85.5 ± 1.2% viability, n = 5, p > 0.05).

Immunofluorescence staining and antibodies

Immunofluorescent staining of neuronal networks was per-
formed as previously described.7,18,50–54 Briefly, cultures were
thrice rinsed with PBS and fixed using 4% paraformaldehyde
(Thermo Scientific) at 24 hours post-treatment. Networks

Fig. 2 Digital twin geometry and boundary conditions. A TBI-on-a-
chip “digital twin”, or a digital replication of the entire in vitro
experimental set-up rather than simply the area of interest (MEA), was
created using ANSYS SpaceClaim with exact part measurements con-
ducted on the physical model and is shown, deconstructed. The striker
arm (SA) and target arm (TA) are affixed at zero-displacement on their
inner edge to allow for free-swinging rotation of the arms. SA is given
an initial velocity proportional to the g-force of the impact, with maxi-
mum velocities for 30 and 200g experimentally calculated as 0.827
and 1.675 m s−1, respectively. Summary information for the parts, ma-
terials, and contact types are provided in Methods.
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were then washed using PBS, permeabilized with 0.2% Triton
(Sigma), blocked with 10% normal donkey serum blocking
solution (Abcam, AB7475), and treated overnight with pri-
mary antibodies at 4 °C. After primary antibody removal, cells
were gently rinsed with 0.01% Tween-20 (Sigma), treated with
secondary antibodies (2 hours), and subsequently sealed
using ProLong Gold antifade reagent (Fisher, P36930). The
following antibodies and stains were utilized in this study:
mouse anti-acrolein (Stressmarq, SMC-504D); rabbit anti-Tau
(Abcam, ab76128); Phalloidin-iFluor 488 reagent (Abcam,
ab176753); rabbit anti-MAP2 (GeneTex, #GTX133109); chicken
anti-MAP2 (AvesLabs, #MAP-0020); Alexa Fluor 594 (Jackson
Immunoresearch, 715-585-151, 703-585-155, and 711-585-
152); Alexa Fluor Plus 405 (Fisher, A48258). Digital imaging
was performed with a Zeiss LSM 880 microscope (Carl Zeiss,
Germany) using ZEN black software, and 15-image stacks
with a 0.36 μm step in the z direction separating each image
were acquired. Stack processing and image analysis were per-
formed using ImageJ (NIH). Slices were averaged into a single
image, the corresponding channels for each marker of inter-
est were paired and overlaid for analysis, and spine numbers
with dendritic lengths were measured utilizing the dendrite
spine counter plugin (ImageJ). Dendritic spine densities were
analyzed and compared as the number of spines per 100 μm
dendrite segment. Quantitative fluorescence measures treated
spines as binary events, confirming either the presence or ab-
sence of tau or acrolein–Lys adducts.

Statistical analysis

Unless noted, all analyses were performed as subsequently ex-
plained. Immunocytochemical and fluorescence data were ana-
lyzed as previously described, with minor modifications7–9,18,50,55

For this study, quantitative immunofluorescence and morpho-
metrical data for each treatment were reported from sets of 5
MEAs, with average measurements from 2 separate non-
overlapping network sections (10 total, per treatment). In other
words, a pre-selected area of the MEA, uniform between all treat-
ments, was imaged, and all the neuronal processes in these im-
age frames were analyzed. While this systematic imaging ap-
proach reduces potential user bias, it also provides data
indiscriminately with regards to the total length of a single pro-
cess (or how the image-frame dissects processes), thus the results
are best described as average spines per fixed length of processes.
Dendritic spines were obtained using the dendritic spine counter
plugin for ImageJ, which identified features between 1 and 3 μm
and utilized a 50% sensitivity. Each identified feature was visually
verified and then characterized using the dendritic spine counter.
Image average values were used for statistical analysis, which are
presented as control-normalized average values. Standard devia-
tions are included to demonstrate the variation between samples.

StataSE16 and Microsoft Excel were used to perform statis-
tical analysis. A one-way analysis of variance (ANOVA) was uti-
lized to establish significance between multiple treatments,
with Scheffe post hoc analysis. In experimental analyses that
only required comparisons between two groups, a Student's

t-test was used. In all experiments statistical significance was
defined as p value <0.05.

Results
The reduction of dendritic spine density, mislocalization of
tau, and increase of acrolein, as a function of impact

Immunocytochemical evaluations of neurons from neuronal
networks receiving a 200 g impact-injury revealed significant
increases of both tau mislocalization and endogenous acro-
lein (acrolein–Lys adducts) levels in dendritic spines, with re-
ductions in total dendritic spine densities, at 24 hours post-
impact (as compared to procedurally and age matched con-
trol networks), and were visualized with fluorescence imaging
(Fig. 3 and 4). Phalloidin labeling with high-resolution confo-
cal microscopy revealed relatively distinct dendritic protru-
sions (spines), with tau intermittently presenting as spine-
confined globules whose boundaries were slightly retracted
from spine perimeters. Acrolein–Lys adducts exhibited simi-
lar patterns, while showing a more diffuse distribution

Fig. 3 Immunocytochemical assessment of increases in tau
mislocalization in dendritic spines as a function of impact injury.
Representative fluorescence images of neurons from neuronal networks
at ×63 magnification for “control” and “impact” (200g) treatments, at
standard “center” locations (see Fig. 7–10 for introduction, explanation,
and use, of “center” vs. edge” terminologies). Neuronal features are
visualized via f-actin using Phalloidin-iFluor 488 (green) from Abcam
(ab176753), tau with anti-tau antibody (blue) from Abcam (ab76128), and
MAP2 with anti-MAP2 (red) from AvesLabs (#MAP-0020). At this initial res-
olution, control and impact neurons present similar patterns and levels of
tau expression throughout somata and neurites, which can be visualized
in context at the corresponding merge series. However, enhanced magni-
fication and examination of dendritic spines reveals distinct differences. By
comparing an enlarged section from the control (white box) with an anal-
ogous impact section (upper and lower-bottom, respectively) merge se-
ries, a change in the overall number of dendritic spines is noted, as illus-
trated through the use of arrows. Further, there is a significant increase in
spines that present with tau (red arrows), as compared to neurons from
control networks.
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throughout the spine. These results were quantified as ratios
(presence/absence), and presented as average percent control
values ± standard deviations (Fig. 5). In summary, neurons
from impacted networks showed an average 38 ± 11% reduc-
tion in dendritic spine densities, or number of dendritic
spines per 100 μm segment of dendrite (n = 10, p < 0.01,
when compared to non-impact control networks). Further,
the presence of tau and acrolein in impacted dendritic spines
increased by 135 ± 34% and 184 ± 71% on average (respec-
tively), when compared to neurons from non-impact control
networks (n = 10, p < 0.01, for both).

The reduction of dendritic spine densities and increase in
tau mislocalization as a function of acrolein exposure

To investigate the possible role of acrolein in the impact-
induced mislocalization of tau into dendritic spines, exoge-
nous acrolein was added into the media of non-impacted
neuronal networks (Fig. 6). Briefly, networks were exposed to
acrolein at a 100 μM concentration for a 4 hour period (ACR),

with analysis at 24 hours post-exposure. Interestingly, neu-
rons from acrolein-exposed networks showed average de-
creases in the number of dendritic spines per 100 μm
dendrite-segment of 44 ± 21% (n = 10, p < 0.01, when com-
pared to non-exposed controls). Further, ACR neurons re-
vealed average increases in tau-positive dendritic spines of
175 ± 46%, when compared to non-exposed controls (n = 10,
p < 0.01).

MEA shear stresses as a function of impact force in the TBI-
on-a-chip digital twin: center vs. edge

Computational modeling of the in silico digital twin allowed
for estimation of loading on the glass MEA across various
g-force impacts as well as providing information about the
spatial changes within each glass MEA. To quantify the load-
ing experienced across the glass MEA where neurons are
seeded, TASS (time averaged shear stress) was used as a met-
ric of the local amount of stress. To account for the disparity
between the spatial resolution of the computational model,
with an element edge length of 0.50 mm, and the sampling
location of the in vitro experiments, with a 2.0 mm2 sampling
area, 16 elements centered around each location, totaling a
2.0 mm2 area, were averaged to compute the TASS metric.
The computational model revealed a significant difference
for the TASS experienced at the center of the glass MEA,
termed “center”, compared to a location adjacent to the res-
ervoir wall on the impact side, termed “edge” (Fig. 7). Signifi-
cant spatial differences in TASS were observed in both the
30g ( p < 0.01) and 200g impacts ( p < 0.01), with edge loca-
tions experiencing TASS increases of 37 ± 25% and 364 ±
138% in 30g and 200g impacts (respectively), relative to each
corresponding center location.

The reduction of dendritic spine density, mislocalization of
tau, and increase of acrolein, as a function of shear stress

To directly investigate cell-scale shear stresses with the asso-
ciated neuronal changes in the TBI-on-a-chip system, identi-
cal cell culture methods were utilized to generate an addi-
tional neuronal network on the same MEA at a separate
locality expected to experience relatively higher-stresses
(edge), subsequently exposed to a 200g impact upon matura-
tion, and analyzed at 24 hours post-injury. The results were
compared with our previous, centralized location of predicted
relatively lower-stresses (center) (Fig. 8). In summary, while
both “edge” and “center” neurons showed significant reduc-
tions in the amount of dendritic spines post-impact, edge
neurons revealed greater spine losses. Specifically, impacted
edge neurons revealed average decreases in the total number
of dendritic spines per 100 μm dendrite-segment of 8% more
than impacted center neurons (n = 10, p < 0.01). Similarly,
the presence of tau and acrolein in impacted edge dendritic
spines had a further increase of 59% and 92% on average (re-
spectively), greater than impacted center neurons (n = 10, p <

0.01, for both). As expected, neurons from non-impacted

Fig. 4 Immunocytochemical assessment of increases in acrolein–Lys
adducts in dendritic spines as a function of impact injury. Representative
fluorescence images of neurons from neuronal networks at ×63
magnification for “control” and “impact” (200g) treatments, at standard
“center” locations (see Fig. 7–10 for introduction, explanation, and use, of
“center” vs. edge” terminologies). Neuronal features are visualized via
f-actin using Phalloidin-iFluor 488 (green) from Abcam (ab176753), acro-
lein–Lys adducts with anti-acrolein antibody (red) from Stressmarq (SMC-
504D), and MAP2 with anti-MAP2 (red) from Genetex (#GTX133109). Con-
sistent with our previous reports, control and impact neurons present with
varying levels of acrolein expressed throughout somata and neurites,
which is exemplified in the corresponding merge series. Further, upon
closer examination of an enlarged section from the control (white box)
merge series, the distinct appearance of acrolein–Lys adducts in dendritic
spines becomes apparent. Again, a reduction in the total dendritic spine
density of neurons from impact networks compared to the control is
noted (arrows). Further, the ratio of spines with acrolein present (red ar-
rows) is increased significantly in impact neurons compared to the
control.
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control networks revealed no significant differences between
center and edge locations.

Impact injury and acrolein exposure cause immediate deficits
in network action potential production

The electrophysiological component of the TBI-on-a-chip sys-
tem was utilized to examine changes of action potential fre-
quencies in histiotypical neuronal networks immediately fol-
lowing sham (networks that were treated identically to
impact networks with the notable absence of force-applica-
tion), impact (30 or 200g), or acrolein exposure treatments
(Fig. 9). Stable, pre-treatment reference activity was estab-
lished for a minimum of 1 hour before any experimental ma-
nipulation. The stability of cell–electrode coupling was dem-
onstrated by comparing averages of discriminated unit
waveshapes for a 20 minute period before (pre, blue) and af-
ter treatments (post, red) (Fig. 9A). As shown, post-treatment
averaged waveshapes from individual units/neurons showed
no significant difference for any treatment (n = 20 wave-
shapes from individual units/neurons per treatment, p >

0.05, compared to each unit's respective pre-treatment wave-
shape). Overall network activity was described as average
spikes per minute (SPM) and normalized to network-specific
pre-treatment activity for inter-network comparisons of treat-
ments (Fig. 9B, raw data values can be found in the SI). Ex-
amination and comparison of consecutive 20 minute seg-
ments of average network activity immediately pre- and post-
treatments revealed common attributes of activity reduction
relative to pre-treatment reference activity. In summary,
impacted-networks (30 and 200g) can be described using a 2
plateau response profile during this 20 minute period, with
each plateau becoming more pronounced at greater g-forces.8

For example, the network experiencing a 30g impact in
Fig. 9B shows an average 10% activity deficit over the 5
minute period post-impact (red line, plateau 1), followed by a

Fig. 5 Quantification of tau and acrolein–Lys adducts in dendritic spines with dendritic spine densities as a function of impact-injury.
Immunocytochemistry (ICC) with immunofluorescence (IF) was utilized to detect and quantify the total density of dendritic spines, in addition to
the presence of tau and acrolein–Lys adducts in the dendritic spines, for neurons from neuronal networks at 24 hours post-impact, which are
compared to neurons from procedurally and age-matched control networks. (A) Average number of dendritic spines per 100 μm of dendrite seg-
ment in neurons from control and impact (200g) networks, given as percent control values. Interestingly, impact neurons reveal a significant de-
crease in average dendritic spine densities compared to neurons from control networks. Further, the remaining spines of impact neurons revealed
a significant average increase in the presence of both tau (B) and acrolein–Lys adducts (C) relative to the control (respectively), which are also pre-
sented as percent control values. Dendritic spines were quantified, with subsequent acrolein–Lys and tau antibody fluorescence intensities cate-
gorically analyzed (presence or absence), using ImageJ (NIH), and are presented as % control values ± SD (n = 10, 2 averages from 5 separate net-
works). Image frames consisted of an average of 315 ± 71 S.D. μm of total processes from multiple neurons. A Student's t-test was used to
determine significance: * p < 0.01.

Fig. 6 Acrolein exposure increases tau mislocalization to dendritic
spines and reduces dendritic spine densities. Neuronal networks were
exposed to acrolein concentrations of 100 μM for a 4 hour period, and
ICC with IF was utilized to detect and quantify the total density of
dendritic spines, and the presence of tau in the dendritic spines, at 24
hours post-exposure, which are compared to procedurally and age-
matched control networks. Interestingly, (A) neurons exposed to acro-
lein (ACR) revealed significant decreases in the average number of
dendritic spines per 100 μm segment of dendrite compared to neurons
from control networks. (B) Further, the remaining spines of ACR neu-
rons show significant average increases in the presence of tau, relative
to neurons from control networks. Dendritic spines were quantified,
with subsequent tau antibody fluorescence intensities categorically an-
alyzed (presence or absence), using ImageJ (NIH), and are presented
as % control values ± SD (n = 10, 2 averages from 5 separate net-
works). Image frames consisted of an average of 315 ± 71 S.D. μm of
total processes from multiple neurons. A Student's t-test was used to
determine significance: * p < 0.01.
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gradual recovery to ∼5% of the original reference activity,
where it stabilizes (plateau 2). This profile is repeated for
200g impacts, with more prominent reductions in activity for
plateau 1 (20%) and plateau 2 (10%). As anticipated,
matching sham treatments lacked such features. Interest-
ingly, the addition of 100 μM acrolein generated a rapid (5
min) decline in activity of ∼10%, which got progressively
worse over the 20 minute observation period. To better exam-
ine these inceptive, more distinct 5 minute periods (plateau
1), networks were decomposed into their contributing neuro-
nal units (∼20 representative units shown), averaged (SPM),
and normalized to each unit's pre-treatment reference activity
(Fig. 9C). These changes are statistically described in Fig. 10,
but in summary it is clear that the majority of units contrib-
ute to this deficit, becoming more distinct with greater g
forces and exposure to acrolein. It is interesting to note that

∼5% of the total units analyzed showed minor increases in
activity following treatment (Fig. 9c arrows). While not statis-
tically significant or large enough to influence the aforemen-
tioned network response profiles, this phenomenon was seen
in multiple experiments.

Impact injury and acrolein exposure cause immediate
changes in network dynamics

Electrophysiological network recordings were triplicated for
each experimental treatment to statistically examine network
spike rates (Fig. 10) and activity features during 5 minute pe-
riods immediately pre- and post-treatments, using integrated
burst activity and spike trains, and action potential frequen-
cies. All results are presented as average activity measures ±
standard deviations, and are normalized to network-specific
pre-treatment reference activity (raw data values can be found
in the SI). Treated networks revealed significant decreases in
their average spike rate production as follows: 9.7 ± 4.6% for
30g impacts; 17.3 ± 4.4% for 200g impacts; and 12.7 ± 4.3%
for acrolein-exposed networks (n = 3 networks, p < 0.01,
when compared to each network's respective pre-treatment
reference activity) (Fig. 10A). Further, burst rates were also
significantly decreased for both 200g impact and acrolein
treatments, with average deficits of: 34.4 ± 13.5% for 200g im-
pacts; and 25.8 ± 9.3% for acrolein-exposed networks (n = 3
networks, p < 0.01, when compared to each network's respec-
tive pre-treatment reference activity) (Fig. 10B). Shams re-
vealed no significant differences between average spike or
burst rates (n = 3 networks, p > 0.05) (Fig. 10A and B). How-
ever, only large impact forces (200g) produced significant de-
creases in burst amplitudes, with an average reduction of
3.51 ± 2.5% (n = 3 networks, p < 0.01, compared to pre-
treatment reference activity) (Fig. 10C). Sham, 30g impacts,
and even acrolein exposure, did not produce significant
changes in burst amplitudes ( p > 0.05).

Discussion

Using the recently established TBI-on-a-chip system, which em-
ulates concussive injury through a clinically relevant range of
impact g-forces,7–9,56,57 we demonstrate that impact injuries pro-
duce consistent, measurable alterations in the dendritic spines
of murine cortical neuronal networks at 24 hours post-injury.
These changes include an increased prevalence of both tau and
acrolein, a known mediator of synaptic disruption and demon-
strated marker of oxidative stress (respectively),18,58–61 in im-
pacted dendritic spines, in addition to significant reductions in
the total densities of dendritic spines.62,63 Further, we reveal
similar changes in the dendritic spines of non-impacted neuro-
nal networks exposed to a pathologically relevant concentration
of exogenous acrolein,43–46 suggesting that acrolein could play a
pivotal role in trauma-induced tau mislocalization and the asso-
ciated synaptic alterations. To quantitate the relationship be-
tween mechanical force and subsequent pathologies, we con-
structed a digital twin of TBI-on-a-chip to map the distribution
of peak shear stresses throughout the MEA during impact-

Fig. 7 Digital twin simulation. Digital replication of the in vitro
experimental set-up was created using ANSYS SpaceClaim, and then
30g and 200g impacts were simulated using the ANSYS explicit dy-
namics solver. (A) A more experimentally-relevant depiction of the dig-
ital twin geometry (expanded in Fig. 2), with (B) a cross-sectional view,
to better contextualize the location of the glass MEA examined in C
and D. This digital twin was used to simulate impacts and ultimately
guide a finite element analysis of MEA shear stresses, which are visual-
ized in (C) and explained in “Methods”. Static time points at 1.83 ms for
30 and 200g impacts reveal spatial variations in maximum shear stress
distribution at the “center” (magenta circle) and “edge” (white circle).
These key findings are summarized in (D) as the amount of shear stress
over the course of the impact, or time-averaged shear stress (TASS), at
center and edge spatial locations. The asterisks shown in panel (D) cor-
respond to p < 0.01. Note: the pair of resistors used for heating shown
in gold and red are not explicitly simulated but were added for visual
accuracy of the experimental set-up.
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events using finite element analysis. This computational model-
ing based approach provides further evidence linking increasing
mechanical forces to greater disruptions in dendritic spines,
while also serving to better quantify the impact-generated me-
chanical stresses in this model. Furthermore, we correlate these
impact-induced alterations in dendritic spines with network ac-
tivity at ultra-acute time points (∼3 minutes post-impact) utiliz-
ing the electrophysiological component of the TBI-on-a-chip sys-
tem, revealing almost immediate changes in action potential
frequency and burst amplitude, a finding that, in combination
with our previous study, 8 strongly suggests changes in network
dynamics. Again, many of these associated changes in activity
are partially reproduced via acrolein exposure in the absence of
impact, providing further evidence that acrolein could play a
key role in impact induced tauopathies and the accompanying
synaptic dysfunctions.

The computational results from finite element analysis of
the digital-twin in this report are in good agreement with the
experimental data from the TBI-on-a-chip system. In other
words, networks at areas of the MEA that were predicted to
experience higher stresses, according to the fine element

analysis, showed relatively greater increases of endogenous
acrolein production, mislocalized tau, and reductions in
spine densities. This combined approach describes cell-scale
consequences of macroscale mechanical deformations, and
links these numerical results with alterations in neuronal
physiology. Specifically, we have shown that increases of TASS
are corelated with significant decreases in average dendritic
spine densities, and increased levels of both tau and acrolein
in dendritic spines. It is important to note that several key
simplifications were made in building our finite-element
“digital twin.” First, the fluid medium is represented in
ANSYS Autodyn's structural module using an Eulerian refer-
ence (WATER2), rather than through a full Navier–Stokes so-
lution; this approach captures the gross pressure–wave propa-
gation without the detailed velocity field, but is sufficient to
reproduce shear-wave transmission accurately for our geome-
try. Second, our time-averaged shear-stress metric (TASS) is
computed from the two in-plane components (σyx and σyz) of
the mechanical shear wave induced by the pendulum strike;
out-of-plane stresses and fluid inertia are therefore neglected.
However, we directly validate these simplifications by

Fig. 8 Quantifying intra-plate variations of tau and acrolein–Lys adducts in dendritic spines with dendritic spine densities as a function of impact-
injury. The TBI-on-a-chip digital twin was utilized to spatially-guide initial culture-seeding during neuronal network generation, to produce a
“dual-network” technique (a schematic is provided in A1). This approach features one standard centralized-network (as described in Methods and
termed “center,” or “C”), and one network that is off-centered (“edge,” or “E”) at a precise location predicted to experience significantly greater
stresses. Again, ICC with IF was utilized to detect and quantify the total density of dendritic spines, in addition to the presence of tau and acrolein–
Lys adducts in the dendritic spines, from neurons at center and edge locations at 24 hours post-impact, which are compared to neurons from pro-
cedurally, location (center vs. edge), and age-matched control networks. As expected, no significant difference was shown between neurons from
center and edge locations in control networks for any treatment (A–C). However, neurons from impact-edge networks revealed a minor but signif-
icant decrease in average dendritic spine densities compared to impact-center networks (D). Further, the spines of impact-edge neurons revealed
a significant average increase in the presence of both tau (E) and acrolein–Lys adducts (F), relative to impact-center networks. Dendritic spines
were quantified, with subsequent acrolein–Lys and tau antibody fluorescence intensities categorically analyzed (presence or absence), using
ImageJ (NIH), and are presented as % control values ± SD (n = 10, 2 averages from 5 separate networks). A Student's t-test was used to determine
significance: * p < 0.01.
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comparing the predicted spatial distribution of TASS with the
experimentally measured dendritic-spine changes and tau
mislocalization (Fig. 7 and 8), which, as expected, reveal sig-
nificant correlations between elevated stresses and increases
in cellular alterations (i.e. “center” vs. “edge”). We therefore
conclude that these modeling choices do not materially affect
our conclusions about the relationship between mechanical
shear and tau pathology.”

It is interesting to note that several previous studies have
demonstrated neuronal pathological changes at the cellular
level in response to mechanical trauma, such as diffuse axo-
nal injuries.64–66 Further, multiple clinical,67,68 animal,67,69

and even some in vitro studies,18 have strongly suggested a
correlation between increasing mechanical forces and patho-
logical alterations of tau. Here, we continue these efforts by
presenting and demonstrating an in vitro TBI model of

tauopathy, providing some of the most-direct cellular-
evidence linking impact-induced shear stresses to tau abnor-
malities and oxidative stress, in an impact-dependent fash-
ion. Taken together, these observations continue to suggest
that the amount of mechanical stress inputted during neuro-
nal deformation events is directly related to the severity of
the resulting tauopathy. Therefore, the enhanced spatial and
temporal resolution offered by this model could be key in
helping to unveil the biomechanical contributions of TBI to-
wards AD, CTE, and other tauopathies. While these findings
serve to contribute to our understanding of the earliest steps
of tau mislocalization, a critical step in the pathogenesis of
tauopathies such as AD, it is important to reiterate the utili-
zation of wild type mice in the present studies, a factor that
must be taken into consideration when drawing conclusions
(especially in a non-acute setting). More specifically, wild type

Fig. 9 Examination of immediate changes in network action potential frequency as a function of impact-injuries and acrolein exposure. Represen-
tative electrophysiological response profiles for histiotypical neuronal networks on MEAs immediately before and after sham, 30g or 200g impacts,
or exposure to a physiologically relevant concentration of acrolein (100 μM). (A) Waveforms (Plexon, Inc.) from single, representative units, aver-
aged over a 20 minute period immediately before (blue) and after (red) each treatment. No significant difference is shown for any treatment (p >

0.05), indicating the stability of the cell–electrode coupling. Dotted line represents zero potential baseline. (B) Overall network activity shown as
average spikes per minute, normalized to network specific pre-treatment reference activity. Consecutive 20 minute segments of normalized aver-
age network activity pre (blue) and post (red) each treatment for single, representative networks. Thus, the end (x = 20 min) of the blue line is ap-
proximately the beginning (x = 0 min) of the corresponding red line, separated by each respective treatment. As anticipated, sham activities are in-
distinguishable, with no discernable difference between pre-treatment reference and post-sham segments. However, an ∼10% deficit appears
after a mild, 30g impact, which gradually (15 minute) recovers to ∼5% of the original reference activity. This deficit becomes much more pro-
nounced after a 200g impact, resulting in an initial ∼20% activity deficit that stabilizes at ∼10% of pre-impact reference activity over a ∼15 minute
period. Interestingly, acrolein exposure (100 μM) was capable of generating an almost immediate ∼10% deficit that advanced over the 20 minute
period. Expanded analysis of the corresponding blue and red-boxed 5 minute segments are shown in (C). (C) Average network activity from boxed
pre-treatment reference and post-treatment segments for each treatment in (B) are deconstructed into representative subsets (∼20 neurons each)
of each respective network's comprising units, for the 5 minute periods immediately preceding and following each treatment. Namely, the blue
box at the right of each graph represents the activity directly before the treatment, while the red box on the left is the activity immediately follow-
ing the treatment, and (C) provides a brief overview of the individual units that generate these averages. Average activity for each minute, or 5 blue
(pre) and red (post) triangles per neuron/unit (10 total triangles) is shown. While sham networks exhibited minimal variations, deficits in individual
unit activity increased significantly in response to impact forces. Similar to network impact responses, acrolein exposure resulted in individual unit
deficits located approximately between 30g and 200g treatment deficits. While the scale of the y-axes in (B) is consistent to allow for rapid com-
parison between treatments, it should be emphasized that the reduction in average activity is significantly greater in 200g vs. 30g, which is more
evident in (C) and statistically demonstrated in Fig. 10. It is also interesting to note that a non-significant number of experimental units revealed mi-
nor increases in activity (arrows). In summary, these plots are simply another way to visually illustrate that most neurons participate in these elec-
trophysiological responses rather than outliers influencing the average, a foundational point that has been established in a previous publication but
is briefly reiterated here for comprehensiveness.8 Waveform averages were quantified using Plexon/NeuroExplorer (n = 20, pre- and post-treat-
ment). A Student's t-test was used to determine significance: * p < 0.05.
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mice lack the capacity to develop the full spectrum of AD
seen in humans, with transgenic modifications being neces-
sary to observe certain phenomena (i.e. NFT), which still only
model particular features of the disease.

TBI-on-a-chip is unique in its ability to provide simulta-
neous morphological and electrophysiological access to im-
pacted neuronal cells, allowing for examination of electrical
activity at both network and neuron scales. These recording
methods are highly sensitive, and as a result are excellent
tools for examining synaptic changes and network connectiv-
ity. However, these approaches can be technically challenging
and expensive, and thus are often overlooked in favor of
more available staining and imaging methods. Here, we com-
bine these approaches in a unique way, incorporating electro-
physiological investigations of altered connectivity after im-
pact injury with histological analyses, utilizing markers such
as tau, which has been used to denote synaptic disruption ex-
tensively through multiple approaches, including its displace-
ment, phosphorylation, and aggregation.70,71 More specifi-
cally, the mislocalization of tau into dendritic spines has
been demonstrated to precede and mediate synaptic dysfunc-

tion.18,55,61,72,73 In this study, we utilize TBI-on-a-chip to pro-
pose both immediate and longer-term (24 hours) impact-
induced functional deficits, indirectly using tau displace-
ment, and directly via neuronal network recordings. Further,
we correlate these findings to increasing acceleration and
shear stresses, revealing subtle impact-induced changes at
even mild injury levels (30g). These findings are well aligned
with our previous study, where we established network activ-
ity response profiles to impact injuries in a force-dependent
manner, using a plateau-based nomenclature system.8 While
we are currently unable to describe the precise mechanisms
that generate each plateau, both the initial drop in activity
immediately following the impact (plateau 1) and the subse-
quent activity plateau ∼10–20% below reference (plateau 2)
(Fig. 9B), it is likely that multiple adaptative mechanisms (i.e.
changes in long-term depression or potentiation, structural
or synaptic plasticity, glial activation, etc.) participate. How-
ever, it is highly-probable that separate mechanisms domi-
nate different plateaus, which is reflected in their respective
average activities. Taken together, these findings further con-
firm the link between increasing mechanical forces with

Fig. 10 Investigation of immediate alterations in network connectivity as a function of impact-injuries and acrolein exposure. Analysis of multi-
network spike rates and activity features from integrated burst activity and spike trains generated during 5 minute periods immediately before
(blue) and following (red) treatment. Average spike rate, burst rate, and burst amplitude are given for each minute, or 5 blue (pre) and red (post)
points per network (10 total). Each treatment group consists of 3 separate networks, which are represented as either triangles, circles, or squares,
throughout (top to bottom). All measures are normalized to network specific pre-treatment reference activity. (A) Comparison of average network
spike rate plots. As expected, sham produces no discernable difference, while significant decreases appear with as little as 30g, becoming much
more pronounced after a 200g impact or exposure to acrolein (100 μM). Similar results are revealed in (B), where corresponding average burst
rates reveal significant decreases in 200g impacted and acrolein exposed networks (compared to sham). (C) Interestingly, average burst amplitudes
did not significantly differ in sham, 30g, or acrolein exposed networks, but did reveal significant deficits in response to larger (200g) impact forces.
Network activities were quantified using Plexon/NeuroExplorer, and are shown as % pre-treatment reference activity values ± SD. A Student's
t-test was used to determine significance: * p < 0.01.
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synaptic level disruptions and decreasing function.18 In addi-
tion, the current findings also demonstrate the multifaceted
investigative capabilities of the TBI-on-a-chip system, which
are expected to inspire additional studies into the subcellular
mechanisms that underlie and link trauma and neurodegen-
eration. For example, the enhanced morphological analysis of
mechanical trauma induced alterations in neuronal networks
is the theme of an upcoming manuscript, which utilizes simi-
lar methods in conjunction with synaptic markers such as
synaptophysin and PSD-95. However, it is important to note
that this investigation was designed to analyze all dendritic
spines indiscriminately and, due to the absence of such
markers, cannot differentiate between dendritic spine types.
Furthermore, while the majority of dendritic spines are asso-
ciated with synapses, non-synaptic spines do occur, and can
be of greater concern with in vitro models. This limitation
should be taken into account when interpreting the data pre-
sented in this manuscript, especially with regards to struc-
tural or functional connectivity.

The markers of oxidative stress and post-synaptic dysfunc-
tion utilized in this study were selected based on well-
established literature.7,18,58,74–77While multiple toxic species of
aldehydes are known to be elevated after traumatic injury, we
selected acrolein to denote oxidative stress because of its greater
total production, superior toxicity and reactivity, and its rela-
tively increased levels of neuronal damage as compared to other
αβ-unsaturated aldehydes,78–81 which makes acrolein an ideal
tool for approximating overall aldehyde toxicity and oxidative
stress. Further, acrolein has already been implicated in
TBI,10,11,82 AD,83–86 tau phosphorylation,87,88 and has even been
directly linked with increasing mechanical forces in step-wise,
force dependent manner using this model.7 Furthermore, multi-
ple studies have established acrolein as a disruptor of electro-
physiological activity in nerve cell networks.89–91 Last, AD is
characterized by the presence of neurofibrillary tangles (NFT) in
the brain, which are accumulations of pathological forms of tau
protein.92–94 Thus, several preceding steps in this pathway (e.g.
tau hyperphosphorylation, mislocalization, and aggregation) are
strongly-hypothesized to be early events in AD pathogenesis.61

Interestingly, recent clinical studies have revealed abnormal tau
activities in the frontal cortices of patients isolated during AD
stages I–III, or before the appearance of NFTs.95,96 Further,
many of these pathological associated changes in tau have also
been recapitulated in animal models of trauma97,98 and even
identified in the cortex of TBI patients post-injury,99,100 the cor-
responding brain region featured in the current investigation.
Furthermore, tau aberrations have already been linked to signif-
icant alterations in neuronal communication in both TBI101,102

and AD,61,72 with one in vitro model of stretch injury inducing
not only the mislocalization of tau, but also correlating this ob-
servation with synaptic disruptions electrophysiologically.18 In
response, we selected tau as our marker for monitoring TBI and
AD pathologies.

In previous reports we have demonstrated increased levels of
oxidative stress via acrolein in the soma and processes of im-
pacted neurons and glia (histiotypical cultures), in a force-

dependent fashion at 24 hours post-injury.7,9 In this investiga-
tion, we further resolve this spatial relationship to now reveal
the increased presence of acrolein in the dendritic spines of im-
pacted neurons. Interestingly, recent studies have linked in-
creases of oxidative stress with the hyperphosphorylation of
tau.103 Such investigations also reveal that tau phosphorylation
can induce relocalization from primarily axonal compartments
into somatodendritic compartments, and more specifically den-
dritic spines.55,61,72 Further, additional studies have suggested
that the modification of several lysine residues inside the micro-
tubule binding region of tau promotes separation and patholog-
ical tau aggregation,104–106 indicating that lysine is likely critical
for tau's structural stability. Furthermore, acrolein is an electro-
phile that is known to preferentially form adducts with lysine (a
nucleophile).107 As such, it is possible that acrolein could dis-
rupt these principal lysine residues, instigating structural insta-
bility, separation, and eventual aggregation of tau. Taken to-
gether, these data suggest that acrolein could play an important
role in these force-induced disturbances of tau, and subsequent
synaptic abnormalities.

In this report we show that mislocalized tau is accompa-
nied by increased levels of acrolein in dendritic spines at 24
hours post-impact, but have not yet resolved the absolute ori-
gins of these elevations. Therefore, it is possible that predom-
inantly soma-localized acrolein either originates in or dif-
fuses into corresponding axons, participating in the
disruption of axon-homeostasis and axoplasmic transport, ac-
celerating or even accompanying the movement of tau into
ultimately dendritic spines. However, based on the data from
this study we can draw several conclusions. Foremost, be-
cause these increased levels of tau mislocalization and reduc-
tions of dendritic spine densities can be recreated with the
addition of exogenous acrolein alone (in the absence of im-
pact), it is possible that acrolein is involved in this trauma-
mediated pathway and the associated synaptic alterations, re-
gardless of its precise, originating subcellular distribution.
This notion is further confirmed by the alterations in net-
work activity produced by exposure to exogenous acrolein. In
addition, acrolein-scavenging has been shown to significantly
mitigate deficits in network activity after exposure to post-
impact “conditioned media”, known to contain elevated
levels of acrolein.9 Taken together, acrolein scavenging could
present a viable method for reducing, or possibly preventing
some earlier steps of impact-induced tauopathies, and even
provide new opportunities for potential oxidative-stress fo-
cused therapeutics.

In summary, this study further confirms the investigative ca-
pabilities of our TBI-on-a-chip system for cellular and subcellu-
lar investigations. In addition, we utilize aberrations in tau to
further validate both the connection between trauma and neu-
rodegeneration, and our ability to accurately recapitulate this
phenomenon with our in vitro model. Furthermore, we show for
the first time that these deficits are accompanied by, and recre-
ated with, acrolein, an alleged key player of secondary injuries
in TBI,7,91 and demonstrated to be a cofactor in AD and
tauopathies,108 signaling a potentially novel approach for
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therapeutic interventions. In addition, we elaborate on our pre-
viously established impact-injury activity profiles and further re-
solve immediate, impact-induced changes in action potential
production, burst rate, and burst amplitude, providing addi-
tional8 evidence suggesting significant alterations in network
dynamics post-impact. These changes are further validated by
an accompanying impact-induced reduction of dendritic spines.
Finally, through computational modeling we more directly link
increasing shear stresses with elevated tau displacement at
acute timepoints, an event that has been intensively hypothe-
sized but currently has limited direct support.18,75 In conclu-
sion, we believe that this and similar in vitro approaches could
be critical towards offering unique insights into not only the
mechanisms that underlie trauma and neurodegeneration, but
also in investigating diagnoses and treatment strategies to ad-
dress both TBI and AD, two crippling conditions currently lack-
ing effective treatments.109–112
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