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Figure 9. Phase Contrast Images of Neuro2A Cells Seeded on Soft Substrate. 
Phase contrast images were taken of Neuro2A cells (A, C) at time=0, (B) after 1 
hour (no pressure), and (D) after 1 hour of exposure to 35 mmHg hydrostatic 
pressure. Scale bars = 100 µm.  
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Figure 10. Average Normalized Change in Neurite Length Over 1 Hour on Hard 
and Soft Substrates. Average neurite length per cell was normalized over 1 hour for 
control group (no pressure) and pressure (35 mmHg) group of Neuro2A cells. Error 
bars indicate ± S.E.M. * indicates p < 0.05.  

4.3 p160 ROCK Inhibition 

To determine whether hydrostatic pressure induced neurite retraction through the 

Rho/ROCK pathway, experiments were repeated in the presence or absence of the p160 

ROCK inhibitor Y-27632 with LPA-treated group of Neuro2A cells as a positive 

control. Imaging of the cells and calculation of the normalized neurite 

lengths demonstrated that the control groups and the Y-27632 groups experienced slight 

* * 
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changes, while the others experienced a significant (p<0.05) decrease in length (Figure 

11). There was a significant difference between the Y-27632-treated cells and non-treated 

cells in both the pressure and LPA groups.

Figure 11. Average Normalized Change in Neurite Length Over 1 Hour for 
Treatment Groups With or Without Exposure to Inhibitor Y-27632. Average 
change in neurite length per cell was normalized over 1 hour for control group (no 
pressure), control group (no pressure) + Y-27632, pressure (35 mmHg) group, 
pressure (35 mmHg) group + Y-27632, LPA group, and LPA + Y-27632 group of 
Neuro2A cells. Error bars indicate ± S.E.M. * indicates p < 0.05.  

*
* 
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4.4 Apoptosis Study 

To determine the effect of elevated hydrostatic pressure on Neuro2A cell apoptosis, a 

commercially available colorimetric TUNEL assay kit (Trevigen), was used to quantify 

the level of apoptotic Neuro2A cells directly after 24 hours of exposure to pressure (35 

mmHg). Positive (nuclease-treated group) and negative (unlabeled group) controls were 

generated to interpret absorbance values, with high values (0.611-1.159) indicating 100% 

apoptotic cells, and low values (~0.111-0.211) indicating minimal apoptotic cells present 

(Figure 12). The average values indicate that minimal apoptosis is detected in both the 

control and pressure groups with absorbance values of 0.3055 and 0.3500, respectively, 

which fall between the positive and negative control absorbance values. 
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Figure 12. Quantification of Apoptosis in Neuro2A Cells Using HT TiterTACS 
Assay. TiterTACs Assay was performed to quantify apoptosis in Neuro2A cell 
cultures directly after 24 hours of exposure to 35 mmHg hydrostatic pressure. Error 
bars indicate ± S.E.M.  
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CHAPTER FIVE 

DISCUSSION 

Although numerous studies have previously investigated pathological 

mechanisms involved in TBI (Bar-Kochba et al, 2016; Casella et al, 2014; DiLeonardi et 

al, 2009; Gao et al, 2011; Prado et al, 2005; Tang-Schomer et al, 2010; Wu et al, 

2012; Xiong et al, 2009), none have studied the direct effect of elevated ICP on neuronal 

cell mechanobiology. As there is currently no therapeutic treatment available for 

secondary injury after TBI (which may be partly due to elevated ICP), researchers aim to 

elucidate potential pathways to target for therapeutic approaches (Xiong et al, 2009). 

Additionally, an understanding of the mechanisms involved in elevated ICP may provide 

insight necessary to establish conventional elevated ICP management procedures in TBI 

patients, which currently remains debated amongst physicians (Alali et al, 2013). 

Previous studies have examined changes in neuronal cell morphology and health in vitro, 

particularly neurite extension/retraction and apoptosis, in order to evaluate cell health in 

response to drugs and other chemicals (Hirose et al, 1988; Monnier et al, 2003; Sayas, 

2006). In the present study, changes in neurite length was measured to determine the 

effect of elevated hydrostatic pressure on Neuro2A cells as an in vitro model of TBI-

associated elevated ICP. It was hypothesized that elevated hydrostatic pressure would 

induce neurite retraction, and possibly apoptosis, in the Neuro2A cell culture model.   

5.1 Neuro2A Cell Differentiation 

Neuroblastoma cells are frequently used in in vitro studies to investigate neuronal 

cell behavior (Seeds et al, 1970; Schubert et al, 1974). A number of methods exist for 
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differentiating neuroblastoma cell lines and inducing neurite outgrowth, with the simplest 

being exposure to serum-free medium (Gurwitz et al, 1988; Schubert et al, 1971; 

Schubert et al, 1974; Seeds et al, 1970). When serum is removed from the environment, 

the protein synthesis that is required for the microtubule assembly involved in 

neurite extension, occurs (Seeds et al, 1970). Additionally, it is possible that after serum 

removal, the cells are able to interact with the plate surface more stably, and thus 

form neurites on its surface (Seeds et al, 1970; Schubert et al, 1971). In the present study, 

Neuro2A cells were first cultured in growth medium (D-MEM, 10% FBS, 1% Penicillin-

Streptomycin), then switched to serum-free medium (100% D-MEM) after 24 hours, 

which led to successful differentiation indicated by neurite outgrowth. In the present 

study, differentiation was necessary in order to achieve a neuronal phenotype as clinically 

relevant as possible. 

5.2 Neurite Response to Pressure Exposure 

The present study examined the effects of elevated hydrostatic pressure on 

Neuro2A cell morphology, particularly neurite retraction/extension. The majority of 

the experiments were performed in polystyrene cell culture dishes (Greiner Bio-

one) while some experiments were performed with a soft substrate layer (Greiner Bio-

one, plus polyacrylamide + type I collagen gel) to mimic brain tissue stiffness. 

5.2.1 Hard Substrate   

Differentiated Neuro2A cells were exposed to pressure (25 mmHg or 35 mmHg) for 

either 15 minutes, 30 minutes, 60 minutes, 4 hours, or 6 hours. The pressures of 25 

mmHg and 35 mmHg were selected to mimic those of ICP observed in moderate and 
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severe TBI patients, respectively (Rangel-Castillo et al, 2008). Phase contrast 

images analyzed with the Fiji program with the Simple Neurite Tracer plugin (Longair, 

2011) showed that there was neurite retraction and extension in both the control and 

pressure groups. This is most likely due to the fact that the cells naturally migrate, as well 

as react to differences in temperature when being removed from the incubator and being 

transported to the microscope. Thus, the study aimed to compare the amounts of change 

in neurite length between the control and pressure groups in order to determine whether 

there was a difference.  

The results comparing the 25 mmHg and 35 mmHg pressure groups provided 

evidence that cells in the 35 mmHg group experienced a more drastic decrease in neurite 

length than those in the 25 mmHg group when exposed to pressure for 30 and 60 minutes 

(Figure 6). The trend indicated that neurite retraction may occur at moderate pressures 

(~25 mmHg), and progress extensively as pressure continues to rise (to at least 35 

mmHg).  

Since Neuro2A cell exposure to 35 mmHg pressure results indicated that there was 

significant impact, subsequent studies were performed in order to more closely examine 

the effect of 35 mmHg pressure on neuronal cell morphology at additional time 

points.  The results provide evidence that exposure to 35 mmHg pressure for 30 minutes 

or more causes significant (p<0.05) neurite retraction in Neuro2A cells in cell culture 

dishes. After 6 hours of exposure to 35 mmHg pressure, neurite length did not decrease 

as much as it did after 4 hours. While it is possible that neurites began extending after the 

4 hour time point, the observation in the 6 hour group is most likely due to the fact that 
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there was greater variability in the data due to more extensive cell migration after such a 

long period of time.  

Together, the results indicate that neuronal cells present in brain tissue exposed to 

elevated ICP in severe TBI patients may experience neurite retraction. Neurite retraction 

induced by ICP may lead to disruption in the brain's neuronal network by destroying 

synapses and cell-to-cell communication (Gao et al, 2011). It is possible that neurite 

retraction as a result of elevated hydrostatic pressure may play a role in the development 

of long-term consequences commonly observed in TBI patients such as 

neurodegenerative diseases (Chen et al, 2007; Fleminger et al, 2003; Jafari et al, 2013; 

Mortimer et al, 1991) and cognitive deficits (Caeyenburghs et al, 2014) since these are 

also characterized by neurite retraction (Radio et al, 2008; Sheinerman et al, 

2013). Additionally, the presented evidence supports the notion that elevated ICP (~35 

mmHg) in severe TBI patients should be relieved as soon as possible, ideally within 30 

minutes of elevated ICP detection, in order to avoid neuronal cell damage. Neurite 

retraction is one form of neuronal cell damage that was observed, however, 

additional cellular pathologic events may occur that were not observed in the present 

study.  

5.2.2 Soft Substrate 

Previous studies have thoroughly documented changes in cell morphology and stem 

differentiation based on substrate stiffness (Engler et al, 2006; Yeung et al, 2005). The 

brain is a soft organ, with brain tissue having a shear modulus of about 0.49 kPa 

(Rashid et al, 2013), which is much lower than that of a rigid plastic cell culture dish 
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(~ 1 GPa) (Sayed et al, 2015), thus cells may have behaved differently based on the 

substrate used. 

To confirm the validity of the results from initial experiments using hard 

polystyrene cell culture dishes, experiments were repeated using a soft 

substrate that consisted of a coverslip with a polyacrylamide gel layer coated with a type 

I collagen layer. First, to confirm the presence of collagen on the polyacrylamide gel 

layer, the specimens were stained with Coomassie Blue. The results indicated that some 

protein may be present on both the polyacrylamide gel coverslip and the polyacrylamide 

gel + type I collagen coverslip. This may have been due to unsuccessful destaining 

procedure, or actual presence of type I collagen or some other protein on both coverslips. 

Despite Coomassie Blue stain results, cells were seeded on the polyacrylamide gel + type 

I collagen coverslips. After 24 hours, it was evident that the Neuro2A cells seeded 

on the polyacrylamide gel + type I collagen coverslips had adhered. Since type I collagen 

was necessary for cell adherence to the substrate, the results indicate that the type I 

collagen immobilization was successful. Images showed that Neuro2A cells plated on the 

soft substrate exhibited little neurite outgrowth following serum-free culture, especially 

when compared to that of Neuro2A cells in cell culture dishes (Figure 9). However, some 

cells with neurite extension were identified and the results demonstrate that 

Neuro2A neurites retract significantly after 1 hour of exposure to 35 mmHg pressure on 

the soft substrate. This finding supports the view that the hard substrate experiments 

serve as valid models for studying elevated ICP on neuronal cell morphology in vitro.  
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5.3 p160 ROCK Inhibition 

Previous studies have shown that the Rho/ROCK pathway is responsible for neurite 

retraction induced by external stimuli such as LPA (Hirose et al, 1988; Monnier et al, 

2003). However, none have yet examined how hydrostatic pressure specifically induces 

neurite retraction.  When the p160ROCK inhibitor Y-27632 was administered to neuronal 

cell cultures prior to pressure exposure (35 mmHg for 1 hour), there was 

significantly (p<0.05) less neurite retraction when compared to the cultures that were 

exposed to pressure without prior administration of Y-27632, suggesting that Y-27632 

blocked the effects of  Additionally, when LPA was administered to Neuro2A cells in the 

present study neurite retraction occurred as expected. However, when cells were treated 

with Y-27632 prior to LPA, the effect of LPA was blocked. These results indicate that 

hydrostatic pressure is transduced to induce neurite retraction through the same pathway 

that LPA is and that the pathway responsible is the Rho/ROCK pathway.  

5.4 Apoptosis Study 

Numerous studies have demonstrated that neuronal cell death occurs as a result of 

TBI (Pekna et al, 2012; Xiong et al, 2009). Specific causes such as ischemia to brain 

tissue, diffuse axonal injury, and direct trauma to neuronal cells have been 

identified as contributors (Gaetz, 2004; Werner et al, 2007). The present study 

investigated whether elevated hydrostatic pressure contributed to the neuronal cell 

death and a commercially available TUNEL assay kit (Trevigen) was used to quantify 

apoptotic cells in a control group and groups exposed to pressure. Results demonstrate 

that following 24 hours of exposure to 35 mmHg pressure, similar and minimal Neuro2A 
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cell apoptosis occurred for the control and pressure groups. While the values of the 

nuclease-treated group were similar to the other groups, it was due to the large variance 

and, the nuclease-treated absorbance values in two out of three trials were higher (~1.15) 

than those represented in Figure 12. Although these in vitro results suggest that elevated 

hydrostatic pressure alone is likely not responsible for neuronal cell death, it remains 

possible that in the presence of other cell types in the in vivo environment, other 

mechanisms may be involved that would lead to neuronal cell apoptosis due to elevated 

ICP. 

 5.5 Limitations 

As previously discussed, the present study used an in vitro system to model TBI-

associated elevated ICP. While hydrostatic pressure could be closely monitored and 

controlled, the scope of the study was limited in regard to several factors.  

In the present study, pressure experiments relied on the measurement of 

extensions from Neuro2A cell bodies, collectively called “neurites”. Neurites include 

both axons and dendrites, however the two were not distinguished from each other for 

simplicity of data collection and analysis in the study.  

Throughout the study, Neuro2A cells were cultured in an incubator with a 

humidified atmosphere of 95% air and 5% CO2 at 37°C. This models hyperventilation, 

which is not representative of physiological conditions experienced in healthy brain 

tissue. Normally, neurons present in brain conrtex are exposed to low oxygen levels 

(Ndubuizu et al, 2007). Therefore, oxygen concentration would need to be adjusted to 

more accurately model physiological conditions in future studies. 
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In the pressure experiments, Neuro2A cells were first cultured in growth medium, 

then switched to serum-free medium after 24 hour to induce neurite extension. Pressure 

experiments were carried out while cells were in serum-free medium, however cells in 

brain tissue exposed to elevated ICP would have access to additional nutrients in the 

environment. For a more accurate TBI model, cells should be cultured with complete 

nutrients available in brain tissue, as cells may behave differently.  
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CHAPTER SIX 

CONCLUSIONS AND RECCOMENDATIONS 

In the present study, exposure to elevated hydrostatic pressure (35 mHg) for at 

least 30 minutes was proven to induce neurite retraction in Neuro2A cells in vitro. 

However, 24-hour exposure to elevated hydrostatic pressure did not induce neuronal 

apoptosis. Additionally, the study provides evidence that the pressure-induced neurite 

retraction response is mediated by the Rho/ROCK pathway. The presented findings may 

be applied to future TBI pathology studies in order to elucidate potential solutions to 

treating elevated ICP. Future studies include the following:  

• To clarify the effect of hydrostatic pressure on neuronal apoptosis by

performing additional experiments that expose Neuro2A cells to 35 mmHg 

hydrostatic pressure for 24 hours and 48 hours.  

o Rationale: Current results suggest that minimal apoptosis occurs

after 24 hours of exposure to 35 mmHg hydrostatic pressure, however 

the positive control values remained low. Additional trials of the 

experiment should be run. Further, longer exposure to hydrostatic 

pressure may elucidate apoptotic events later on. 

• To identify and examine the components present in the neurite structures

using stains for actin and microtubules before and after pressure exposure in 

Neuro2A cells. 
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o Rationale: Specification of molecular components and their

activity may provide information regarding Rho/ROCK pathway 

mechanisms involved in pressure-induced neurite retraction. 

• To establish in vitro synapse formation by using a stem cell-derived

neuron platform such as induced pluripotent stem cells (Bradford et al, 2015) 

in order to evaluate the effect of hydrostatic pressure on synapses. 

o Rationale: Current results suggest hydrostatic pressure induces

neurite retraction which may indicate loss in synapses. However, there 

is no evidence that synapse destruction does occur.  

• To investigate the effects of hydrostatic pressure on an animal brain tissue

sample. 

o Rationale: Since all physiological structures and cell types are

included in the brain tissue sample, it would provide a highly accurate 

model for TBI-related ICP studies.  

• To combine the application of hydrostatic pressure with another model of

TBI pathology in order to produce a more relevant TBI disease model. 

o Rationale: In order to achieve the most accurate model, all

environmental factors should be included. Other studies without ICP 

elevation considerations may not produce accurate results. Elevated 

ICP may exacerbate pathological conditions or influence cells.    

• To investigate the effects of hydrostatic pressure application on a co-

culture composed of multiple cell types naturally present in brain tissue 
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including primary neurons, astrocytes, oligodendrocytes, and microglia from a 

rat.   

o Rationale: Primary neurons are a better representation of cells in 

the brain than Neuro2A cells, and would therefore serve as better 

predictors for neuronal behavior to elevated hydrostatic pressure 

experienced during brain swelling following TBI. While neurons may 

be the primary functioning cell type in brain tissue, it is important to 

evaluate the response of the surrounding support cells as well. 

Elevated hydrostatic pressure may have an effect on these cell types 

independently, or may induce them to impact neurons in an indirect 

way.   

• To investigate the effects of hydrostatic pressure application on a brain 

tissue- like construct seeded with multiple cell types naturally present in brain 

tissue including primary neurons, astrocytes, oligodendrocytes, and 

microglia.   

o Rationale: Cells may respond in a different manner when exposed 

to hydrostatic pressure while on a compliant soft tissue model as 

compared to soft substrates in plastic dishes.   

• To conduct an animal study in which two mice receive blunt TBIs, 

followed by the administration of Y-27632 in one mouse, and no treatment in 

the other. Following the injury and recovery time, mouse behavior would be 
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evaluated. Extraction and analysis of brain tissue morphology would be 

examined post-humously.   

o Rationale: A mouse model would provide evidence as to whether

the inhibitor has an effect on the mouse behavior or brain tissue 

morphology as compared to the control.  

• To examine cell morphology in brain tissue samples after rat brain is

exposed to elevated hydrostatic pressure, and compare these to brain tissue 

samples of healthy rat brain.   

o Rationale: When investigating cell behavior and response to

stimuli, actual tissue samples provide more accurate evidence than do 

cell culture models.   

• To determine through which specific receptor hydrostatic pressure

stimulates neurite retraction in neuronal cells. 

o Rationale: Another potential target for drug therapy may be the

specific receptor involved in pressure-mediated responses. 

• To develop a live imaging pressure chamber system to record videos or

take time-lapse images of cells in real time. 

o Rationale: This would allow investigators to observe neuronal

morphological change in real-time and better assess cell behavior, as 

well as provide clearer evidence to support the conclusion that 35 

mmHg pressure causes neurite retraction in Neuro-2A cells.  
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