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ABSTRACT
Concussion is a condition in which the brain undergoes stresses both during and after the
initial insult. Mechanoporation of neuronal cells disrupts the cell membrane causing loss
of ionic homeostasis which leads to an energy imbalance and oxidative stress. Happening
in parallel is the release of cytokines leading to inflammation, as well as spontaneous
axotomy of neuronal processes. Our goal was to develop a model of these stresses using
human neuroblastoma SH-SY5Y cells. We used hydrogen peroxide as an inducer of
oxidative stress, tumor necrosis factor-α (TNF-α) to cause inflammation and transection
of cells to mimic axotomy. Cells were differentiated using retinoic acid (RA) or a
neurobasal media (NB) solution. Results suggested positive differentiation through
immunocytochemistry using neuron specific enolase (NSE) as a marker, and the presence
of cellular processes similar to neurons. For the stresses, cells showed significant positive
inflammation and physical stress using nuclear factor kappa B (NFκB) and Tau protein as
markers respectively. However, oxidative stress as measured by superoxide dismutase
(SOD) activity was only positive indirectly and visually. Finally, cell viability was tested
using thiazoyl blue tretrazolium bromide (MTT); cells showed an initial drop in viability
after TNF-α and transection but recovered after 24 hr. In contrast, the opposite pattern
was observed for oxidative stress with cells showing lower viability after 24 hr. In
conclusion, we developed a usable in vitro model of concussion, but future work should
use a different marker for oxidative stress if using hydrogen peroxide.
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INTRODUCTION
Concussion is a condition in which external physical forces cause the brain to
move around abnormally inside the cranial cavity (Finnoff, 2011); this also causes a
myriad of physiological changes such as glutamate excitotoxicity, inflammation and
oxidative stress. The current process of diagnosing concussion is mostly related to the
patient’s experience and general presence of symptoms (Finnoff 2011), which can be
subjective since every patient is unique and has different pain thresholds and tolerances.
However, there have been recent advances in the use of fluid biomarkers and
neuroimaging to diagnose mild traumatic brain injury (mTBI) (McCrea et al. 2017).
Because of the nature of current diagnoses and the inability to predict the duration
of post concussive symptoms, recent research in the field has been focussed on finding an
alternative and more objective means of diagnosing the condition. During mTBI, brain
cells are subjected to mechanical stress in the form of stretching or shearing; this causes
an unwanted change in ion concentrations across the cell membrane and a resulting
energy imbalance as the cell tries to restore normal ionic conditions. The cells not only
release or gain ions indiscriminately, but they also release other molecules such as
proteins and antioxidants (Giza & Hovda 2014). Molecules excreted or lost into the
extracellular fluid may cross the blood-brain barrier (BBB) (Blyth et al. 2009) and
potentially may serve as blood biomarkers of mTBI.
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The aim of this project was to develop an in vitro model of concussion using transection,
inflammation, and oxidative stress in cultured neurons. The cells and media were then
tested for various compounds released in response to the stresses, including known
biomarkers that have been shown to be released during concussive stress and biomarkers
released during oxidative stress. We cultured human SH-SY5Y cells, differentiated them
by using RA and NB, then exposed them to oxidative stress in the form of hydrogen
peroxide treatment, physical stress by transection (Zhao et al. 2012) and inflammation by
TNF-α treatment.
We hypothesized that the expression of biomarkers will be significantly increased
in response to all stresses without significant cell death resulting from the stressors. The
results of our study can be used to further a larger study on concussion with the end goal
of finding possible blood biomarkers for concussion.
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LITERATURE REVIEW
Concussion Definition
Concussion isn’t clearly defined (Kulbe & Geddes 2016), but one of the primary
characteristics is the onset of adverse neurological and behavioural effects after the brain
is subject to external biomechanical forces. Since this is also a characteristic of more
severe traumatic brain injury, concussion is further differentiated from traumatic brain
injury (TBI) by the absence of necrotic cell death (Giza & Hovda 2014). It is often
considered to be synonymous with mTBI (Shan et al. 2016), although this is under debate
with some referring to it as a subset of mTBI (Pham et al. 2015). The Glasgow Coma
Scale (GCS) is a method of separating TBI by severity with a score of < 9 being
considered severe TBI, 9-12 moderate TBI and 13-15 mTBI (Halford et al. 2017);
symptoms for mTBI include loss of consciousness for 30 min or less and absence of cell
death. The GCS is used by doctors to give a general inclination as to the severity of the
injury but should not be considered a diagnosis since it only relies on patient information
which is subject to behavioural discrepancies and preferences.

Current Diagnosis Methods
Neuroimaging
Because there is no cell death, concussions cannot be detected by computed
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tomography (CT) scanning, although recent advances in technology such as diffusion
tensor imaging have improved detection (Giza & Hovda 2014). Other neuroimaging
methods include magnetic resonance spectroscopy (MRS), functional magnetic resonance
imaging (fMRI) at resting state and task based, and electroencephalograph (EEG)
(McCrea et al. 2017). In concussion studies MRS is used for detection of the activity of
N-acetylaspartate (NAA). NAA is expressed more abundantly in situations of energy
surplus in neuronal cells. Given the situation that occurs after concussive stress in which
the energy balance between expenditure and synthesis is disrupted (being pushed farther
towards the expenditure side to help cells recover from membrane integrity loss), NAA
levels would be expected to be extremely low or non-existent. Thus, it could be used as
an indirect marker of mTBI as detected by MRS and analysed as a ratio compared to
choline-containing and creatine-containing compounds (Vagnozzi et al. 2010). A study
involving concussed athletes showed that both ratios were significantly different from
controls 3, 15, and 20 days after concussion before returning to normal after 30 days
(Vagnozzi et al. 2010). So, MRS could be a useful, non-invasive method for diagnosing
concussion.
With regards to concussion fMRI studies have been inconclusive with some
showing contradictory results depending on brain region and increase versus decrease in
activity (McCrea et al. 2017). MRI machines scan the brain and map an image from a
desired cross section showing sections of greater activity after the patient performs
simple tasks such as memory tasks. Chen et al. (2007) showed that fMRI scans in groups
based on post-concussion syndrome (PCS) severity were observed to be different in
groups with higher PCS scores (more PCS and more severe) than control groups.
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However, another study reported contrary results in similar studies (Zhang et al. 2010) so
it is uncertain as to whether fMRI methods are useful in concussion diagnosis.
Several EEG studies have shown positive results from concussed individuals
when compared with uninjured controls (McCrea et al. 2017). EEG measures the power
of alpha, beta and gamma frequencies in the brain; studies have shown that these
frequencies have been disrupted or reduced in mTBI when measured with quantitative
EEG, mostly in the frontal and frontotemporal regions of the brain (McCrea et al. 2010).
EEG data has also been used to differentiate between mTBI and TBI (McCrea et al.
2010) so it may be a good tool for assessing concussive conditions. However, the
standard EEG equipment uses 19 different leads making it impractical for quick use in
sports-related mTBI or roadside car accidents.
Overall, neuroimaging is useful in assessment of certain aspects of concussion but
isn’t very practical in some situations, given that each neuroimaging technique focuses on
a different aspect of concussion. For clinical diagnosis, McCrea et al. (2017) points out
that the age range of subjects of most studies do not give a broad enough spectrum to rule
out any bias that may develop within the data with regards to age of participants. They do
mention however, that neuroimaging studies are useful for the characterization of the
pathophysiology of concussion (McCrea et al. 2017).

Fluid Biomarkers
Diagnosis of concussion is still notoriously difficult due to it being mostly based
on the signs, symptoms, and experiences of the patient (Jeter et al. 2013). Each individual
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is unique and feels experiences differently than any other individual; a person’s pain
threshold, tolerances and reaction to external stimuli is unique to them alone making
diagnosis based on personal report extremely subjective. Recent research has focussed on
finding an objective means of diagnosing concussion in the form of a panel of blood
biomarkers (Blyth et al. 2009, Finnoff et al. 2011, Jeter et al. 2013, Pham et al. 2015,
Kulbe & Geddes 2016, Papa et al. 2016, Rogatzki & Baker 2016, Shan et al. 2016,
Halford et al. 2017). Biomarkers secreted by injured neuronal cells normally would not
be able to enter the blood because brain capillaries-which form the functional BBB-have
tight junctions between endothelial cells, making the cells far less permeable to solutes
than capillaries found elsewhere in the body (Silverthorn 2016). However, Halford at al.
(2017) showed that the BBB is subject to mechanoporation during the first few hours,
and maybe even up to 18 days after the initial concussive injury (Perez-Polo et al. 2013),
allowing molecules produced by injured brain cells to cross into the blood. Therefore, it
is possible for the presence of abnormal molecules to be found in the blood of an
individual who sustained a concussive injury.
This study used SOD, total Tau protein, and NFκB to confirm the presence of the
applied stresses. Further studies can use our findings to move forward in the search for
novel biomarkers. Having an objective panel of biomarkers would not only allow for the
early detection of concussion but might also give clinicians an idea of the pathological
timeline of the disorder. Both are important for preventing further injury, given that
concussion patients have increased susceptibility to further mTBI and repeated
concussions can lead to chronic traumatic encephalopathy (Papa et al. 2015) and PCS
(Shahim et al. 2016).
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Some of the more commonly studied biomarkers are NSE, glial fibrillary acidic
protein (GFAP), S100 calcium-binding protein B (S100B), Tau protein, myelin basic
protein (MBP), and ubiquitin carboxy-terminal hydrolase L1 (UCH-L1). The
considerations to be taken into account when searching for an ideal biomarker or panel of
biomarkers are: 1. Specificity-biomarkers should be expressed in only concussive states
and should not be confounded by other injury states such as orthopaedic injury or other
brain disorders. 2. Consistency-a good biomarker should always be expressed after a
concussive insult and it should increase or decrease, depending on its function, in a
predictable fashion with increasing time after injury. Finally; 3. Practicality-the ease of
use for evaluation of biomarker amounts is important when considering the cost of
diagnosis, as well as the invasiveness of the test. This final reason is why some
neuroimaging tests are currently considered to be unsuitable for clinical assessment of
mTBI; their cost and the difficulty in performing the test renders them impractical in the
clinical setting (Battista et al. 2015, Kulbe et al. 2015, McCrea et al. 2017, Strathmann et
al. 2014).

S100B
S100B is part of a group of proteins that bind calcium in astroglial cells along
with many other functions (Strathmann et al. 2014). It has been shown to be useful in
studies of TBI (Battista et al. 2014) but the effects of mTBI on S100B serum
concentrations are not as well-known and more contradictory (McCrea et al. 2017).
However, a study comparing boxers who received blows to the head versus boxers who
only received body blows measured an increase in serum S100B concentration following
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injury (Shahim et al. 2014). Since it has been shown to be a marker for BBB disruption
and since this is an important step in finding biomarkers for mTBI, it could be useful if it
was part of a larger panel of biomarkers (Link & Tibbling 1977). S100B concentrations
have also been found to be significantly increased in long-term studies following TBI
leading to the idea that it may be practical for estimating timeframes to return to work or
play, for athletes (Battista et al. 2014). One important note is the use of mostly male
participants in many of the studies regarding S100B (McCrea et al. 2017), since most
sports-related concussions (SRC). SRCs occur in mostly male-dominated sports a sex
bias is introduced in the results with such results becoming uncertain when applied to
female cases of mTBI.

GFAP
GFAP is a protein that is part of intermediate filament complexes in astrocytes. Its
release is associated with the tearing of astrocytic processes and cytoskeletal elements
that occurs in TBI but can also be found under different circumstances in mTBI (DiazArrastia et al. 2014). One study found that GFAP breakdown product levels were
discernibly different between mTBI patients with and without cranial lesions as evaluated
by CT scanning (Metting et al. 2012). Since studies with GFAP are not primarily related
to SRC (McCrea et al. 2017) the results of these studies are not subject to the same sex
bias as found in S100B studies. Current research suggests that GFAP is a good
prospective biomarker for mTBI especially because it is found in astrocytes making it in
close proximity to the BBB when it is released and subsequently more likely to cross the
barrier and enter the blood.
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NSE
One biomarker that has been extensively researched is NSE, which is an enzyme
thought to be found only in neurons and has been used in our study, as well as other
studies, as a marker for the differentiation of human neuroblastoma SH-SY5Y cells
(Pahlman et al. 1984). Its localization in neurons made it a prospective biomarker for
concussions since it couldn’t possibly be confounded with orthopaedic injuries. However,
more recent advances in the field have found NSE present in neuroendocrine cells such as
adrenal gland cells (Jeter et al. 2013). Also, it has since been shown that NSE levels and
activity do not change significantly in mTBI studies (McCrea et al. 2017) making it
unsuitable for the diagnosis of mTBI.

UCH-L1
Another possible marker of BBB impairment is UCH-L1, a small protein involved
in the addition or removal of ubiquitin from proteins. It is abundant in cerebrospinal fluid
but sparse in blood, so any disruption of the BBB might cause an increase in blood levels
of UCH-L1 (Li et al. 2015). UCH-L1 was moderately increased in mTBI in one study
(Papa et al. 2012) but not as much in other studies (Berger et al. 2012). The protein has
been more extensively researched in the case of TBI than in mTBI, but when coupled
with other biomarkers could still prove useful in a biomarker panel for concussion (DiazArrastia et al. 2014).
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MBP
MBP is found in oligodendrocytes and Schwann cells and is a component of
myelin. It has been shown to be associated with injuries involving diffuse axonal injury,
which is a feature found in mTBI (Kulbe & Geddes 2016). This may have been a primary
reason why there were continued studies involving MBP. More recent studies, however,
have not found it to be present in increased levels following mTBI and as such, MBP is
not a suitable biomarker for the diagnosis of concussion.

Modelling the Pathophysiology of mTBI
During the initial concussive insult, the brain’s cells are subjected to acceleration
or deceleration which results in physical stress causing both physiological changes and
microscopic injury to axons and cytoskeletal components (Giza & Hovda 2014, Finnoff
et al. 2011). Physiological changes induced by concussive injury result in neuronal cells
releasing a variety of abnormal molecules, the detection of which might give researchers
a profile of pathobiological progression. The acceleration or deceleration of neuronal
tissue that occurs during a concussion causes outer membrane disruption resulting in
ionic concentration changes, specifically, sodium, potassium, and calcium. The neuron’s
response is to increase active transport of these ions to re-establish the ideal cytosolic
concentrations using, primarily, the sodium/potassium and calcium pumps. The result is
an increasing demand on the cell’s energetic requirements. Sequestration of excess
calcium into the mitochondria also partially impairs mitochondrial function and increases
the ratio between energy supply and demand.
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Happening in parallel is the indiscriminate release of the excitatory
neurotransmitter glutamate which even further exacerbates the energy crisis by binding to
the N-methyl-d-aspartate receptors (NMDR) causing an increase in intracellular calcium
(Giza & Hovda 2014, Finnoff et al. 2011). During normal aerobic metabolism, reactive
oxygen species (ROS) such as hydrogen peroxide and superoxide radicals, are formed but
then subsequently dealt with by the cell’s antioxidant defence system (Andrae 1985).
However, when cells are exposed to the conditions caused by a concussion, the
antioxidant defence system can become overwhelmed due to the increased reliance on
aerobic metabolism and hyperglycolysis (Giza & Hovda, 2014) thus forcing the cell into
a state of oxidative stress (Gille & Joenje 1992). The final stressor is the induction of an
inflammatory response prompted by the release of pro-inflammatory cytokines such as
interleukin-1 (IL-1) beta and TNF-α from injured brain cells. The cytokines in turn
activate monocytes and microglia which both can cause inflammation and BBB
impairment (Perez-Polo et al. 2013, Di Pietro et al. 2010).

Physical Stress and Tau
The first event in an mTBI is the physical insult to the brain’s cells; this can
include compression, as in the case of a blow to the head, or just stretching and possibly
shearing, as in the case of whiplash (Meaney & Smith 2011). In both instances the cells
are exposed to physical deformation of varying severity, without macroscopic injury
(Giza & Hovda 2014). Deformation of cells results in disruption of the plasma membrane
and is the cause of the ionic imbalance that occurs afterwards (Barkhoudarian et al.
2011). One of the main factors that discriminates mTBI from TBI is that neuronal cells
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don’t die from the initial physical insult. However, ionic influx, cytoskeletal disfunction,
and neurofilament compaction can result in axonal disconnection (Barkhoudarian et al.
2011). Because there is the presence of neural process disconnection, our study used
transection of in vitro cell culture as described by Zhao et al. (2012) to stage the physical
aspect of concussive injury. To ascertain the positive presence of physical stress to
neuronal cells we measured the levels of Tau protein in the media as well as visual
confirmation of damage to the living cells. Tau is a protein found in un-myelinated axons
involved in microfilament formation. Tau has also been shown to be expressed in PCS,
which is a subsequent condition of mTBI (Shahim et al. 2016).

Oxidative Stress and SOD
The next major aspect of concussion is oxidative stress, which is the presence of
an increased amount of ROS. ROS are highly reactive and can cause protein, lipid and
deoxynucleic acid (DNA) damage (Raimondi et al. 2007). Ways in which the cell deals
with ROS include enzymatic degradation and scavenging (Awasthi et al. 1997). One
enzyme that is part of the cell’s antioxidant defence system is SOD, which converts
harmful superoxide radicals along with hydrogen peroxide to molecular oxygen and
water when combined with the action of catalases.
All SODs are multimeric metalloproteins with some utilizing copper and zinc,
some manganese, and others iron (Scandalios 1993). Cu/ZnSODs are the focus of this
study because they have been shown to be released from injured astrocytes in mice
(Levine et al. 2016) and are found in the cytosol as opposed to MnSODs which are found
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in mitochondria and FeSODs which are found primarily in prokaryotes (Scandalios 1993,
Schull et al. 1991). A form of Cu/ZnSODs has also been found in small concentrations in
mammalian extracellular fluid under normal conditions (Marklund 1984). Furthermore,
mice with increased SOD activity were found to be more resistant to glutamate toxicity
(Coyle & Puttfarcken 1993) indicating that there might be a correlation between
increased SOD levels and glutamate excitotoxicity.
To simulate oxidative stress, we treated cultured neurons with hydrogen peroxide
as detailed by Shull et al (1991) because hydrogen peroxide is naturally produced in
abnormal amounts during a mTBI (Giza & Hovda 2014). To show the presence of
oxidative stress we measured the SOD levels of the cells as SOD has been shown to
respond to oxidative stress (Di Mascio et al. 1991, Raimondi et al. 2007).

Inflammation
The final aspect of concussion that we tested is inflammation. In the pathology of
concussion, inflammation occurs 3-6 hours after insult and contributes to the production
of ROS. Release of pro-inflammatory cytokines such as IL-1 α and β, and TNF-α causes
subsequent astrocyte and microglial activation, which further increases the inflammatory
response. Specific treatment of inflammation in concussion patients has also been shown
to reduce the severity of negative symptoms, reinforcing the evidence for the presence of
an inflammatory response in mTBI (Perez-Polo et al. 2013). Therefore, we exposed cell
cultures to TNF-α to simulate inflammatory conditions caused by mTBI.
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Objectives
Our goal was to characterize an in vitro model of concussion using oxidative
stress, inflammation, and physical stress by transection. We also wanted to examine each
of these stressors on three different cell types, two of which were derived from the third:
human neuroblastoma SH-SY5Y cells. The last goal we had was to keep a high
percentage of cell viability after being treated with the stresses.
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MATERIALS AND METHODS
Materials
Low passage (P11-P17) human neuroblastoma SH-SY5Y cells were obtained
from Millipore Sigma (serial no. 94030304-1VL, batch no. 17C025). A SOD kit was
obtained from Cayman Chemicals (Ann Arbor, Michigan). Tau and NFκB kits were
purchased from Fisher Scientific Canada (Ottawa, Ontario). NSE primary antibody and
Alexa-Fluor 488 secondary antibody were obtained from Millipore Sigma (Darmstadt,
Germany). All other miscellaneous such as culture flasks and media were purchased from
Millipore Sigma, Fisher Scientific Canada, VWR Life Science (Mississauga, Ontario) or
Gibco (Grand Island, New York) unless otherwise noted.

Cell Growth and Maintenance
Cells were grown in a 1:1 ratio of Ham’s F12 and Dulbecco’s Modified Eagle
Medium (DMEM) with 2 mM L-Glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin
(Bioshop, Burlington, Ontario), and 10% heat inactivated fetal bovine serum (FBS,
Gibco). The cells were incubated in 37˚ C, 5% CO2, air, fed every 2-3 days and grown in
T75 culture flasks until 90% confluence before being split and re-plated into 6 well
plates.
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Cell differentiation was induced in two ways. One way was by reducing the FBS
to 3% and adding 100 µM RA. Alternatively, a new media was made consisting of
Neurobasal-A Media (NB, Gibco), 6 nM staurosporine (TRC Canada, North York,
Ontario), 0.02% B27 (Gibco), 100 µg/ml sodium pyruvate, 50 µg/ml uridine, 100 U/ml
penicillin, 100 µg/ml streptomycin, and 2 mM L-glutamine. Both cell lines were fed with
the differentiation media on day one and four and grown for seven days.

Immunocytochemistry and Neurite Percentage
To assess positive differentiation into a neuronal-like cell line, cells were washed
twice with PBS and fixed in 4% paraformaldehyde at -20˚ C for 20 min. Non-specific
binding was blocked by 1% bovine serum albumin (BSA) in PBS. The cells were then
incubated overnight with rabbit anti-human NSE (1:200 dilution) at 4˚ C. Cells were
subsequently incubated with Alexa Fluor-488-conjugated goat anti-rabbit IgG antibody
before being examined with a fluorescence microscope and photographed. Photographs
of cells without antibodies were examined for neurite processes 50 µm or longer and a
percentage calculated. The percentages were then compared to undifferentiated SHSY5Y percentages and one-way ANOVA statistical analysis performed using Minitab 18
statistical software.

Stress Treatments
For approximately 24 hr before treatment, cells were fed a serum-free media
consisting of DMEM/F12, 2 mM L-glutamine, 100 U/ml penicillin, and 100 µl
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streptomycin. Oxidative stress was induced by treating the cells with 0.05 µM hydrogen
peroxide for 10 min. For inflammatory stress, the cells were treated with 40 ng/ml TNF-α
for 24 hr and for physical stress in the form of axotomy, the cells were transected by
using a needle to scrape a 9 x 9 grid with 4 mm spacing as previously described by Zhao
et al. (2012). The media from the stressed cells was collected after 10 min for the
hydrogen peroxide cells, 30 min for the transected cells and 24 hr for the TNF-α treated
cells. Fresh serum-free media was added, and the media of both the hydrogen peroxide
and transection cells was collected again after 24 hr. Cells were also harvested at this
point by rinsing twice with sterile phosphate buffered saline (PBS) and using cell
scrapers. All media and cells were subsequently frozen at -20˚ C except for the hydrogen
peroxide-treated cells and equivalent controls, which were frozen at -80˚ C.

Measurement of Superoxide Dismutase (SOD)
To test for induction of oxidative stress, the activity of SOD in cell lysate was
measured using a Superoxide Dismutase Assay Kit according to the manufacturer’s
specified guidelines. Briefly, cells were collected by centrifugation at 2,000 x g for 10
min at 4˚ C then sonicated in cold 7.2 pH PBS with 1 mM egtazic acid (EGTA), and 70
mM sucrose. Pellet was then spun again at 1,500 x g for 5 min at 4˚C. The pellet and
supernatant were frozen at -80˚ C. The assay kit used consisted of a series of five steps:
preparation of standards, addition of the radical detector in a 96 well plate, addition of
samples and standards, and addition of xanthine oxidase before incubating for 30 min at
room temperature (RT). The plate was then read at 450 nm on a Synergy HTX plate
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reader (Biotek Industries). Concentration of SOD was extrapolated from the standard
curve using Microsoft Excel software (Microsoft Corp. Redmond, Washington).

Detection of Tau Protein
To ensure that the cells were stressed physically the levels of total Tau protein in
the cell culture medium was measured using a Human Tau ELISA Kit according to the
manufacturer’s instructions. Initiation of a colour reaction was started using
tetramethylbenzidine for 30 min in the dark and the absorbance was read using a Synergy
HTX plate reader at 450 nm. The concentration of Tau was extrapolated from the
standard curve using Microsoft Excel software.

Assessing Positive Inflammation Using NFκB
To determine whether cells treated with TNF-α experienced an inflammatory
response, cells were assayed for phospho-NFκB p65 (Ser536) using an InstantOne
ELISA kit according to the manufacturer’s recommendations. Briefly, NFκB levels were
detected in cell lysate by incubating at RT with a primary antibody cocktail for one hour
then adding a detection reagent and re-incubating for 30 min. Finally, a stop solution was
added and the 96 well plate was read using a Synergy HTX plate reader at 450 nm. NFκB
concentration was then calculated from the standard curve using Microsoft Excel
software.
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Cytotoxicity
I determined cell viability 0 and 24 hr after treatment by using an MTT assay.
One well in a six-well plate from each treatment was rinsed twice with PBS then
incubated with 500 µl of 1 mg/ml MTT for one hour. The cells were then visually
examined for formation of tetrazolium crystals and 1 ml/well of dimethyl sulfoxide
(DMSO) was added before shaking for 10 min. Nine 100 µl aliquots were taken from
each well and transferred to a 96 well plate where they were read with a Synergy HTX
plate reader at 570 nm.

Data Analysis
All data were processed and analysed using Microsoft Excel spreadsheet software.
Statistical analysis was performed using Minitab 18 statistical software (Minitab Inc.
State College Pennsylvania). Data was tested using one-way analysis of variance
(ANOVA) with post-hoc Tukey’s tests and a P value of < 0.05 was considered
significant. All data is presented as means ± standard error of the means (SEM).
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RESULTS
Cell Differentiation
Immunocytochemistry
In order for SH-SY5Y cells to closer resemble neurons, the cells were
differentiated using two different methods. Once differentiated, the cells were evaluated
by immunocytochemistry with primary and secondary antibodies. After treatment with
NSE antibodies and visualized using a secondary antibody, undifferentiated SH-SY5Y
cells showed minor fluorescence when examined under a 20x objective lens. The
fluorescence did not seem to be localized to one area of the cell but rather spread over the
entire cell (Fig. 1).
Subsequently, the NB-differentiated cells showed a slightly brighter fluorescence
(Fig. 2). Unlike the undifferentiated cells, the fluorescence also seemed to be more
localized within the nucleus as opposed to the cytoplasm (Fig. 2). However, the overall
size of the NB-differentiated cells was considerably smaller than the undifferentiated SHSY5Y cells so the nucleus may simply take up more space in the cell. The RAdifferentiated cells showed the strongest fluorescence at the 488 nm wavelength as well
as clear localization of the fluorescence in the nucleus of the cells (Fig. 3). These cells are
comparable in size to the NB-differentiated cells so they can reasonably be compared
together with greater accuracy than comparison with the undifferentiated SH-SY5Y cells.
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Figure 1. SH-SY5Y cells stained with neuron specific enolase (NSE) and visualized with
fluorescence microscopy. Cells were grown to 70-90% confluence in 8
chamber slides, fixed with paraformaldehyde, incubated with NSE rabbit
primary anti-human antibody and then Alexa-Fluor 488 goat anti-rabbit
secondary antibody. Pictures were taken with a Zeiss Axiocam 305 colour
camera at 20x magnification.
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Figure 2. Neurobasal-differentiated cells stained with neuron specific enolase (NSE) and
evaluated with a fluorescent microscope. Cells were grown for 7 days in 8 well
chamber slides and then fixed with paraformaldehyde. Cells were then
incubated with NSE rabbit anti-human primary antibody and Alexa-Fluor 488
goat anti-rabbit secondary antibody. Pictures were taken using a Zeiss Axiocam
305 color camera at 20x magnification.
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Figure 3. Retinoic acid-differentiated cells grown for 7 days in 8 chamber slides and
stained with neuron specific enolase (NSE). After fixing with
paraformaldehyde, cells were treated with rabbit NSE anti-human primary
antibody and goat conjugated Alexa-Fluor 488 secondary antibody. Pictures
were taken using a Zeiss Axiocam 305 color camera at 20x magnification.
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All cells showed slight autofluorescence in the cytoplasm with the majority of the SHSY5Y fluorescence possibly being such.

Cell Neurites
Another method of determining successful differentiation is the length of
processes that the cells form. This method of evaluating SH-SY5Y cell differentiation
into neuron-like cells was first described by Pahlman et al. (1984) using cell processes 50
µm in length or more. To evaluate the cells in this manner, I took ten pictures from each
cell type with 100-300 cells in each picture at 40x magnification and counted the number
of processes as measured with a digital Vernier caliper ruler (Mastercraft). The
percentage of cells with processes 50 µm or longer was then calculated and the means
taken for each cell type.
The undifferentiated cells had a low amount of cellular processes of suitable
length (Table 1) and larger more clear cell bodies than the other two cell types (Fig. 4).
The NB-differentiated cells showed a significant increase in the amount of cellular
processes 50 µm or greater (Table 1.); the cell bodies were also smaller and more
concentrated together. The cells also showed cellular debris around the cell bodies (Fig.
5). RA-differentiated cells appeared to have more neurites than the undifferentiated SHSY5Y cells but less than the NB-differentiated cells and they showed a significant
amount of long cellular processes when compared with the control cells (Table 1). The
cells did not show the same level of morphological differentiation as the NBdifferentiated cells did with cell bodies resembling the undifferentiated cells more closely
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Table 1. Structural differentiation in SH-SY5Y cells treated with Neurobasal media or
retinoic acid (100 µM). Cells were grown for 7 days and fed on days one and four.
Cells with processes 50 µm or longer were considered to be differentiated. Values
represent means of N = 9 ± SEM. * denotes a statistically significant difference
from undifferentiated control cells (ANOVA, P < 0.05).
Cell type
SH-SY5Y control

Percentage of cells with 50 µm processes
6.7 ± 0.79

NB

30.1 ± 1.74 *

RA

21.1 ± 1.18 *
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50 µm

Figure 4. Undifferentiated SH-SY5Y cells grown in 6 well culture plates until at least
70% confluence. Pictures were taken using a Canon Powershot G5 camera at
40x magnification.
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50 µm

Figure 5. Neurobasal media-differentiated cells grown in 6 well plates for seven days and
fed on days one and four. Pictures were taken with a Canon Powershot G5
camera at 40x magnification.
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50 µm

Figure 6. Retinoic acid-differentiated cells grown for seven days in 6 well culture plates
and fed on days one and four. Pictures were taken on day 7 using a Canon
Powershot G5 camera at 40x magnification.
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(Fig. 6). There was also lack of the extracellular debris that was shown in the NBdifferentiated cells.
Morphologically, the NB-differentiated cells appear to show more evidence of
differentiation than the RA cells, and both cell types show obvious differences when
compared to the undifferentiated cells such as the cellular processes and lack on
continued cell proliferation. Also, the RA-differentiated cells still continued to grow but
at a reduced rate (data not shown).

Cytotoxicity
Oxidative Stress Mortality
After cells were treated with the appropriate stressor, cell viability was assessed
using and MTT assay and the percentage of live cells was determined relative to control
(untreated) cells. Undifferentiated SH-SY5Y cells showed an approximate 50% decrease
in survival after initial treatment with 0.1 µM hydrogen peroxide for 10 min and no
survival after 24 hr. When the concentration was lowered to 0.05 µM the survival rate
increased to 100%; after 24 hrs approximately 80% of the cells survived (Fig. 7 A). In
contrast, over half of the NB-differentiated cells survived the 0.1 µM hydrogen peroxide
both after the initial treatment and after 24 hrs with only a slight decrease in survival after
24 hrs (Fig. 7 B). These cells showed nearly the same survival rate at the 0.05 µM
concentration after initial treatment but showed the greatest mortality after 24 hrs at the
lower concentration with only 50% of the cells surviving compared to controls (Fig. 7 B).
Finally, over 60% of the RA-differentiated cells survived immediately after 0.1 µM
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Figure 7. SH-SY5Y cells under control conditions (A) or differentiated by Neurobasal
media (B) and retinoic acid (C) then treated with two different concentrations
of hydrogen peroxide. Cell viability was determined by thiazoyl blue
tetrazolium bromide assay 1 hr after the initial 10 min stress period and after 24
hr. Bars represent means ± SEM, N = 12, P value of < 0.05, ANOVA with
post-hoc Tukey’s test. Bars that do not share a letter are significantly different.
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treatment with hydrogen peroxide but that amount decreased to half after 24 hr (Fig. 7 C).
For the 0.05 µM dosage, over 80% of the cells survived initially, but after 24 hr the
percentage survival of cells was nearly the same for both concentrations of hydrogen
peroxide (Fig. 7 C). When all three cell types are compared, the RA-treated cells showed
the most resilience after initial treatments to the higher concentration of hydrogen
peroxide. However, the NB-differentiated cells showed the best survival percentage after
24 hr for both concentrations. The undifferentiated cells showed the highest survival
percentage for the 0.05 µM dose but the lowest for the 0.1 µM dose both after initial
treatment and 24 hr (Fig. 7).

Inflammatory and Transection Stressors
Comparison of the hydrogen peroxide (0.05 µM), TNF-α (40 ng/ml), and
transection stresses on the undifferentiated SH-SY5Y cells revealed that only the cells
treated with hydrogen peroxide had a statistically significant decrease in cell viability,
and this was only seen after 24 hr (ANOVA, P < 0.01). Differentiated cells were more
susceptible to stressors in general. Both the NB-differentiated cells (Fig 8 B) and the RAdifferentiated cells (Fib 8 C) had a loss of viability 1 hr after both TNF-α and transection.
Both the differentiated cell types improved in viability after 24 hr for the
inflammatory and physical stresses when compared to the initial percentages. All three
cell types had the lowest survival rate for the cells treated with oxidative stress after 24 hr
(Fig. 8).
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Figure 8. SH-SY5Y cells that are undifferentiated (A), differentiated with neurobasal
media (B), and retinoic acid-differentiated cells (C) after three stressors of 0.05
µM hydrogen peroxide, 40 ng/ml TNF-α and transection. Bars represent means
of N = 12 at two different times after stress ± SEM, P < 0.05, ANOVA with a
post-hoc Tukey’s test. Bars that do not share a letter are significantly different.
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Oxidative Stress as Measured by SOD Activity
Undifferentiated SH-SY5Y cells treated with 0.05 µM hydrogen peroxide showed
no appreciable difference in SOD activity when compared to control cells although the
variability within replicate experiments was quite high (Fig. 9) In contrast, NBdifferentiated cells showed an approximate 20% decrease in SOD activity after the
hydrogen peroxide treatment (Fig. 9). The cells also showed a distinctive halo and
shrinkage after initial hydrogen peroxide stress (Fig. 10). Once again, the variability
between replicates was high, being nearly 20% of the total mean. The RA-differentiated
cells showed the greatest decrease in SOD activity after stress being nearly a two-fold
difference when compared to the control cells, but it was still not statistically significant
(Fig. 9). Like the other two cell types, the cells appeared to shrink, and the outer
membrane appeared to become less dense (Fig. 10). Overall, there was no statistically
significant difference between the control cells and the cells stressed with hydrogen
peroxide.

Tau Protein as a Measure of Physical Stress
Tau protein is a structural protein found in neurites. If neuronal cells are damaged
such as the axotomy that results from concussive stress, the severed neurites release tau
into the extracellular media. I tested for Tau in the cell culture media 24 hr after stress in
cells and found it to be increased two-fold when undifferentiated SH-SY5Y cells were
transected (Fig. 11). However, the cells didn’t show any morphological reaction in the
insulted portion of the culture well (Fig. 12). NB-differentiated cells released more Tau in
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Figure 9. Total superoxide dismutase (SOD) activity after hydrogen peroxide stress
treatment. Cell lysate after cells were treated for 10 min with 0.05 µM
hydrogen peroxide was assayed for total SOD activity N = 12. A P value of <
0.05 was considered significant, ANOVA with a post-hoc Tukey’s test. Bars
represent means ± SEM.
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Figure 10. SH-SY5Y Cells treated with 0.05 µM hydrogen peroxide (A-C) and untreated
control cells (D-F). Pictures A and D show undifferentiated SH-SY5Y cells, B
and E; neurobasal-differentiated cells, C and F; retinoic acid-differentiated
cells. All pictures were taken 24 hr after the initial stress was applied.
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Figure 11. Extracellular Tau concentration in transected cells. Cells were stressed
physically by transection using a needle in a 9x9 pattern with 2 mm spacing.
Media was collected 24 hr after the insult and tested by ELISA immunoassay
for Tau protein. N = 12. Bars represent means ± SEM. Different letters show
significant differences (P < 0.05, ANOVA and post-hoc Tukey’s).
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Figure 12. Cells treated with physical stress by transection (A-C) and control cells (D-F).
Cell culture wells were scratched with a needle in a 9x9 grid with 4 mm
spacing. Pictures were taken 24 hr after insult. A and D are undifferentiated
SH-SY5Y cells, B and E; neurobasal-differentiated cells, C and F; retinoic
acid-differentiated cells.
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control conditions compared to undifferentiated cells (Fig 11). When these cells were
transected, extracellular Tau concentration increased a further 30% as compared to nontransected NB-differentiated cells (Fig. 11). They also didn’t change structurally in the
scratched area of the culture well (Fig 12 B). In contrast, the RA-differentiation did not
induce more Tau release compared to undifferentiated SHY-5Y cells nor did the RAdifferentiated cells release more Tau after physical stress (Fig. 11). However, these cells
showed visual signs of physical stress by retreating away from the needle cut marks (Fig.
12 C).

Inflammation as Measured by NFκB
Inflammatory stress was induced by incubating cells in media containing 40 ng/ml TNF-α
for 24 hr. To measure for a positive inflammatory response the concentration of NFκB
was measured using a standard ELISA kit. Undifferentiated SH-SY5Y cells showed a
two-fold increase in NFκB concentration after TNF-α treatment but it was not statistically
significant (Fig. 13) and there were little morphological changes when compared with
controls. NB-differentiated cells showed a two-fold increase in NFκB concentration after
stress but the total amount of NFκB was approximately twice as high as the concentration
in the undifferentiated cells (Fig. 13). RA-differentiation increased the expression of
NFκB with a further increase after treatment with TNF-α (Fig. 13). All three cell types
showed no obvious morphological changes after treatment with TNF-α and cell growth
continued normally.
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Figure 13. Three different cell types treated with 40 ng/ml TNF-α for 24 hr. Cells were
harvested and lysed using a lysis buffer and the NFκB concentration measure
using an ELISA kit and spectrophotometry. Bars represent means ± SEM, N =
12. P < 0.05, ANOVA with post-hoc Tukey’s. Different letters represent a
significant difference.
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DISCUSSION
The main objective of this study was to develop a cell model of concussion using
human neuroblastoma SH-SY5Y cells. Since concussions primarily affect neurons, it was
necessary to differentiate the SH-SY5Y cells into a phenotype that more closely
resembled neurons. I chose to use RA and NB to differentiate the SH-SY5Y cells. I
examined the level of differentiation from each treatment by counting cell neurites that
were produced and incubating cells with NSE antibodies visualized by a fluorescent
secondary antibody. NSE is expressed in neurons so I chose to use it as a marker for
positive differentiation. The differentiated cells showed greater fluorescence than the
undifferentiated cells, suggesting the presence of higher amounts of NSE, although not as
much as expected. However, the average amount of neurites present on the differentiated
cells was nearly three times greater than the undifferentiated cells.
To simulate oxidative stress, I chose to use hydrogen peroxide because it
dissociates into the hydroxy radical both without intervention and through the Fenton
reaction. I tested several different concentrations of hydrogen peroxide on all three cell
types until I found one that did not cause excessive cell death because necrotic cell death
is usually absent in concussion. To evaluate the amount of oxidative stress experienced
by the cells I measured the SOD activity since SOD is commonly used as a marker for
oxidative stress in cells. The SOD activity decreased in response to hydrogen peroxide,
but it was not statistically significant which was the opposite of my expectations.
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To study inflammation, I chose TNF-α as an inducer of inflammation and NFκB
as a marker. All three cell types showed no obvious visual or viability changes after
treatment with TNF-α but the concentration of NFκB was significantly higher than the
control cells in the two differentiated cell types. I expected NFκB to increase significantly
in all three cell types, so the results were partially different from my hypothesis.
For the physical aspect of the study I chose to use transection because neurons
undergo axotomy during a concussion. I transected the cell culture plates then tested the
media for Tau protein which is a component of neuronal cytoskeletons. Tau concentration
increased significantly in the undifferentiated SH-SY5Y cells and the NB-differentiated
cells when compared to untreated controls but not in the RA-differentiated cells. Similar
to the NFκB results, I expected Tau concentration to increase in all three cell types, but it
only increased in two of them.
Overall, the cell model of concussion that I developed has aspects that may be
useful to further studies, but it also has areas that need to be changed or clarified, namely,
the use of SOD as a marker of oxidative stress when hydrogen peroxide is the stressor.

Cell Differentiation
Undifferentiated cells showed lower levels of fluorescence to NB- and RA-treated
cells when incubated with NSE antibodies and a fluorescent secondary antibody.
However, much of the fluorescence may be attributed to autofluorescence. Since
cytoplasmic autofluorescence has been shown to occur in mammalian cells at the 488
wavelength (Aubin, 1979) the resulting fluorescence from the SH-SY5Y cells could be
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autofluorescence. Cell substances such as nicotinamide adenine dinucleotide (NADH),
riboflavin and flavin fluoresce naturally without outside stimulation in a normal growth
environment (Aubin 1979). Photographs of the undifferentiated SH-SY5Y cells taken on
the fluorescent microscope suggest that most, if not all, the fluorescence is a result of
autofluorescence given that SH-SY5Y cell do not express significant levels of NSE
normally (Odelstad et al. 1981). Given that these cells express some of the characteristics
found in dopaminergic neurons (Schneider et al. 2011) and can be differentiated into a
neuron-like phenotype, I found them to be one of the best possible cell lines to use. Since
there are different ways of differentiating them, I chose to use RA and NB.
The increase in fluorescence in the NB-differentiated cells and the RAdifferentiated cells is more localized in the nuclei of the cells suggesting that it is not the
result of simple autofluorescence since NADH, riboflavin, and flavin are found in
cytoplasmic areas rather than the nucleus (Aubin 1979). The difference in fluorescence
intensity between the RA and NB cells could possibly be the result of cell size. As figures
5 and 6 show, the NB-differentiated cells have smaller cell bodies, being more elongated
and thinner as the cell bodies reach towards the cellular processes. Since the RAdifferentiated cells do not have the same number or length of cell projections, the cell
bodies are slightly more flattened; this morphological difference may account for the
difference in fluorescence because the RA cells simply have more surface area to express
the NSE antigen. Both the differentiated cell types showed greater accumulation of
fluorescence in the nucleus than the SH-SY5Y cells and the RA-differentiated cells
showed the brightest fluorescence which suggests the greatest expression of NSE. Also,
the RA cells did not stop proliferating once they received the differentiation media; the
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NB-differentiated cells almost completely stopped proliferating suggesting that there may
have also simply been more RA cells.

Cellular Projections
In accordance with the method developed by Pahlman et al. (1984), I took
photographs of all cell types at 40x magnification, then sequestered the pictures that had
approximately the same number of cells in view. Once I had at least ten pictures from
each cell type, I counted the cells and projections 50 µm or longer and calculated the
percentage of processes per cell. The percentages found by Pahlman et al. (1984) are
slightly higher than the results found in this study, being 40-50% of cells as opposed to
the approximately 30% of cells as found by this study. This discrepancy could be in part
due to them using 0.1 µM RA for ten days. In this study, 100 µM RA was used for seven
days. The longer time in their study may have been essential in the formation of more
neurites. The time length of seven days was chosen for this study to enable better
consistency with the NB differentiation protocol as well as time constraints on the study
as a whole. Undifferentiated SH-SY5Y cells still showed cellular processes but not in the
same length or frequency. These cells are neuroblastoma cells, they do not communicate
in the same manner along axons and dendrites (Cheung et al. 2008) so they would not be
expected to have long cellular projections.
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Simulating Oxidative Stress
The goal of this project was to develop and characterize a cell model for
concussion using three different stresses that occur during concussion. Oxidative stress is
arguably one of the most important aspects of concussion because of the energy
imbalance that occurs in the hours following the initial insult. I tested several different
concentrations of hydrogen peroxide, all of which caused near total cell death (data not
shown) except a concentration of 0.05 µM. Since excessive necrotic cell death is not seen
in mTBI (Barkhoudarian et al. 2011), absence of cytotoxicity was an important
consideration for this study. The 0.05 µM concentration proved to be useful because the
undifferentiated cells did not show significant death initially although they did show
significant mortality 24 hr after the insult which coincides with the timeline of mTBI
(Barkhoudarian et al. 2011).
The NB-differentiated cells showed an unexpected survival rate when treated with
the higher concentration of 0.1 µM. The cells even showed less mortality after 24 hr with
the initial stress at the higher concentration. One explanation of this phenomenon is
related to the lack of proliferation in NB-differentiated cells; since there isn’t as much
turnover in the cells, they don’t put as much energy towards the cell cycle. So, this could
cause the cells to store more energy and be more resilient to stress involving an energy
crisis such as oxidative stress.
Overall, the NB-differentiated cells showed the highest mortality rates which
could also be a result of non-proliferating cells simply because actively proliferating cells
would create more cells and metabolism of toxicants is highly dependent on the number
of cells present (Borland et al. 2008). SH-SY5Y cells do not stop proliferating while the
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other two cell types in this study do, so comparisons between cell types should be treated
with caution. Every effort was made to keep cell number approximately the same
between cell types, but it is an important factor in metabolism of toxicants and so may
have been a confounding variable.
Oxidative stress is the situation produced when the antioxidant defense system is
overwhelmed and can no longer contain ROS at a tolerable level (Halliwell 2007), this
may result from an energy imbalance when the cell is overtaxed for energy (Scandalios
1993). ROS are naturally produced during the process of cellular respiration but when the
system is stressed by a greater demand for adenine triphosphate (ATP), the increased rate
of cellular respiration also increases the amount of ROS produced (Coyle & Puttfarcken
1993).
For our study, we chose to use hydrogen peroxide as an inducer of oxidative stress
in cells because hydrogen peroxide is a ROS and readily dissociates into the hydroxyl
radical without intervention (Brown et al. 1997). The most common ROS is the
superoxide anion which is dismutased by SOD in the following reaction (Fig. 14)
(Marklund 1984):
2H+ + 2O2·- → O2 + H2O2
As an enzyme that is crucial to the cell’s response to superoxide production, I
used its activity as a measure of the oxidative stress induced by addition of hydrogen
peroxide to cell culture medium. The original goal of the project was to use the amount of
SOD activity in the cells as an indicator of positive oxidative stress, however, since SOD
catalyses the reaction of superoxide radicals into hydrogen peroxide, in accordance with
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Figure 14. The superoxide anion conversion pathway by superoxide dismutase, catalase,
and glutathione peroxidase. Reproduced from Ighodaro et al. 2018.
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Le Chatelier’s principle, it’s likely that the addition of a product in the reaction caused
the reaction to shift to the reactants side and SOD activity decreased when compared with
the controls. This was an unexpected consequence of the study design since my
hypothesis predicted the opposite outcome of SOD activity. However, although the assay
marker for oxidative stress was poorly chosen, the cells still exhibited morphological
reactions to the stress indicating that there still might have been oxidative stress. The cells
showed an increase in mortality as was previously discussed as well as distinctive
shrinkage of cell bodies and what appeared to be a halo-like formation around the cells
(Fig. 10). A better marker for this kind of stress would be the activity of the xanthine
oxidase enzyme or catalase enzymes, which both catalyse reactions more closely related
to hydrogen peroxide (Fig. 14) (Gille & Joenje 1992).

TNF-α as an Inducer of Inflammation
While less is known about the inflammation aspect of concussion compared with
oxidative stress and excitotoxicity, it has been shown that inflammation plays a key role
in the continuance of symptoms and pathology by a positive feedback system in which
cytokines and other molecules released during inflammation cause further inflammatory
stress (Perez-Polo et al. 2013). Considering the evidence for inflammation after
concussive stress, we proposed to include an inflammation aspect in our study using
TNF-α. In concussion, the inflammatory response is usually delayed and a result of
mechanoporation in cellular membranes caused by the initial insult (Meaney & Smith
2011) and the resulting molecules that are released. For our model, we used TNF-α at 40
ng/ml and there was significant mortality in the NB and RA-differentiated cells after
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initial stress. This was unexpected, although the reduction in viability was only
approximately 20% for both cell types. Also, both cell types recovered after 24 hr to a
viability that wasn’t significantly different from the controls. TNF-α has been shown to
be a powerful inducer of the inflammatory response as well as cytotoxic and a growth
inhibitor (Frater-Schroder et al. 1987). So, the initial dose may have caused an increase in
apoptosis in the cells before the cells were able to metabolise the TNF-α and recover
viability.
Subsequently, undifferentiated SH-SY5Y cells showed no significant decrease in
cell viability when treated with TNF-α. A reason for this difference between cell types
could be the surface area of the cells. SH-SY5Y cells have larger cell bodies and
therefore may not be as affected by the same concentration as the smaller cells because of
greater dilution within the cell body (Fig. 4-6). Differentiation changes the morphology
of the cell bodies, also, the differentiated cell types may also metabolize TNF-α
differently than the undifferentiated cells.
For our model of inflammation, we aimed to create an environment that induced
inflammatory stress but was not mortal. We succeeded in initiating an inflammatory
response (Fig. 13), but the model does incur an increase in cell mortality after 24 hr.
Further experiments could decrease the TNF-α concentration, decrease the incubation
time with the stress applied or even change the size of the culture plate used to a plate or
flask that allowed a greater number of cells to grow.
TNF-α is one of many cytokines that induce an inflammatory response in cells
including activating the release of NFκB which further increases the inflammatory
cascade by increasing genetic expression of other cytokines and chemokines
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(Permpoonpattana & Govitrapong 2011). In our study we used TNF-α to induce an
inflammation response in cells and NFκB to determine whether cells respond positively
to inflammation. Cells viability decreased immediately after initial stress and recovered
over 24 hrs. However, in contrast to the other two stresses, cells did not show any visual
indication of stress so the only marker of an inflammatory response that was shown was
the increase in NFκB expression.
TNF-α increased NFκB concentration in differentiated cells but not SH-SY5Y
cells, suggesting they are not as susceptible to inflammatory induction as the
differentiated cells. Other studies have also shown changes in cellular response to
toxicants after differentiation of SH-SY5Y cells (Schneider et al. 2011) although in the
opposite direction; differentiated SH-SY5Y cells were more resilient to external stresses
applied such as oxidative stress. Another study showed that RA-differentiated SH-SY5Y
cells had a decreased natural expression of NFκB when compared to the undifferentiated
cells (Das et al. 2009) which is also contrary to the results we found. Regardless of the
direction of effect, these studies, along with our own, show that the differentiation of SHSY5Y cells causes changes in the cells’ susceptibility to applied stresses such as
inflammation, oxidative stress and physical stress.

Modelling Physical Stress by Transection
To model physical stress during concussion we used a model developed by Zhao
et al. (2012). In their protocol, they grew cells to confluence then scraped a 9x9 grid with
4mm spacing into the cells. In this study, the protocol was exactly the same except for the
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inclusion of a needle instead of a plastic scraper. The reason for this difference was to
enable a finer line to be drawn with the hope that the needle would cut more of the
cellular processes rather than scrape off entire cells.
It is important to note that the physical stress that we were modelling in this study
is not the initial physical stress that occurs in concussion in which the brain moves
around in the cranial cavity and mechanoporation disrupts cell membranes (Meaney &
Smith 2011). The physical stress that we aimed to model is the resulting axotomy that
occurs later in the timeline in which axons detach from neuronal cell bodies (Kane et al.
2011). This kind of stress does not significantly increase cell death by necrosis, once
again, an important hallmark of mTBI, especially when compared to TBI (Giza & Hovda
2014).
Our results were similar to the TNF-α stress in that both the differentiated cell
types showed a statistically significant (P < 0.05, ANOVA with a post-hoc Tukey’s test)
difference in cell viability after initial treatment, but then recovered after 24 hr. The
undifferentiated SH-SY5Y cells, however, did not show a significant difference in
viability when compared with the untreated controls (Fig. 8). Both these results and the
TNF-α results suggest that the differentiated cell lines are more susceptible to external
stresses. Another study showed that SH-SY5Y cells become more resilient to neurotoxins
after RA differentiation (Cheung et al. 2009) which coincides with our study in that
differentiated cells change in their response to stress, although is contrary to the direction
of change that we found.
Given that both the differentiated cell types express more cellular processes, it
would have been expected that these cell types may show less cell death after transection
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simply because there would have been a lower amount of cell bodies being scraped as
opposed to just the processes. However as that has been shown to not be the case, one
could hypothesize that the cellular processes are integral to the functioning and survival
of the cells or that the undifferentiated SH-SY5Y cells heal more quickly. A final
possible explanation of this situation is that the SH-SY5Y cells proliferate fast enough to
cover the amount of necrotic cell death from the insult since the MTT assay used to
evaluate cell viability only measures the number of live cells, not dead ones. RA and NBdifferentiated cells have slower proliferation or cease proliferating entirely (Cheung et al.
2009, Kane et al. 2011) and therefore cannot recover the live cell amounts as easily.
To test for positive physical stress, the total amount of Tau protein was measured.
Tau is a structural protein in neuronal microfilaments (Buee et al. 2000) that has been
shown to increase in serum after concussive injury in athletes (Shahim et al. 2016).
Transection of cell processes was hypothesized to increase the concentration of Tau in the
cell culture media. Our results confirmed this hypothesis with a significant increase in
Tau concentration when compared with controls for undifferentiated SH-SY5Y cells and
NB-differentiated cells (Fig. 11) but not for RA-differentiated cells.
Overall levels of Tau in both the controls and the transected RA cells were
significantly lower than the other two cells types. This result was unexpected since Tau
has been shown to be expressed more in neuronal cells (Buee et al. 2000) so it would be
reasonable to say that if the cells were differentiated into neuron-like cells, they would
express more Tau than the undifferentiated SH-SY5Y cells. Thus, it appears that
differentiation by RA may not be as effective as other ways of differentiation.
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Subsequently, the NB-differentiated cells followed in the expected pattern in that
they expressed the greatest amount of Tau protein both in controls and transected cells.
Given that NB cells show a greater amount of cellular processes and Tau protein is found
in axonal processes as well as cell bodies it is logical that the cells would show a higher
concentration than the SH-SY5Y cells.
When all three cell types are compared, the NB-differentiated cells had the
highest concentration of Tau released, being nearly four-fold higher than the
undifferentiated cells and six-fold higher than the RA-differentiated cells. Consequently,
the RA-differentiated cells showed the lowest concentration of Tau released for both
control and stressed cells (Fig. 11).
In relation to practical studies of concussion using Tau as a biomarker, the
concentration that was found in our study was approximately 50 times higher than that
found in serum (Shahim et al. 2016). Which is reasonable when considering the effects of
transport from neurons into blood would cause dilution of the Tau concentration.

Conclusion
The goal of this project was to formulate a cell model of concussion by using
three different stressors on three different cell types originating from human
neuroblastoma SH-SY5Y cells. Differentiation of the SH-SY5Y cells was successfully
achieved using RA and NB. Successful differentiation was assessed using NSE primary
antibodies and fluorescence microscopy as well as quantification morphological
differences, namely, cellular processes. Further studies into differentiation of SH-SY5Y
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cells would be useful to ascertain exactly how and why substances induce differentiation
as the mechanism involved is yet unclear.
Using the three different cell types, we proposed to stress the cells with physical
and oxidative stress, as well as inflammation. Much work was done involving finding the
correct concentrations for the two latter stresses that still enabled a high percentage of
cell viability after the stress. Once these concentrations were found, the cells were then
assayed for positive signs of effect by using previously described indicators of the
specific stress: SOD for oxidative stress, Tau for physical stress, and NFκB for
inflammation. Our results showed successful induction of physical and inflammatory
stress but not direct oxidative stress.
Further studies using these models should focus on a better means of evaluating
positive oxidative stress when using hydrogen peroxide as the stressor. Also, studies into
the mechanisms of differentiation would help better understand the differences found in
this study between the different cell type in response to the stressors.
In conclusion, this study can be used in further research by giving a basic cell
model of concussion to use for studies interested in searching for new biomarkers of
concussion or even just to develop further cell models of concussion.
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