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1. Introduction

Traumatic brain injury continues to create a large socioeconomic burden in civilian
and military healthcare. To protect against brain injury, it is necessary to understand
the physical and biological mechanisms of injury. However, the research
community, following decades of work, still does not understand the relationship
between injury mechanics and corresponding biological outcomes. In the early
2000s, most civilian and non-civilian brain injuries were the result of blunt trauma;
however, in approximately 2006, blast injury jumped to the forefront of non-
civilian brain injury. Now, 15 years later, systems continue to evolve, and Soldiers
are being exposed to invisible threats, such as directed energy, with unknown
biological consequence. The most fundamental mechanisms that govern injury
response following exposure to directed energy remain unknown. This knowledge
gap is of great concern and warrants scientific inquiry.

The parameter space of biorelevant RF radiation is vast, making it a large hurdle to
quickly assess a wide breadth of candidate sources. However, reported aversive
neurosensory symptoms allow us to focus on specific frequencies, intensities, and
modulations.'™ Field data lack reports of warming sensations or sweating;
therefore, we hypothesize that RF radiation in these cases may have low average
power densities such that bulk tissue heating remains less than 1° C.> Numerous
foreign and domestic researchers have demonstrated RF bioeffects without bulk
tissue heating. Specifically, sample irradiation with pulsed high-powered
microwave (HPM) may illicit the microwave-auditory effect (MAE) and has been
shown to produce audible frequencies in several species during pulsed RF
exposure.’ This effect aligns with patient reports of perceived vestibular
symptomatology.”

Rather than exposing cells to pulsed-HPM and relying on the MAE to generate
acoustic pressure waves, we propose the use of mechanically driven oscillations
with a high frequency shaker. By forgoing electromechanical coupling/transduction
(HPM — heat — pressure), we can simplify the experimental paradigm and better
monitor cellular response without concern for electromagnetic interference
between the source and our unshielded in vitro toolkit. To this end, we utilized a
piezoelectric driver to deliver high-frequency, low-magnitude pressure waves to
neuronal cultures to better understand their influence in the absence of alternative
coupling mechanisms that may occur during pulsed-HPM exposures. Specifically,
mixed cultures of neurons and astrocytes were coupled to a high-frequency
piezoelectric shaker at varied intensities and repetition rates bounded by prior
modeling work. Following, structural and functional measures of cell health were
performed to assess the influence of exposure parameters.



2. Methods

2.1 Hippocampal Cultures

Cells were isolated from E18 rat hippocampus (BrainBits, Springfield, IL) using
enzymatic digestion as previously described.”!® After dissociation, cells were
plated on various prepped substrates. Before plating, cell culture substrates were
treated with oxygen plasma and polyethylenimine to enhance cell-substrate
adhesion. For electrophysiological outcomes, glass microelectrode arrays were
used (60OMEA200/30iR-Ti; Multi Channel Systems, Reutlingen, Germany); for
image-based outcomes, glass bottom 35-mm dishes were used (FluoroDish; Word
Precision Instruments, Sarasota, FL); and for membrane permeability assays, tissue
culture treated 48-well polystyrene dishes (CellTreat, Pepperell, MA) were used.
Cells were seeded at densities of 50,000 to 100,000 cell/cm? and media exchanges
were performed twice weekly with NbActiv4 (BrainBits) or Neurobasal Medium
supplemented with B-27 and Glutamax for up to 19 days in vitro (DIV).

2.2 Piezoelectric Acoustic Shaker (PAS)

To produce in vitro exposures an F7-1 piezoelectric shaker, NSHFS matching
network, and PASHF power amplifier (Wilcoxon Sensing Technologies, Frederick,
MD) were used in tandem with a standard signal generator (Fig. 1A). Custom
machined aluminum fixtures were designed to couple the piezoelectric shaker head
with various standard cell culture vessels. Frequency response was assessed using
a vibrometer (VibroFlex Compact; Polytec, Waldbronn, Germany), and frequency
content (Fig. 1B) was confirmed using MATLAB R2022a (MathWorks, Natick,
MA). To test for a relationship between input parameters (input amplitude and
frequency) and measured/calculated outputs (prominence and average velocity), a
linear regression was performed (Prism 8.0; GraphPad, San Diego, CA). Statistical
significance was set at p < 0.05.
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Fig.1  Validation of piezoelectric shaker. A) Component diagram showing test setup for
motion validation and raw velocity measurements collected at 204.8 kHz. B) Data were passed
through 1-kHz high-pass filter and integrated to determine position which was used to
calculate piezoelectric profile. C) Prominence/stroke and D) average velocity as a function of
input voltage with and input frequency of 76 kHz. E) Prominence and F) average velocity
across input frequencies with a constant input amplitude of 2 V. Data are presented as mean
+ standard deviation (SD).

2.3 Acoustic Exposure Paradigm

A vast parameter space exists within the realm of acoustic exposures. Waveforms
utilized in this study were informed by previously described finite element analysis
performed by Dagro* and colleagues. Modeling and simulation experiments
(Appendix, A.2) were bounded within the working range of the F7-1 piezoelectric
shaker (1-80 kHz). Cultures were positioned within the test fixture and either
exposed to a sham stimulus (negative control) or a frequency sweep where six



distinct frequencies (15, 20, 30, 40, 60, and 80 kHz) were played for 20 s each, at
an input amplitude of 2 V. Each exposure lasted for a total duration of 120 s.

2.4 Electrophysiology

To assay electrophysiological activity of primary neuronal cultures, a 128-channel
RHS stim/recording controller (Intan Tech, Los Angeles, CA) was used to collect
field recordings at 37°C in ambient atmospheric conditions. Data acquisition was
accomplished using RHX data acquisition software (version 3.0.2) with a sampling
rate of 30 kHz and a 60 Hz notch filter. Baseline field recordings were collected
3 min before sham or PAS exposure. Post-exposure recordings were immediately
collected for a total duration of 10 min. Subsequently, cultures were treated with
tetrodotoxin ([TTX] 1 uM) for additional field recordings to confirm biological
nature of the fields recorded. Spike sorting and subsequent data analysis were
performed using NeuroExplorer (version 5.4; Colorado Springs, CO). Briefly, a 4th
order band-pass filter (200-3,000 Hz) was applied, spikes that were larger than 5o
from the mean were counted. Spike numbers were then used to calculate firing
frequency as a function of recording duration. To test for an effect of treatment, a
repeated-measures two-way analysis of variance (ANOVA) was used; TTX data
were not included in statistical analyses. Statistical significance was set at p < 0.05.

2.5 Membrane Permeability and Image Analysis

A membrane permeability assay to evaluate the development of nanopore
formation was performed. Briefly, cells were incubated with fluorescent test
compounds (100 uM) of varying hydrodynamic radii (Table 1), exposed to control
or acoustic conditions, incubated for 10 min at 37° C, and washed three times with
phosphate-buffered saline (PBS) containing calcium and magnesium. Cultures
were imaged using a fluorescent plate reader (Infinite F200 Pro; Tecan, Mannedorf,
Switzerland) and/or inverted microscope (ECLIPSE Ti; Nikon Instruments,
Melville, NY) depending on substrate form factor. Additional wells were treated
with 0.01% saponin, a surfactant and membrane permeabilizer, to serve as positive
control. For quantification of image data, the mean fluorescent intensity within each
image field of view was utilized in calculations. For image and plate reader
analysis, fluorescent data were normalized to control samples. ImageJ (National
Institutes of Health, Bethesda, MD) was used to quantify changes in fluorescent
micrographs to detect differences between control and PAS-treated samples, an
unpaired Student ¢ test was performed when normality and variance test
assumptions were met.



Table 1 Test molecules used to determine membrane permeability

Molecular weight  Stokes radius Excitation Emission
Test molecule

(Da) (nm) (nm) (nm)
Fluorescein 332 0.5 498 517
Propidium iodide (PI) 668 0.6 535 615

2.6 Immunocytochemistry

Immunocytochemistry was used to examine protein localization within cell
cultures. Briefly, cells were incubated with 4% paraformaldehyde for 15 min at
room temperature, then washed with PBS three times, permeabilized with 0.25%
Triton X-100 for 10 min, and blocked with 10% bovine serum albumin for 30 min.
Cultures were incubated with the primary antibodies (glial fibrillary acidic protein
[GFAP] [ab4674; Abcam, Cambridge, United Kingdom] and microtubule-
associated protein 2 [MAP2] [M1406; Sigma-Aldrich, St. Louis, MO] at 1:500) for
1 h, followed by a 1-h incubation with secondary fluorescent antibodies (Alex488-
anti-mouse [715-547-003] and Cy5-anti-chicken [703-175-155], 1:250; Jackson
ImmunoResearch, West Grove, PA). Images were captured using an inverted
microscope (ECLIPSE Ti).

3. Results

3.1 Validation of PAS

The PAS performed as expected, that is, increasing signal generator input voltage
resulted in a linear increase in prominence (Fig. 1C, r? = 0.9942, p < 0.01) and
average velocity (Fig. 1D, r> = 0.9942, p < 0.01). However, modifying the input
frequency while holding the signal generator voltage constant did not result in a
linear relationship with respect to prominence (Fig. 1E, r? = 0.1647, p > 0.05).
Unsurprisingly, input frequency was linearly related to average velocity when
voltage was held constant (Fig. 1F, r>= 0.8002, p < 0.05).

3.2 Qualitative Analysis of Neuronal Morphology and Protein
Localization after PAS Insult

Brightfield imaging was used to determine whether PAS exposure resulted in gross
morphological changes to co-cultures of neurons and astrocytes. Images captured
before PAS exposure in both conditions revealed a confluent bed of cells containing
phase-bright neurons with nongranular somas and astrocytes identified by granular
somas lacking phase-bright rings (Fig. 2A). Following PAS insult cultures were
imaged at the same spatial coordinates (Fig. 2B), neither sham nor PAS cultures



showed evidence of overt cell detachment. Qualitatively, both the sham- and PAS-
exposed cultures appear similar to their pre-exposure counterpart (Figs. 2A and
2B). Furthermore, PI staining, indicative of cell death, in PAS-exposed cultures was

minimal and similar to that observed in sham cultures, suggesting good overall
viability and cell health (Fig. 2C).

C.

Fig.2  Wideband acoustic insult does not result in morphological changes or an increase in
cell death. Cultures were imaged immediately before A) and after B) exposure to assess
changes to morphology. No overt change to Hoechst or PI staining in fluorescent C) images
after acoustic exposure (t =1 h). Scale bar =500 pm.

Immunostaining for the cytoskeletal-related proteins MAP2 (green) and GFAP
(magenta) highlight healthy mixed cultures of neuronal and glial cell types (Fig. 3).
Within micrographs from sham- and PAS-treated groups, a relatively dense
population of intact neurites can be observed with minimal protein beading or
nucleation which has been observed following some traumatic cell injuries.'!!?



Fig.3  Wideband acoustic exposure did not alter morphology of neurons (MAP2) or
astrocytes (GFAP). After acoustic exposure (t =1 h), localization of MAP2 and GFAP appear
similar, representative immunocytochemistry images are shown. Scale bar = 500 pm.

3.3 Quantitative Analysis of Electrophysiology after PAS Insult

Robust electrical activity was observed in primary cultures at later DIVs and at high
seeding densities. Following sham or PAS exposure, electrophysiological signals
appeared similar in shape and amplitude (Fig. 4A). TTX treatment resulted in an
overt reduction in activity (Figs. 4A and 4C), confirming that field recordings were
of biological origin and not simply noise. Quantification revealed that trends in
spike frequency (Fig. 4B) remained largely similar across sham and sweep groups,
repeated-measures two-way ANOVA revealed a treatment effect (p = 0.0018),
however, group (p = 0.20) and interaction (p = 0.09) terms were nonsignificant.
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Fig.4  Spike frequency was not altered after wideband acoustic exposure compared to
sham cultures. A) Representative electrophysiology data after sham and wideband acoustic
exposure, treatment with TTX shows a robust reduction in bulk electrical activity, verifying
the signal measured was from neuronal activity. Differences in spike frequency B) were not
detected between sham and wideband sweep exposures; however, treatment with C) TTX
showed a robust decrease in activity. Mean = SD.

3.4 Quantitative Analysis of Membrane Permeability after PAS
Insult

Cultures were incubated with different-sized (332 and 668 Da), fluorescently
tagged, test molecules which are normally unable to cross cell membranes into the
cytoplasm and Hoechst, a fluorescent marker that binds to DNA and can cross
phospholipid membranes within viable cells. The appearance of these test
molecules following PAS exposure would indicate disruption to the cellular
membrane. Imaging analysis revealed that sham- and PAS-exposed cultures
exhibited minimal colocalization of either test molecule with Hoechst suggesting
largely intact cellular membranes (Fig. SA). These results were further illustrated
by quantifications of imaging data which showed no difference between groups
(p > 0.05, Fig. 5B). Quantification of the 332 Da test molecule was 1.000 relative
fluorescence units (RFUs) for sham and 1.001 RFU for PAS-exposed cultures
compared to 1.0187 RFU observed in the saponin-treated positive control.



Quantification of the 668 Da test molecule was 1.153 RFU for sham and 1.171 RFU
for PAS-exposed cultures compared to 1.502 RFU observed in the positive control
treated with saponin.
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Fig.5  Wideband acoustic exposure did not influence membrane permeability to test
molecules. Representative images A) and quantified fluorescent intensities B) highlight similar
levels of 332 and 668 Da test molecule in sham and sweep exposure groups. Dotted lines
represent positive and negative control data, respectively. Controls are also shown via the inset
images. Scale bar =200 pm. Arb. U = arbitrary units.

4. Discussion

Within the scope of this technical report, we sought to develop a framework to
study the influence of high-frequency, low-magnitude, pressure waves on neuronal
cultures. To this end, a variety of biophysical, biochemical, and bioelectrical
inquiry techniques were used to investigate changes shortly following acoustic



insult. Cultures largely remained unaltered after acoustic exposure within the
parameters explored by this report. Nevertheless, this research serves to establish
methods that may add value to future bioeffect studies of pulsed-HPM relevant to
the MAE.

In this study a particular interest was taken in developing methods to investigate
the combined effect of in situ strain and strain rates. Importantly, it must be noted
that bulk elastic properties of brain tissues at ultrasonic frequencies are ~1000 times
stiffer than shear properties at lower loading frequencies.!®* These nonlinear, shear
thickening, properties have also been demonstrated in single molecule-type
rheological studies of lipid fluidity.!* Given these mechanical properties, it remains
feasible that low-strain, high strain-rate loading conditions may elicit changes to
cell membrane integrity. Prior work by Geddes et al.'> demonstrates a consistent
transient increase in membrane permeability to fluorescent tracers of various sizes
following 30% strain, 10s'; however, at lower strain/strain-rate combinations,
significant changes in tracer uptake was not observed. Taken together with results
presented in this study, it may be inferred that in situ strain/strain-rates experienced
during acoustic exposure were relatively low given the lack of observed change in
small-molecule fluorescent tracer uptake.

The loss of ionic homeostasis is a hallmark of both mild and severe traumatic brain
injury. Acutely, severe traumatic brain injury increased intracellular [K+] and
subsequent seizure activity in vivo.!®!7 Similar phenomena have been observed
following in vitro injury with increased intracellular ion concentrations following
mechanical stretch.'® Work by Lusardi'® and colleagues showed significant
transient increases to intracellular [Ca2+] at substrate strains as low as 2%,
nevertheless, significant cell death was only observed with strains greater than 50%
24 h after injury. Measures of network level electrical activity in brain organotypic
cultures, such as network synchronization and spontaneous firing rate, have also
been shown to be unchanged at acute and 24-h timepoints following moderate
stretch (20%) by Kang?® and coworkers. We observed no group (sham vs. sweep)
or interaction (group*treatment) effects to spike frequency at an acute timepoint
after acoustic exposure. These data again support a lack of overt functional
alterations to population-level electrophysiological measures shortly following
acoustic exposure.

Although this study investigated a comprehensive set of parameters that fell within
the workable range of the utilized PAS, there remain several limitations of this
work. Namely, higher frequency spectra were not investigated. Recently there has
been great interest in the field of mechanobiology in studying mechanisms of
mechanotransduction, specifically, how ultrasound may mediate biology.
Mechanically triggered channels such as Piezol and 2 have been shown to be
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directly activated upon exposure to low-intensity (0.1 MPa peak negative pressure)
pulsed ultrasound in vitro with a 500 kHz carrier frequency.?! Furthermore, these
specific excitatory effects have been noted in the absence of large thermal
excursions in vivo. Interestingly, Chen and colleagues have utilized high-intensity
focused ultrasound, and its waveform dependent thermal excursions, to rapidly
modulate cellular activity within transient receptor potential cation channel
subfamily V member 1 (TRPV1)-overexpressing neurons deep within the brain;
somewhat similarly, Konofagou and coworkers have shown an ability to stimulate
peripheral nerve in wild-type mice upon exposure to high-intensity focused
ultrasound.?? >* These short-lived excitatory effects were without overt thermal- or
pressure-induced injury. These studies, and others, highlight the importance of
expanding the frequency content explored in future experiments. In addition to
carrier frequency modulation, alternative waveform characteristics such as duty
factor and pulse repetition frequency should be considered.

5. Conclusions

In conclusion, this report serves to develop a generalizable framework that can be
applied to assay pulsed-HPMs, in addition to other RF spectra, in their relevance to
brain injury. It also highlights high-throughput and quantitative techniques to
measure biophysical changes in a reproducible primary cell culture system. Future
work should aim to, more comprehensively, study the temporal characteristics of
cell biology following exposure. Further, techniques to monitor transcriptome and
epigenetics may provide additional insight into novel injury mechanisms and
potential treatment and mitigation strategies for the Warfighter following exposure
to directed energy.
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Appendix. Modeling of Biological Material Coupled to a
Piezoelectric Shaker
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A.1 Introduction

Within this appendix we describe a numerical model of a cell monolayer affixed to
a substrate that is displaced sinusoidally in the vertical direction. Specifically, we
attempt to determine whether there are specific frequencies of oscillation to which
the material may be sensitive.

A.2 Modeling

The monolayer of cells is modeled as a two-dimensional homogeneous isotropic
bulk elastic material. The elastic material parameters used were p = 1 kPa and A =
2 GPa, where p and A are the shear modulus and Lamé’s first parameter,
respectively. For this choice of material properties, the material is nearly
incompressible and has a Poisson ratio of v = 0.49999975. For reference, the
Poisson ratio of an incompressible material is 0.5. Because many finite element
methods for linear elasticity suffer from suboptimal rates of convergence for nearly
incompressible material, care must be taken when selecting a finite element
method.! To overcome this problem, we used a method outlined which is known to
be robust in the case of nearly incompressible materials.

The cell height above the base of the plate is assumed to be between 5 and 10 pm.
We use 5 um for the height throughout these simulations. Since the culture plate
itself is on the order of centimeters (multiple orders of magnitude larger length
scale), a choice was made to use periodic boundary conditions on the lateral sides
(x ==%1) of the domain. Hence, this model is essentially uniaxial, and variations are
only expected in the vertical direction. Sinusoidally varying displacement boundary
conditions are implemented at the base of the plate (y = 0) using an angular
frequency of ®. Finally, the top of the cell monolayer (y = 5) is treated as a free
surface (zero traction boundary condition). A diagram of the model and a coarse
mesh are shown in Fig. A-1. Note that the mesh is only shown for reference, and in
actual calculations a more refined mesh is used.

'Ainsworth M, Parker C. Unlocking the secrets of locking: Finite element analysis in planar linear
elasticity. Comput Methods Appl Mech Eng. 2022;395.

2Arnold DN, Lee JJ. Mixed methods for elastodynamics with weak symmetry. SIAM J Numer Anal.
2014;52:2743-2769.
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Fig. A-1 Model geometry with dimensions used

In total, there are six model parameters that may be adjusted (Table A-1). Three are
material properties including density, shear modulus, and Lamé’s first parameter.
Two are related to the oscillations applied to the base of the model. These include
the angular frequency and amplitude of the sinusoidal oscillations. Lastly, the
height of the biological material (cell monolayer) must be specified. One may also
consider the width of the domain a parameter to be specified, however, because
periodic boundary conditions are used on the lateral sides of the domain, the domain
width does not alter the outcome of the simulations. Another consideration in finite
element modeling is the size of the time step, the number of triangles/quadrilaterals
to use in discretization of the domain, as well as the degree of polynomials used in
the approximation. These topics are not discussed for the sake of brevity. We only
mention that these issues have been considered, and we believe the numerical
results to be sufficiently accurate. Another choice available is the units of
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measurement. For this problem we use microns, nanograms, and milliseconds for
length, mass, and time, respectively. We remark that in this unit of measurement,
pressures are equivalent to the Pascal.

Table A-1 Model parameters used in numerical simulations

Parameter Description Value used Value used
P (SI units) (um-ng-ms)
P Density 1.0 x 103 kg/m* 1.0 x 1073 ng/um?
Shear modulus 1.0 x 10° Pa 1.0 x 10> —2—
pum ms
Lamé parameter 2.0 x 10° Pa 2.0 x 10° —2—
um ms
Angular frequency 46.0 x 10° rad/s 46 rad/ms
o Amplitude of oscillations 5.0x 107 m 0.5 pm
H Cell height 5.0x10°m 5 um

A.3 Results

In this section, we give the results of finite element simulations using the model
parameters presented in Table A-1. The finite element discretization was
implemented using the FEniCS software environment.>

The finite element model was run for 10 us and evaluate the von Mises stress along
the centerline (x = 0) at three different time values, t =1, 5, and 10 ms. From these
data (Figs. A-2A and A-2B) it is apparent that as time increases, stress accumulates
at the base of the plate and decreases linearly to the top surface. Heuristic reasoning,
assuming the material is perfectly incompressible, that is, A — oo, based on
separation of variables and D’Alembert’s solution to the one-dimensional wave
equation suggests that the stress behaves like

a~%t(ﬂ —y) (A-1)

To verify that this is a consequence of the near incompressibility of the biological
material, the simulation was performed again with a Lam¢ parameter from A = 2
GPa to A = 2 kPa. These data illustrate that the stress no longer grows linearly in
space and time (Figs. A-3A and A-2B) as suggested by (Eq. A-1), rather, von Mises
stress shows a more complex behavior that is similar across different values in time.
We see a continuous contraction and relaxation of the stress, as one would expect
from an elastic solid being sinusoidally displaced. These results should be
compared to those presented in Fig. A-2B, which shows that stress increases quasi-
linearly in time.

3 Langtangen HP, Logg A. Solving PDEs in python. Springer; 2017.

18



A. 15 B. 1&-5

o

von Mises stress
von Mises stress
IS

~

0 1 2 3 4 5 0 2 4 6 8 10

y t (ms)

Fig. A-2 A) von Mises stress evaluated at the center line of the model x=0and 0 <y <5 pm
for three different time values with L =2 GPa and B) the stress evaluated at the point (x, y) =
(0, 0) for 0 <t <10 ms.
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Fig. A-3 A) von Mises stress evaluated at the center line of the model x=0and 0 <y <5 pm
for three different time values with A = 2 kPa and B) the stress evaluated at the point (x, y) =
(0, 0) for 0 <t <10 ms.

A.4 Conclusions

For nearly incompressible material, it does not appear that any “special”
frequencies for mechanical insult exist when the insult only involves sinusoidally
varying vertical displacement. Instead, as indicated in Fig. A-2A, the material has
a fairly predictable response. Namely, the faster and higher you shake the material,
the more stress accumulates.
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List of Symbols, Abbreviations, and Acronyms

ANOVA analysis of variance

DIV days in vitro

GFAP glial fibrillary acidic protein
HPM high-powered microwave

MAE microwave-auditory effect
MAP2 microtubule-associated protein 2
PAS piezoelectric acoustic shaker
PBS phosphate-buffered saline

PI propidium iodide

RF radiofrequency

RFU relative fluorescence units

SD standard deviation

TRPV1 transient receptor potential cation channel subfamily V member 1
TTX tetrodotoxin
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