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Abstract
Mild traumatic brain injury (mTBI) is prevalent in contact sports. Post injury, microglia in
the central nervous system are known to produce an inflammatory response. Moreover, with
repeated injuries, chronic inflammation may be sustained, which is detrimental to the host. This
study focuses on the signaling pathways that are activated with brain injury-induced injury. We
hypothesize that mechanical stretch activates inflammatory signaling pathways in microglia.
This experiment utilized impulse, cyclic, and sham-stretch conditions in the presence or
absence of the mechanosensitive channel inhibitor GSMTx4. Afterwards, the cell lysate was
collected, and the samples were analyzed by a Luminex multiplexed ELISA to determine if there
was a change in protein phosphorylation across 27 phosphoproteins in three main signaling
pathways: Akt, MAPK, and NFkB. My data showed that GSMTx4 had little impact on
phosphorylation, but it did increase the expression of the Akt pathway proteins. Nonetheless,
the minimal role GSMTx4 played in the measured phospho-protein signaling pathways at acute
timepoints could imply that Piezo1 does not play a direct role in acute pathway activation. Of
note, however, a control 20% cyclic stretch resulted in an upregulation in phosphorylation in all
signaling pathways. As such, future studies will include GSMTx4-treated BV2 microglia that
undergo cyclic stretch at varying degrees. Clinically, this data is useful in understanding how
sustained injury can force the progression of neurodegenerative diseases.

1. Introduction
Mild traumatic brain injury can occur as a result of a strong impact to the head, which is
common in contact sports such as American football, and it can worsen with repeated impacts.
It has been shown that certain cells in the central nervous system, such as microglia, can
produce an inflammatory response that can protect the brain from the injury (Sankar et al.,
2019). However, a sustained inflammatory response can also lead to the overexpression of
certain proteins and toxic molecules, which may be detrimental for the brain tissues, and thus
the survival of the host, as the host ages (Sochoka et al., 2016). Our research focuses
specifically on glial cells in the central nervous system and the cell signaling cascades that
occur when an inflammatory response is triggered. Cell signaling research is essential for
determining the exact mechanism by which communication among cells works to maintain
tissue homeostasis. These cells must be able to react quickly to their surroundings to
accommodate any changes in the environment that could disrupt cellular homeostasis. Although
we know that immune cells become activated after a traumatic brain injury, the mechanisms by
which they become activated are still unknown (Sankar et al., 2019). As such, this study focuses
mainly on the role of mechanosensitive ion channels, in the cell signaling pathway when brain
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tissue is stretched or injured. Specifically, I hypothesize that there will be more activation of
these channels when a greater force is applied to the brain tissue.
Current research involving glial cells lacks definitive evidence as to how
mechanosensitive ion channels can induce or repress cell signaling to trigger an inflammatory
response after the cells have been stretched. Thus, our research will question specifically how
mechanosensitive ion channels affect the downstream signaling pathways in stretch-activated
microglia. Moreover, we want to determine how the inhibition of mechanosensitive channels
modulates downstream cell signaling, specifically targets GsMTx4 (TRPC1/6 and Piezo1/2)
(GsMTX4, 2022). Prior research indicates that activation of one mechanosensitive ion channel,
Piezo1, modulates downstream signaling in BV2 microglia (Bruno et al., 2021). We hypothesize
that since Piezo1 activation can regulate inflammatory signaling pathways, treating the microglia
with GsMTx4 will demonstrate an ablation of the signaling. This is because the function of
Piezo1 and other mechanosensitive channels are blocked, which prevents the influx of calcium,
thus inhibiting potential signaling cascades throughout the cell (Blythe et al., 2019).
To test my hypothesis, stretch experiments were performed on each of the cell types
with a stretch and sham stretch condition for the 1) vehicle and 2) GsMTx4 treatments along
with a cyclic stretch without GSMTx4. Afterwards, the cells were lysed, or their membranes
broke down, to release the contents from the inside of the cell. The lysate solution was
collected, and multiplexed ELISAs were conducted to determine to what extent the proteins
were phosphorylated. Before molecular analyses could be performed, we conducted a
Bicinchoninic acid (BCA) protein assay to quantify the total concentration of protein in each
sample. Then, we ran a multiplexed enzyme-link immunosorbent assay (ELISA) testing multiple
antibodies simultaneously on the lysed samples. The concentration data that was collected from
the BCA was used to equalize total protein loadings for all samples. We quantified
phosphoproteins from three main inflammatory signaling pathways: Akt, NFkB, and MAPK.
The impact of this research is critical because once we identify downstream signaling
induced by the modulation of mechanosensitive channel, drug therapies can be developed to
regulate the signaling pathway. A unique drug can be synthesized to target each step of the
signaling process to either induce or prevent an inflammatory response in patients suffering
from brain injury-induced pathology. For example, if it is found that mechanosensitive channels
such as Piezo1 activate the ERK and p38 MAPK signaling processes, an overproduction of
cytokines could occur in patients suffering from mTBI, which could lead to synaptic pruning (Ho
et al., 2005). Similarly, TNFalpha can induce neuronal apoptosis in patients with mTBI and
could be overproduced by the downstream signaling effects of Piezo1 (Ho et al., 2005). In
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regard to clinical application, a drug could be developed to inhibit the activation of the ERK and
MAPK pathways in order to reduce this synaptic pruning or to inhibit the production of TNFalpha
and decrease neuronal apoptosis. Moreover, it is important to note that the current research is
being performed in vitro to isolate the signaling pathway from any crosstalk that may occur if the
study was performed in vivo. However, each step of the signaling pathway can play a role in
many other pathways in vivo that are essential in regulating homeostasis and ensuring survival.
Therefore, it is imperative to conduct this research in vivo and trace the many signaling
pathways associated with each protein before developing and administering any drug that can
alter the function of these integral structures.

2. Literature Review
This section highlights the function of microglia in the central nervous system, provides
an overview of the main signaling pathways in the cell, and addresses the current research on
the expression of Piezo1 in microglial cells. There is limited evidence as to how Piezo1
influences the downstream signaling in these cells after damage occurs to the cell, but this
literature review emphasizes some of the results and conclusions from various Piezo1 studies in
the field such as Della Pietra et al. (2020) and Blythe et al. (2019).

2.1 Piezo 1
At present, there is limited data on how Piezo1 impacts cell signaling throughout various
cell types. Piezo1 is a mechanosensitive calcium channel, which means that it responds to
changes in the mechanical environment and controls the influx of calcium. An influx of calcium
can trigger muscle contractions in skeletomuscular cells or can influence a secondary
messenger to initiate a signaling cascade to other proteins in many different cell types. There
seems to be a general agreement in the field that the small molecule Yoda1 is a specific
agonist, or activator of Piezo1 (Dolgorukova et al., 2021; Lacroix et al., 2018; Liu et al., 2020).
Mechanistically, Yoda1 increases the sensitivity of Piezo1 by binding to the agonist transduction
motif, or ATM, region of the channel, which allows Piezo1 to change conformation and react
more strongly to adjustments in the mechanical environment (Della Pietra et al., 2020). This
process tends to increase the influx of calcium into the cell and increase the expression of proinflammatory cytokines such as interleukin-6 in some cell types (Blythe et al., 2019). Moreover,
GSMTx4 is one of the more common inhibitors of Piezo1 utilized in the field. Therefore, in cell
samples containing Piezo1 that are treated with GSMTx4, one expects to see a decrease in
both calcium influx and downstream signaling (Romac et al., 2018). However, GSMTx4 is not
specific to Piezo1 like its agonist Yoda1; instead, GSMTx4 has been known to inhibit multiple
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mechanosensitive channels (TRPC1/6 and Piezo1/2) in various cell types (Li et al., 2019). As a
result, some studies have expanded their research to include other potential nonspecific
inhibitors of Piezo1, such as gadolinium and ruthenium red, or antagonists of Yoda1, such as
Dooku1 (Blythe et al., 2019; dela Paz & Frangos, 2018).

2.2 Microglia and Piezo 1
The role of Piezo1 in microglia is still unclear in the field of central nervous system
immunity. Microglia are glial cells, or support cells for neurons. These cells are generally
thought of as the primary immune cells of the central nervous system. Some studies suggest
that when chronically activated microglia produce a more neurotoxic response, or have a more
detrimental effect on the nervous system, which is common in various neurodegenerative
diseases (Kwon & Koh, 2020). For example, in a study conducted to determine the role of
microglial MAPK signaling, the scientists reported an upregulation in both phosphorylated ERK
(p-ERK) and phosphorylated p38 (p-p38) in AD mice (Chen et al., 2021). Therefore, research
suggests that MAPK activation in microglia results in at least some pro-neuroinflammatory
response to remove foreign material and return the body to homeostasis or a neurotoxic
response when chronically activated. Other studies have found that microglia have the
downstream effect of increasing the production of proinflammatory cytokines, such as
interleukins, that promote the formation of plaques and tangles that are common in Alzheimer’s
Disease, which further triggers a proinflammatory response (Heneka et al., 2015; Zhang et al.,
2021; Hansen et al., 2017). However, more scientists in the field are acknowledging that these
glial cells could be responding on a spectrum. As such, it is possible that in certain chronicactivation situations, microglia can have a neuroprotective response, but more data is still
needed to confirm this hypothesis (Kwon & Koh, 2020).

2.3 Cell Signaling Pathways
Some inflammatory signaling pathways studied in microglia are the Akt, MAPK, and NFkB
pathways. Akt, also known as protein kinase B, is involved in various cell functions, such as cell
survival in microglia (Nitulescu et al., 2018). This process occurs by reducing the activation of
proteins that trigger apoptosis (Nitulescu et al., 2018). Regarding GSMTx4, one study indicated
that this inhibitor of Piezo1 did not inhibit activation of the Akt pathway in human coronary artery
endothelial cells after pretreatment with Yoda1 (dela Paz & Frangos, 2018). However, even
more nonspecific inhibitors, such as ruthenium red and gadolinium, both contributed to a
decrease in signaling of the Akt pathway in these cell types after the pathway had been
activated by Yoda1 (dela Paz & Frangos, 2018). Another study, however, found that under a
hypoxic condition, GSMTx4 prevented activation of the Akt pathway (Suchyna, 2017). Although
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these studies found contradictory results in similar cell types, neither study utilized cells in the
central nervous system, so further research is needed to understand the role of GSMTx4 and
Piezo1 on the Akt pathway in glial cells.
The mitogen-activated protein kinase (MAPK) pathway was the next signaling pathway
tested. The main pathways that derive from MAPK in immune cells such as microglia are the
ERK, JNK, and p38 pathways, and they function to increase the production of inflammatory
cytokines such as various interleukins and tumor necrosis factor alpha, TNFa (Soares-Silva et
al., 2016). Although MAPK tends to have a pro-inflammatory response, the ERK pathway has
been known to stimulate the production of interleukin-10 (IL-10), which is an anti-inflammatory
cytokine that reduces the damage to the tissue that generally occurs with inflammation (SoaresSilva et al., 2016). As such, depending on cross-talk that occurs in vivo, the MAPK signaling
pathway can result in countering effects on inflammation and the immune response within a cell.
Regarding the activation of MAPK and GSMTx4, one study found that when the periodontal
ligament cell was treated with the inhibitor, there was no significant change in the
phosphorylation of the proteins involved in the ERK sub-pathway (Shen et al., 2020). However,
a significant reduction in phosphorylation in the ERK pathway was observed when GSMTx4 was
applied after glycogen synthase kinase underwent phosphorylation (Shen et al., 2020). This
finding may demonstrate how a modulatory factor is needed before GSMTx4 can inhibit part of
the MAPK pathway.
Furthermore, nuclear factor-kappaB (NFkB) is a signaling pathway that is also activated
during an immune response. This pathway tends to trigger a pro-inflammatory response,
including the transcription of pro-inflammatory cytokines (Liu et al., 2017). NFkB can also result
in proteins that regulate the cell cycle and proteins that promote cell survival by reducing
apoptosis (Liu et al., 2017). In relation to the role of NFkB in microglia, NFkB can amplify the
inflammatory response that microglia undergo after injury because this pathway is proinflammatory (Dresselhaus & Meffert, 2019). Yet, there is some speculation that in a healthy
brain, microglial NFkB downregulates excess excitability of neurons (Dresselhaus & Meffert,
2019).
Currently, the research field surrounding the role of Piezo1 in various brain cells is lacking
substantive evidence as to how exactly the signaling pathways are influenced when Piezo1 is
activated or inhibited. As such, the research we will be conducting will focus on the downstream
effects of mechanosensitive ion channels such as Piezo1 on protein phosphorylation. As
mentioned before, once the signaling pathway is recognized and understood, targeted drug
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therapies can be developed to modulate the downstream signaling to either induce or prevent
an inflammatory response in patients suffering from various brain injury-induced pathology.

3. Materials and Methods
To understand how GSMTx4 can alter the microglial response after mechanical injury, a
stretch experiment was developed to model the strain involved in mild traumatic brain injury in
vitro. Techniques such as a BCA and an ELISA were then conducted to determine if there was
any change in phosphorylation of previously established inflammatory proteins.

3.1 BV2 Microglia
The BV2 cells are immortalized microglia derived from C57/BL6 mice whose “metabolic
and proliferation rate” is significantly faster than that of other microglia (BV-2, 2022). These cells
were kept in a cryogenic tank until needed for experimentation. The cells were cultured on PDLcoated PDMS stretchable membranes. The BV2 microglia were cultured in medium containing
DMEM/F12, 5% heat inactivated (HI) fetal bovine serum (FBS), 5% HI horse serum (HS) 1%
antibiotic/antimycotic (A/A).

3.2 Sterilization
40 PDMS stretchable membrane wells were first sterilized with trypsin-EDTA for four
hours. Afterwards, the wells were rinsed with sterile water and kept under ultraviolet light for one
hour and then plasma treated immediately following the UV treatment. The wells were rinsed
once again with sterile water for 30 minutes. Prior to overnight incubation, the wells were
aspirated, and 1ml of 0.1g/ml PDL was added to each well and placed in the 37C incubator. The
following day, the stretch wells were rinsed with sterile water, and 2ml of culture medium was
pipetted into each well and incubated overnight at 37C.

3.3 Cell seeding
For microglia cell seeding, 50,000 BV2 cells were needed per well. Each 0.5ml aliquot of
suspended BV2 cells contained 106 cells, so 1 aliquot of BV2 cells (with a total concentration of
2*106 cells) was pipetted into 40ml warm culture medium. 1ml of culture medium and 1ml of the
cell suspense were placed in each stretch well and incubated overnight. Once 70% confluency
was reached, which occurred approximately 3 days after seeding, the cells were prepared for
stretching. Confluency was assessed under a microscope, and any contaminated wells were
bleached and removed from the experiment.

3.4 Stretch experiment- BV2 and Piezo1
The remaining wells were randomly assigned to one of two conditions under stretch,
sham stretch, or cyclic stretch: control or 5µM GSMTx4 (Selleck Chemicals). Stretch conditions
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had a 20% impulse strain at a 25/second strain rate. The cyclic stretch only took place for the
control condition, and this occurred at a 20% impulse with a frequency of 1 Hz for 5 seconds. All
conditions occurred at an acute 15-minute timepoint. For all the samples, the culture medium
was aspirated, replaced with 1ml warm DMEM/F12 (Thermo Fisher), and returned to the
incubator for 25 minutes. After this time passed, pre-treatment was added to the DMEM. For the
inhibition condition, 5 µl of 1mM GsMTx4 was added to sterile water and pipetted into the
stretch wells to get 5 µM in 1ml DMEM. After the pre-treatment, the wells were returned to the
incubator for 5 more minutes.
The stretch/no-stretch trials were then conducted. For the stretch conditions, the medium
was temporarily removed. The MotionLab software was utilized to apply a 10% impulse strain at
a 25/sec strain rate. For the cyclic stretch condition, the MotionLab software was used to apply
4 complete oscillations to simulate a complex injury model. After stretching, the culture medium
was reintroduced into the well along with 110 µl of 1:1 HI FBS and HI HS, and the well was
returned to the incubator. For the sham stretch conditions, the culture medium was removed
from the well temporarily, and then returned to the well to mimic the removal of the medium that
occurred in the stretch condition. 110 µl of 1:1 HI FBS and HI HS were also added to the well,
and the well was returned to the incubator. 15 minutes after the stretch/no-stretch trial was run,
the wells were removed from the incubator, and the medium was aspirated. The lysate from
each well was collected according to the following protocol and labeled: the well was aspirated,
and 1ml of PBS kept on ice was added to the well. After aspirating the well again, 100 µl of lysis
buffer was pipetted into the well. A scraper was utilized to scrape the well. Following this, the
lysate was collected in an Eppendorf tube and labeled with the sample name. This process was
repeated for each well containing samples. Afterwards, the tubes were oscillated for 20 min at
4C and spun down at 13,000rpm for 10 min at 4C. The supernatant from each tube was
collected in a separate Eppendorf, and these samples were stored a -80C.

3.5 Bicinchoninic Acid Assay analyses of isolated cell cultures
The Bicinchoninic acid assay was conducted on the frozen lysate samples to determine
the total concentration of protein in each sample. This assay is designed to cause a chemical
reaction between the bicinchoninic acid and the peptide bonds in the samples (Brady et al.,
2015). Peptide bonds are amide bonds, which contain a nitrogen bonded to a carbonyl group,
and these bonds are used to hold long strings of proteins together. The BCA solution also
contains copper, which undergoes a color change from green to purple as more peptide bonds
are encountered in a sample. Therefore, darker purple samples can be considered to have a
greater concentration of proteins.
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All of the lysates were gathered in microcentrifuge tubes on ice. While they were
thawing, a 96-well Fisher plate was prepared according to the plate map in Table 3.1.
Table 3.1 BCA plate map
1-2

3-4

5-6

7-8

9-10

A

Std: 0
PBS: 2.0 ul

A1: 2.0 ul

B4

D2

E5

B

Std: 0.1 ul
PBS: 1.9 ul

A2

B5

D3

C

Std: 0.2 ul
PBS: 1.8 ul

A3

C1

D4

D

Std: 0.25 ul A4
PBS: 1.75 ul

C2

D5

E

Std: 0.5 ul
PBS: 1.5 ul

A5

C3

E1

F

Std: 0.75 ul B1
PBS: 1.25 ul

C4

E2

G

Std: 1.0 ul
PBS: 1.0 ul

B2

C5

E3

H

Std: 2.0 ul
PBS: 0 ul

B3

D1

E4

Table 3.1 The table above shows the plate layout for the 96-well Fisher plate utilized for the BCA. The numbers at the top represent the
column number while the letters on the left are the rows. ”Std” symbolizes the standard BCA solution, also known as BSA, that was used to
create the standard curve. Phosphate-buffered saline was also used to dilute the BSA in the standard curve. The rest of the table contains
the exact sample number (ie A1, B4, etc.) that was pipetted into each well. Each well contained a total or 2.0ul.

100 µl phosphate-buffered saline (PBS) was pipetted into each well. The first two
columns of the Fisher plate were utilized as the standard to ensure that the concentrations of
samples fell within the range of the standard concentrations. The standard concentrations
ranged from 0-2µl of 2µg/µl bovine serum albumin (BSA). A total of 2µl of BSA + PBS or 2µl of
sample was placed into each separate well, and the well plate map was updated accordingly.
Finally, 100µl of BCA solution at a ratio of 10ml Reagent A (Thermo Scientific Pierce BCA
Protein Assay Kit) to 200µl Reagent B (Thermo Scientific Pierce BCA Protein Assay Kit) was
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pipetted into both the standard and sample wells. The plate was sealed with a plate sealer,
wrapped in aluminum foil because the assay is light sensitive, and kept in the 37C incubator for
15-30 minutes while the plate reader was being set up. After this time, the 96-well plate (Fisher
brand) was placed in the plate reader without the foil and sealant. The absorbance levels were
outputted. The absorbance is measured at a wavelength of 562 nm, and a standard curve is
calculated using the standard solution wells. Afterwards, the protein concentrations in each
sample are interpolated within the curve. The BCA analysis outputs the total protein
concentration, and then these concentrations are used to determine the loading mass for the
ELISA.

3.6 Sample dilutions
The absorbances from the BCA were inputted in a BCA analysis template to determine
the total concentration of protein in each sample. The lowest protein concentration was used as
a benchmark. The proteins analyzed all have a concentration of 0.25 µg/µl, and the linear range
for the sample loading includes 1µg of the sample. As such, for the sample dilutions, 0.125µg/µl,
was used, which is a scale factor of 0.25 µg/µl. The amount of PBS was variable, and the excel
sheet populated the volume of sample needed. It was imperative that the total volume (PBS +
sample) was at least 80 µl to ensure there was enough sample to conduct various analyses. It
was also important that the sample volume that was calculated was less than 70 µl because the
stock solution volume was only around 80 µl. As such, the samples were separated into groups:
samples A1, A3, and B4 contained 40 µl of PBS. Sample A2 contained only 13 µl PBS while the
remaining samples contained 70 µl PBS. All of the sample dilutions were created in a separate
96-well plate, and the final well contained 80 µl of lysis buffer to ensure that the protein
concentrations were above the baseline of the lysis buffer. The plate was stored in the -80C
freezer. The plate layout is depicted below in Table 3.2.
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Table 3.2 Sample dilutions plate map
1

2

3

4

5

A

A1

A2

A3

A4

A5

B

B1

B2

B3

B4

B5

C

C1

C2

C3

C4

C5

D

D1

D2

D3

D4

D5

E

E1

E2

E3

E4

E5

F

Lysis
buffer

Table 3.2 The table above depicts the plate layout for the 96-well Fisher plate prepared for the sample dilutions. The numbers at the top
represent the column number while the letters on the left are the rows. Each square on the table indicates which sample was pipetted into
that well. Each well has a sample that was diluted to 0.125µg/µl in PBS, and each well contains at least 80µl of solution to ensure ample
product for any further analyses. The lysis buffer was used as the control.

3.7 Multiplex enzyme-linked immunosorbent assay (ELISA) Luminex analysis of
isolated cell cultures
After the samples were diluted, a multiplex enzyme-linked immunosorbent assay
(ELISA) was conducted. The ELISA method used in this study, a Luminex multiplex, makes use
of antibody-conjugated magnetic beads, biotin-conjugated detection antibodies, and
streptavidin-conjugated phycoerythrin, which emit red and green fluorescence (duPont et al.,
2005). The two fluorescent levels can be measured, and the Luminex machine outputs how
much of a certain protein is present in a sample. For the Akt protein Luminex, a 96-well Luminex
plate was obtained and rinsed with 150µl of 0.1% phosphate-buffered saline with tween (PBST)
for 10 minutes. The plate was then decanted to remove any residual PBST. The 20x bead stock
solution was diluted in assay buffer to create a 1x bead solution. Specifically, 9.5µl of beads
were diluted in 180.5µl of assay buffer. 6.25µl of the 1x bead solution was pipetted into each
well. Afterwards, 14.8µl of assay buffer and 4µl (from a concentration of 0.125µg/µl to load 0.5
µg) sample were added to each well. An assay buffer control was also created in one of the
wells to ensure that all the samples were higher than the baseline. The plate was covered with a
plate sealant and wrapped in aluminum foil. The plate was shaken at room temperature at a rate
of 750 rpm.
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The next day, the plate was unwrapped and attached to the magnetic plate. The plate
was washed 2x in 0.1% PBST, which included the following procedures: magnetic plate for 2
min, decant, add 100µl PBST, shake for 30 seconds. Afterwards, 12.5µl of 0.5x detection
antibody in assay buffer was placed in each well. Specifically, 9.375µl of 20x detection antibody
was diluted in 366µl assay buffer. The sealant and foil were reapplied, and the plate was
shaken for 1 hour at room temperature at 750 rpm. The plate was attached to the magnetic
plate and decanted after 2 minutes. Following this, 12.5µl of 0.5x streptavidin-phycoerythrin
(SAPE) in assay buffer (7.5µl 25x SAPE in 367.5µl assay buffer) was added to each well. The
sealant and foil were placed again, and the plate was shaken for 15 minutes at room
temperature at 750 rpm, but the plate was not decanted. 12.5µl of 0.5x amplification buffer (1:1
ratio of assay buffer and amplification buffer; 187.5µl each) was added to each well, and the
plate was covered with sealant and foil to be shaken at 750 rpm at room temperature for 15
minutes. The 96-well plate was attached to the magnetic plate for 2 minutes and decanted. To
be read by the Luminex machine, the plate was re-suspended in 75µl of drive fluid per well and
shaken for 5 minutes while the Luminex was being set up. This method outputted the counts of
various Akt phospho-proteins to later be graphed for linearity and analyzed.
The day 1 and 2 procedures were repeated for the MAPK kit and NFkB kit. The only
difference was that only 0.25µg of sample was loaded for MAPK, so 2µl of sample were used.
For NFkB, 1.25µg of sample was loaded, so 5µl of sample was necessary in each well for this
plate. Table 3.3 depicts the plate layout for the Akt, MAPK, and NFkB kits including both
backgrounds: lysis buffer and assay buffer.
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Table 3.3 Plate map for Akt, MAPK, and NFkB Luminex
Plate

1

2

3

4

5

A

A1

A2

A3

A4

A5

B

B1

B2

B3

B4

B5

C

C1

C2

C3

C4

C5

D

D1

D2

D3

D4

D5

E

E1

E2

E3

E4

E5

F

lysis

assay

Table 3.3 The table above shows the plate layout for the 96-well plate utilized for the Luminex. The numbers at the top represent the column
number while the letters on the left are the rows. The exact plate layout was used for the Akt, MAPK, and NFkB kits. The exact sample in
each well is listed in the table above. The amount of sample loaded into each well depended on which concentration fell within the linear
range of the various kits. The lysis buffer and assay buffer were used as background/control data.

4. Results
To determine whether there was a significant change in the presence of inflammatory
proteins after stretch in BV2 microglia, the BCA data was first analyzed. It was determined that
all the total protein concentration levels fell within the standard curve with the lowest
concentration reaching about 0.149µg/µl as presented in Figure 4.1.
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2.5

Protein concnetration (ug/ul)

BCA Analysis of BV2 samples post stretch
2

y = 5.2018x - 0.5223
R² = 0.9879

1.5

Standard Curve

1

Measured Data

0.5
0
0

0.1

0.2

0.3

0.4

0.5

-0.5
Average absorbances
Figure 4.1 The above figure demonstrates the BCA analysis for the BV2 samples after they were stretched. The standard curve contained
the BSA, which is the BCA standard solution, and it ranged from 0µl to 2µl. The x-axis represents the average absorbance l levels for each
sample, and the y-axis represents the protein concentration in µg/µl. The R2 value was 0.9879, so the data can be assumed to be linear. The
standard curve concentrations were selected to encompass the range of expected concentration values of the samples, estimated from prior
experience. The proteins did, in fact, fall between 0 and 2ul, which is indicated in the graph above.

Using the standard curve, sample dilutions were calculated based on the actual protein
concentrations in each sample. It was concluded that 0.125µg/µl would be loaded in each well
to standardize the concentration of each sample. The stock solutions for each sample were
diluted in PBS to reach the standard concentration. After the samples were diluted to 0.125
µg/µl, previously-established linear range diagrams were evaluated, and we determined that the
optimal loading for the MAPK Luminex kit is 0.25µg (2µl) of each sample because this protein
loading falls within a linear section of the graph (Brothers et al., 2022). The MAPK linear range
chart is depicted in Figure 4.2.
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Linear range for MAPK phosphoproteins

Figure 4.2 The above graphs show the linear range for the phosphoproteins in the MAPK pathway. Using the linear range, it was decided
that 0.25µg of each sample with a 0.125µg/µl concentration would be loaded in each well in the MAPK plate because this mass falls within a
linear section on the above graphs for each phosphoprotein.

Similarly, 0.5µg (4µl) and 0.6125µg (5µl) of sample were loaded for the Akt and NFkB
plates, respectively, and the linear ranges for these are shown in Figures 4.3 and 4.4 (Brothers
et al., 2022).
Linear range for Akt phosphoproteins
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Figure 4.3 The above graphs show the linear range for the phosphoproteins in the Akt pathway. Using the linear range, it was decided that
0.5µg of each sample with a 0.125µg/µl concentration would be loaded in each well in the Akt plate because this mass falls within a linear
section on the above graphs for each phosphoprotein. However, because the data for IGF1R was not linear, any analysis of this
phosphoprotein was not considered.

Linear range for NFkB phosphoproteins

Figure 4.4 The above graphs show the linear range for the phosphoproteins in the NFkB pathway. Using the linear range, it was decided that
0.6125µg of each sample with a 0.125µg/µl concentration would be loaded in each well in the NFkB plate because this mass falls within a
linear section on the above graphs for each phosphoprotein. However, because the data for pFADD and c-Myc were not linear, any analysis
of these phosphoproteins was not considered.
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4.1 Akt expression is upregulated with the GSMTx4 stretch treatment
The first Akt kit used in this experiment was to determine the total expression of
unphosphorylated proteins within the Akt pathway. We observed an upregulation in Akt
expression in the GSMTx4 stretch condition when compared to either the GSMTx4 sham stretch
condition or the control sham stretch condition, which is shown in Figure 4.5.
Akt expression heatmap

Figure 4.5 illustrates the change in expression of the Akt proteins. Stark upregulation is depicted in dark red while downregulation is depicted
in dark blue. The labels on the x-axis name the proteins in each pathway while the y-axis has the experimental conditions.

This observation is supported by multiple Akt proteins such as 1) IR, which is
significantly upregulated in GSMTx4 stretch versus both control stretch and GSMTx4 sham
stretch 2) IRS1, which has the same significant groups as IR 3) p70S6K, which is significantly
upregulated between the control stretch and GSMTx4 stretch 4) RPS6 and 5) TSC2 in which
both RPS6 and TSC2 have the same significant treatment groups as p70S6K (p < 0.05,
pairwise t-test). This data is summarized in the Akt protein error plots in Figure 4.6.
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Akt protein expression error plots
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Figure 4.6 shows the error plots for the various Akt pathway proteins. A one-way ANOVA with post-hoc was conducted to test significance. A
single asterisk (*) indicates significance with a p-value of 0.05 while (**) indicates significance at a p-value of p=0.001. Comparisons between
groups that were not significant were not included. The x-axis labels the experimental groups while the y-axis emphasizes the intensity of
fluorescence that was outputted by the Luminex.

4.2 There are no changes in Akt protein phosphorylation with GSMTx4.
Compared to the control sham stretch and control stretch conditions, we observed no
significant changes in Akt phosphorylation with GSMTx4. Although insignificant, we saw a
trending decrease in activation of Akt in the control and a trending increase with GSMTx4 sham
stretch (Figure 4.7).
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Akt, MAPK, and NFkB phosphorylation heatmap
MAPK
NFkB
Akt

Figure 4.7 illustrates the change in activation of the Akt, MAPK, and NFkB proteins. The Akt phosphoproteins are represented in pink, while
MAPK is in green and NFkB is light blue. Stark upregulation is depicted in dark red while downregulation is depicted in dark blue. The labels
on the x-axis name the proteins in each pathway while the y-axis has the experimental conditions.

4.3 There is a trending increase in Akt pathway activation after a 20% cyclic
stretch.
Surprisingly, there is a trending increase in phosphorylation of Akt proteins after the
control cyclic stretch, which is demonstrated in Figure 4.7. However, we observed no
upregulation in Akt expression after a cyclic stretch, which is demonstrated in Figure 4.5. Yet,
this data may not be significant because the individual Akt phosphoproteins do not appear to

20

have any significant relationships between the control stretch and cyclic stretch or even the
control sham stretch and cyclic stretch (Figure 4.8).

Akt protein phosphorylation error plots

21

Figure 4.8 shows the error plots for the various Akt pathway proteins. A one-way ANOVA with post-hoc was conducted to test significance.
Comparisons between groups that were not significant were not included. The x-axis labels the experimental groups while the y-axis
emphasizes the intensity of fluorescence that was outputted by the Luminex. It is unclear as to what the N/A condition is referring to.

4.4 MAPK pathway activation shows a trending increase in the 20% cyclic stretch
in BV2 microglia.
Upon analysis of the heatmap highlighted in Figure 4.7, there are trending increases in
MAPK activation in the control sham stretch treatment. After the control cyclic stretch was
applied, there was still an upregulation in these proteins. However, none of the proteins showed
a significant increase in fluorescent activity following the Luminex procedure. The plots for the
MAPK proteins are presented in Figure 4.9.
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MAPK protein phosphorylation error plots
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Figure 4.9 shows the error plots for the various MAPK pathway phosphoproteins. A one-way ANOVA with post-hoc was conducted to test
significance. A single asterisk (*) indicates significance with a p-value of 0.05. Comparisons between groups that were not significant were
not included. Only the pStat1 protein had a significant difference between the control sham stretch and control stretch conditions. The x-axis
labels the experimental groups while the y-axis emphasizes the intensity of fluorescence that was outputted by the Luminex.

4.5 Stat1 phosphorylation is downregulated in control impulse stretch.
As portrayed in Figure 4.7, MAPK protein phosphorylation seems to decrease after 20%
stretch relative to the sham stretch samples. However, this observation does not hold true for
the cyclic stretch as there are still some trials that tend to show a lack of downregulation
between the control sham stretch condition and the control cyclic stretch condition. Although the
heatmap suggests a trending decrease in activation between the control sham stretch and
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control stretch condition across all MAPK phosphoproteins, only the pStat1 protein produces a
significant difference in activation, which is visualized in Figure 4.9.

4.6 NFkB demonstrates increased activation after 20% cyclic stretch.
In regard to the NFkB pathway, there was very little change in activation patterns among
the treatment groups although there is a trending increase in the GSMTx4 sham stretch
condition (Figure 4.7). The one exception to this rule would be that there was a significant
increase in the phosphorylation of NFkB between the control sham stretch and control cyclic
stretch conditions as well as between the control impulse stretch and control cyclic stretch.
(Figure 4.10).

NFkB protein phosphorylation error plots

Figure 4.10 shows the error plots for the various NFkB pathway phosphoproteins. A one-way ANOVA with post-hoc was conducted to test
significance. A single asterisk (*) indicates significance with a p-value of 0.05 while (**) indicates significance at a p-value of p=0.001.
Comparisons between groups that were not significant were not included. Only the pNF-kappaB protein had a significant difference between
some of the groups, notably the control sham stretch and control cyclic stretch conditions as well as the control stretch and control cyclic
stretch groups. The x-axis labels the experimental groups while the y-axis emphasizes the intensity of fluorescence that was outputted by the
Luminex.
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5. Discussion
Upon analysis of the figures, GSMTx4 does not seem to affect the activation of the Akt
or NFkB pathways at acute timepoints after stretch, but this inhibitor could play a role in
modulating the MAPK pathway. Moreover, surprisingly, there is strong evidence a cyclic stretch,
rather than an impulse stretch, results in a trending increase in activation of the Akt and NFkB
signaling pathways. This could suggest that a complex injury is necessary to trigger the
activation of the aforementioned signaling pathways.

5.1 Akt modulation in the presence of GSMTx4
As presented in both the heatmap (Figure 4.5) and the error plots (Figure 4.6), Akt
expression, but not activation, is increased by GSMTx4. More specifically, Akt protein
expression is upregulated only under the stretch condition in the presence of GSMTx4, not
under the sham stretch condition. Thus, it can be inferred that an impulse injury is necessary
along with the inhibition of the mechanosensitive Piezo1 channel by GSMTx4 to increase the
expression of the Akt proteins. Piezo1 in microglia has been shown to increase the expression
of pro-inflammatory cytokines in microglia through calcium influx and secondary signaling after
injury to the cell (Blythe et al., 2019). Therefore, it is possible that inhibiting Piezo1 with
GSMTx4 encourages an overexpression of Akt proteins that function to support the microglia.
This could be to accommodate for the lack of pro-inflammatory cytokine production due to the
Piezo1 inhibition. Although the current study did not measure how Akt expression changed in
the presence of a cyclic stretch with GSMTx4 treatment, the data from this theoretical trial could
demonstrate if Akt expression is also upregulated with complex injury. We hypothesize that just
as in the impulse stretch and GSMTx4, there will be an upregulation in Akt expression with
GSMTx4 treatment and the cyclic stretch.
In addition, as mentioned above, Akt phosphorylation was not changed by the presence
GSMTx4. Although there is limited research in the field regarding Akt phosphorylation and
GSMTx4 in microglia, previous studies have suggested that GSMTx4 does not modulate Akt
activation. For example, dela Paz & Frangos (2018) found that in human coronary artery
endothelial cells pretreated with Yoda1, Akt phosphorylation was not changed after being
treated with GSMTx4. Similarly, under a hypoxic condition of cardiomyocytes, GSMTx4 did not
result in the upregulation of Akt phosphorylation even though Akt is functionally found to
promote the survival cells (Suchyna, 2018). Both studies support the current research of the
minimal effect of GSMTx4 on Akt. As such, it may be worth exploring a different Piezo1 inhibitor
to assess whether Akt phosphorylation is even activated by Piezo1 channel activity. However, it
is worth noting that in the present study, the Akt phosphorylation data was collected from a
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Luminex assay with a verification level of 5% error instead of the accepted 2% error due to
technical issues.

5.2 MAPK modulation under stretch and in the presence of GSMTx4
The heatmap in Figure 4.7 depicts a decrease in activation between the sham stretch
and stretch conditions, but there was no change in activation pattern between the sham stretch
and cyclic stretch conditions. This could be due to the variation in strain rate between how the
two stretches were applied, but further research is needed to test this hypothesis. However, this
data may not be significant because the error plots do not show any significant changes in
individual proteins between the control sham stretch and control stretch conditions. In contrast,
the literature does not support the that a downregulation occurs after stretch. For example, one
study tested how knockout of p38-alpha affects microglial activation. It was found that wild-type
mice tended to see an upregulation in activation of the microglia after diffuse TBI while
mutagenic mice did not see the same upregulation (Bachstetter et al., 2013). Another study
indicated that ablation of p38-alpha in microglia, which could parallel the stretch condition with
mTBI strain parameters in our study, resulted in “exacerbated experimental autoimmune
encephalomyelitis” in male mice (McGill et al., 2021). Both studies conclude that after some
injury, there is an upregulation in inflammatory activation of the microglia, which, once again, is
the opposite result of what we found in our study. As such, the experiment should be repeated
to see if the results are consistent with the literature or with the current study.
After analyzing the heatmap in Figure 4.7, we observed a trending decrease in
phosphorylation in the MAPK pathway from the sham condition to the GSMTx4 sham condition.
This result could indicate that with the addition of GSMTx4, there is possibly a trending
decrease in MAPK activation. However, this data may not be significant because the error plots
do not show any significant changes in individual protein between the sham and GSMTx4 sham
conditions. In a study aiming to understand the effects of Piezo1 on periodontal ligament cells
(PDLCs), the researchers observed one specific protein in the MAPK pathway, ERK1/2.
According to the data, after treatment with GSMTx4, there was no notable change in
phosphorylation of ERK1/2 (Shen et al., 2020). On the other hand, JNK3, MAPK kinase 3, and
MAPK kinase 6 all had an upregulation in phosphorylation after the inhibition of Piezo1 (Shen et
al., 2020). This data could indicate that without Piezo1 resulting in an influx of calcium to trigger
the release of pro-inflammatory cytokines, the MAPK pathway is upregulated to increase the
production of the necessary pro-inflammatory proteins. Our research contradicts this study, so
further research is needed to definitively corroborate or contradict the established literature.
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5.3 The impact of cyclic stretch on signaling pathways
One of the most surprising results from this experiment was that the 20% cyclic stretch
induced a trending increase in activation in the Akt and NFkB pathways. The cyclic stretch was
included as a condition because it was thought that this type of mechanical stimulation could
represent a more complex injury that occurs when an organism encounters an mTBI. One study
in the field indicates that there is increased phosphorylation in the Akt pathway along with in p38
and ERK1/2 at a 15% cyclic stretch but a significant downregulation of phosphorylation for the
same proteins at a 20% cyclic stretch. Both stretches were applied at 0.5 Hz for 6 hours and
then analyzed 24 hours after the stretch ended (Fu et al., 2018). Likewise, another study
observed the effects of a 10% cyclic stretch in adult rat cardiomyocytes on the NFkB, Akt, and
MAPK pathways. This study concluded that this 10% stretch does, in fact, phosphorylate
proteins in all three pathways, specifically NFkB, ERK1/2, and Akt, respectively (Leychenko et
al., 2011).
Since there are contradicting conclusions between what has been established in the
literature and what was found in this study, it may be worthwhile to repeat the experiment with
varying degrees of stretch to see if there is an upregulation at lower percentages and a
downregulation at higher percentages. It is reasonable to hypothesize that a stronger stretch
would elicit increased activation of inflammatory proteins, but it is possible that after a certain
threshold, there is a change in the expected activation patterns, but more research is needed to
confirm this hypothesis. Moreover, as mentioned before, this study only tested the effect of a
control cyclic stretch without considering the modulation that could occur by GSMTx4.
Subsequent experimental designs should include cell treatment with GSMTx4 prior to a cyclic
stretch.

5.4 Future Directions
The results from this study are important in expanding our understanding of the
underlying biology of inflammation in microglia. The results from this study also have
implications in drug design because a pharmacological agent can be developed or existing
drugs can be improved upon to combat the cyclic stretch that triggers the signaling cascade in
the inflammatory MAPK and NFkB pathways. This could help prevent chronic microglial
activation that has been known to accelerate the progression of brain injury-induced pathology.
However, this study is limited by the fact that it was conducted in vitro. Therefore, the
experiment does not account for cross talk such as the effect of neuron signaling on cytokine
phosphorylation. Another important limitation is that there is little prior research to support the
theory that the cyclic stretch is a complex injury modal that simulates mild traumatic brain injury
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(mTBI). Future studies should first establish exactly how a stretch condition represents a realworld injury before conducting the experiment. Another future direction could be repeating the
experiment using a mouse model that has undergone mTBI, which could help account for
crosstalk. We are unsure how the brain tissue could be removed quickly enough from the
mouse to measure acute signaling, but it is possible that the in vivo study could instead
measure chronic injury to understand if there is a regression to baseline after giving the tissue
ample time to assess and recover from the damages that occurred due to the mTBI Finally, in
regard to Piezo1-mediated activation of the signaling pathways, it may be necessary to either
treat the cells with another Piezo1 inhibitor or apply the impulse stretch for a longer time period.

Conclusion
All in all, the activation of the signaling pathways through cyclic stretch indicates the
need to further study how a complex injury of the microglia stimulates the activation of various
inflammatory pathways. This data can be applied to real-world injuries, such as concussions,
and increased activation of specific phosphoproteins over long periods of time may indicate
chronic inflammation that resulted due to the injury. Acute treatment should aim to reduce the
activation of signaling pathways to avoid any neurotoxic side effects.
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