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Abstract 

Traumatic brain injury (TBI) occurs when an external force damages the head. TBI is quite 

common in developed countries, and in Sweden, approximately 18,000- 50,000 people per 

year are afflicted with this injury. A common cause of TBI among young people is traffic 

accidents, and among elderly people, the injury is typically caused by a fall in which the 

person receives a blow to the head.  The severity of the damage varies depending on how 

great the damage was and which part of the brain was damaged. TBI can lead to diminished 

cognitive functions such as reduced motor skill capacity, learning difficulties, and 

considerable suffering and distress for the patient and his or her loved ones.   

Despite this, there is currently no effective treatment and no knowledge of how to increase 

regeneration of damaged neurons. The purpose of this study has been to determine in which 

environment damaged neurons grow best. Such information may make it possible in the 

future to recreate the most favorable conditions for the damaged area to increase the 

regeneration rate of the damaged neurons. In order to best determine this, the experiment has 

consisted of physically damaging neurons, either with the tip of a pipette or with a scalpel, 

and then treating the damage in a variety of ways to see which treatment was most effective. 

The cells were cultured on a grid pattern of extracellular matrix (ECM) - proteins to more 

easily allow for the measurement of the regenerative ability of the damaged neurons. The 

damaged cells where treated with different concentrations of hydrogen peroxide (H2O2) and 

secretion from neutrophil granulocytes (Polymorphonuclear leukocytes, PMN).   

Introduction 

Traumatic brain injury (TBI) is common in industrialized countries. The consequences of a 

brain injury may include disturbances in motor abilities, personality changes, memory 

impairment, learning difficulties, etc (Clausen 2004). The majority of young people sustain 

TBI through vehicle accidents, while older people tend to sustain damages from falls in 

which they suffer blows to the head (Masson, Thicoipe et al. 2001). Patients with TBI put 

extreme monetary strain on society. 18,000- 50,000 people per year are affected by TBI in 

Sweden alone (Romner B 2000; Andersson, Björklund et al. 2003). The great majority of the 

cost is due to post-treatment, which is necessary for the many patients who become 

incapacitated (Clausen 2004). Additionally, patients and their family members commonly 

become depressed. Despite the high health care costs for these cases, there is currently no 

good treatment for traumatic brain injury (Ommaya, Salazar et al. 1996; Golden and Golden 

2003). 

TBI can be divided into primary and secondary injuries. The primary damage occurs from 

tissue loss due to the acute cell death, which is a consequence of the actual blow to the head. 

The secondary damage that occurs later is from various neurochemical mechanisms which 

have yet to be completely determined and understood (Dietrich, Alonso et al. 1994). The 

primary injury can of course not be easily prevented, but stopping the process leading to the 

secondary damage is of vital importance, and is the foremost goal of researchers (Narayan, 

Michel et al. 2002; Royo, Shimizu et al. 2003; Marklund, Bakshi et al. 2006).  
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The inflammatory process of traumatic brain injury can be divided into an acute and a 

chronic phase. The acute phase is short and there is often an accmulation of neutrophil 

granulocytes early on. The chronic phase, however, has a longer duration wherein the most 

important cells are lymphocytes and monocytes (Kenne 2010). 

The reason why it is interesting to examine how free radicals affect the damaged neurons 

regeneration is partially because it is these substances that are believed to be the cause of the 

cell death during the secondary damage process (Lewén, Matz et al. 2000). Free radicals 

damage cells by attacking lipids, proteins and DNA present in the cell. They do this through 

oxidation, i.e., they donate an electron. The substance that takes up the electron may then 

undergo a modified morphology, which can result in a change of function. Many recent 

studies have shown that free radicals also have an important role in signaling functions, 

differentiating cell death and apoptosis (Munnamalai and Suter 2009). Normally, free radicals 

are formed in cell metabolism, and therefore the body has a natural defense mechanism 

against these substances. But during a traumatic brain injury, the number of free radicals 

increases to a level where the body no longer has time to deal with these substances. This can 

lead to the brain cells being damaged and becoming necrotic (Clausen 2004). 

The purpose of this study is to determine the concentrations of hydrogen peroxide and the 

secretion of neutrophil granulocytes needed to cause the nerve cells to become necrotic or 

stop their regeneration. In order to do this, we damaged neurons with the tip of a pipette in 

vitro under a microscope and treated the cells with different concentrations of hydrogen 

peroxide and neutrophil granulocyte secretion. The measurement of the damaged neurons 

ability to regenerate after having been treated in various ways was made easier by cultivating 

neurons in a grid pattern of extracellular matrix proteins. Their regenerative ability could be 

measured by counting the number of squares they have grown out of after the injury. 

The results showed that a high concentration of neutrophil granulocyte secretion (diluted at 

1:2 in medium) not only suppressed the growth, but in fact killed the neurons, while a low 

concentration (diluted at 1:4 in medium) only suppressed the growth. The cells treated with a 

high concentration of hydrogen peroxide (1 mM) became necrotic. The results also showed 

that a low concentration of hydrogen peroxide (10 μM ) could, at least initially, stimulate 

regeneration in the damaged neurons. One hypothesis could be that hydrogen peroxide may 

initially signal damage to nearby neurons which in turn leads to growth signals being 

activated in the damaged cells. 

Materials and methods 

Cell culture solutions 

GIBCO Hank’s Balanced Salt Solution (1×) (HBSS) is the medium used when dissecting. 

HBSS was prepared by combining 8 mM of HEPES buffer solution (15630-056 Invitrogen) 

with 50 units of penicillin and 50 μg of streptomycin (15140-114, Invitrogen) per ml of 

Hank’s 14170, Invitrogen. Neurobasal medium causes embryonic stem cells to differentiate 

to nerve cells. GIBCO Neurobasal medium (Invitrogen) was supplemented with 10 μl L-

glutamine 20 μl B27 supplement (17504-044, Invitrogen), and 50 units of penicillin and 50 

μg of streptomycin (15140-114, Invitrogen) per ml. The stamp solution was made by 
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combining 20 µl of D-lysine with 1800 µl GIBCO Dulbecco´s Modified Eagle Medium (D-

MEM/F12) and 200 µl ECM gel which had been slowly thawed. The stamps were allowed to 

sit and dry before they were placed in the stamp solution for approximately 30 seconds. 

Afterwards, the stamps were quickly washed twice in PBS and then twice in H2O before 

being allowed to sit and dry a second time. When the stamps were dry, they were misted and 

stamped on cover glass that had been washed in 70 % ethanol. After one minute, the stamps 

were removed and neurobasal medium was added and the cells were seeded on the pattern. 

 

 

Figure 1. Silicone (PDMS) - stamps have been used to create extracellular matrix (ECM) - patterns with 3-6 µm 

lines in a grid. The stamps were immersed in stamp solution containing 20 µl of D-lysine, 1800 µl of GIBCO 

Dulbecco´s Modified Eagle Medium (D-MEM/F12), and 200 µl of ECM gel. Following this, the stamps were 

quickly immersed twice in PBS and then twice in H2O before being allowed to rest and dry before they were 

misted and stamped onto washed cover glass or untreated plastic petri dishes. 

Neural cell cultures  

Cerebral cortices from E14 C57/BL6 mice (Scanbur AB, Denmark) embryos were placed in 

HBSS and kept on ice. Olfactory bulbs, striatum and blood vessels were removed. The cortex 

solution was centrifuged for 3 min at 900 rpm (135.0g) (Heraeus, Thermo Fisher Scientific 

Inc.). The supernatant was removed to a new tube with a 1 ml pipette and dissolved in a 

portion of fresh HBSS. In order for the supernatant to dissolve completely, it was pipetted up 

and down 20- 30 times until there were no longer any visible clumps in the solution. 1 ml of 

HBSS was added and the solution was pipetted a number of extra times. The cell solution 

was incubated in room temperature for 10 minutes to allow any blood vessels and other 

remnants to sink to the bottom of the tube. Afterward, the supernatant was removed to a new 

tube and the cells were again centrifuged for 5 min at 1000 rpm. The supernatant was 

removed after centrifuging and the pellet was dissolved in 1 ml neurobasal medium. The cells 

in the solution were counted using a Bürker chamber and the solution was diluted with 

neurobasal medium so that 1 ml of the solution contained 0.3 million cells. Approximately 

0.15 million cells were seeded per pattern plate. The medium was changed after one day. Half 

the medium was changed after 3 days, and again after 6 days. The cell cultures were kept in 

the incubator the entire time. After 8 days, a hydrogen peroxide (H2O2) concentrate of 10 µM 

and 100 µM were added to the neurobasal medium on some of the well plates. Other plates 
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were treated with neutrophil granulocyte secretions diluted at 1:2 and 1:4 with neurobasal 

medium, and the control plates received only neurobasal medium.  These were added before 

the nerve cells on the pattern plates under the microscope were damaged with a 100 µl 

pipette. Photographs were taken directly after the damages were inflicted and again the 

following day. The cells were fixed the following day with 4% paraformaldehyde (PFA) 

(Sigma- Aldrich Co.) in PBS for approximately 15 minutes. 

Immunohisochemistry  

The cells were permeabilized and blocked for approximately 30 minutes in 0,1% Triton X-

100 in 5% normal goat serum ( NGS) (Vector) in PBS. They were then incubated for one 

hour at room temperature with the primary antibody, Tubulin beta III isoform (βIII tubulin) 

(CHEMICON International Inc), which was diluted at 1:200 in 0, 5 % NGS in PBS. 

Afterward, the cover glasses with the cells were washed three times with PBS. When the 

primary antibody was washed off with PBS, the secondary antibody, Cy3 (Sigma-Aldrich 

Co.), diluted at 1:200 in 0,5 % NGS in PBS was added and the cells were again incubated for 

one hour before being washed an additional three times with PBS. After this, the cells were 

incubated in Phalloidin FITC diluted at 1:200 in 0,5 % NGS in PBS NGS for 30 minutes at 

37º C, followed by washing the cells once again before they were mounted upside-down with 

Vectashield Hard Set mounting medium with 4´, 6-diamidino-2-phenylinodole DAPI 

(Vector). The cells were then photographed using a ZeissAxio Vision microscope and 

processing was performed with AxioVision4.7 software (Carl Zeiss Inc.).  

Results      

The results showed that high concentrations of hydrogen peroxide (1 mM ) and secretion 

from neutrophil granulocytes (diluted at 1:2 in medium) caused neurons to become necrotic 

(figure 4). Lower concentrations of neutrophil granulocytes (diluted at 1:4 in medium) and 

hydrogen peroxide (100 μM) only inhibited regeneration (figure 5). Even lower 

concentrations of hydrogen peroxide (10 μM) caused the cells to have more growth cones per 

grid square than the control (figure 6). 
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Control 

   

10 μM hydrogen peroxide                                                 

 

Figure 2. Photographs were taken directly after the damages were inflicted and again the following day. 
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Figure 3. Silicone (PDMS) - stamps were used to create extracellular matrix patterns with 3-6 µm lines in a grid 

on washed cover glass or untreated plastic petri dishes. The neurons were cultured in a grid pattern of ECM 

proteins in order to more easily measure the regenerative ability of damaged neurons that had been treated in a 

number of different ways. Image 3 shows those neurons that have grown along the ECM pattern for 8 days in 

the control medium. The neurons were fixed with 4% paraformaldehyde (PFA) and stained with a specific 

antibody for βIII tubulin (red). The photograph is taken with a Zeiss Axio Vision microscope and processing 

was performed with AxioVision4.7 software (Carl Zeiss Inc.). 
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Figure 4. The neurons were fixed with 4% paraformaldehyde (PFA) and stained with an immunocolor 

containing a specific antibodys for βIII tubulin (red), actin (green), FITC bound to D-lysine (green). The 

photograph is taken with a Zeiss Axio Vision microscope and processing was performed with AxioVision4.7 

software (Carl Zeiss Inc.). The cells treated with PMN diluted at 1:4 had axons but few of these were growth 

cones, while the cells treated with PMN diluted at 1:2 had become necrotic. The cells treated with a hydrogen 

peroxide concentration of 100 μM also showed growths but no growth cones. The sample treated with 10 

μM hydrogen peroxide and the control had both formed growth cones. 
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Axons/box: 

 

Figure 5. The number of axons were counted in the damaged area along a row of the grid in each sample. The 

graph shows the mean, i.e., the number of axons found per grid square. This demonstrated that the control, the 

samples with 10 μM and 100 μM of hydrogen peroxide, and the sample treated with PMN diluted at 1:4 all had 

axons while the cells treated with PMN diluted at 1:2 had become necrotic. There is no standard deviation 

because these are the results of one experiment. 

 

Growing axons/ box: 

 

Figure 6. The graph shows the number of growth cones found in each square of the pattern. The sample treated 

with 10 μM hydrogen peroxide had more growth cones per square than the control. No growth cones were found 

in the sample with 100 μM hydrogen peroxide, while in the sample treated with PMN diluted at 1:4, only two 

growth cones were found in the entire sample. Neurons treated with PMN diluted only at 1:2 had become 

necrotic. 
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(Growing axons/box)/(axons/box): 

 

Figure 7. The graph shows (Growing axons/box)/(axons/box). 

Discussion 

This study shows that a high concentration of secretion from neutrophil granulocytes (PMN 

diluted at 1:2) and hydrogen peroxide (1 mM) causes necrosis of cultured neurons. A lower 

concentration of these substances (neutrophil granulocyte secretion diluted at 1:4, and 100 

μM hydrogen peroxide) only inhibits the regeneration of damaged neurons. The study also 

shows that a very low concentration of hydrogen peroxide (10 μM) can enhance regeneration 

of damaged neurons. 

The fact that neurons treated with 10 μM had a higher regenerative ability compared with the 

control was unexpected but of course highly interesting. Previous studies have shown that 

free radicals play a vital role in cell signaling, but the importance of this has not yet been 

fully duly dated (Munnamalai and Suter 2009). 

One hypothesis could be that higher levels of free radicals in some way trigger the neurons to 

increase their regeneration. Another hypothesis might be that damaged neurons in the 

presence of free radicals may signal that an injury has occurred much earlier compared to 

damaged neurons in the absence of free radicals, causing the regeneration process to start 

much earlier in these cells. This may explain our results, but of course further studies and 

experiments must be performed in order to confirm these findings. 

In future experiments we will make broader dilution series with more concentrations of both 

hydrogen peroxide and secretion from neutrophil granulocytes in order to examine what 

effects various concentrations of these substances have, including the exact concentration at 

which the damaged cells become necrotic and at what concentration the cells stop 

regenerating. 

It would also be interesting to investigate how other substances and cells affect the damaged 

neurons regenerative ability and to examine the effect different substances and cells together 

have on regenerative ability. Once a concentration of these substances released by a TBI has 
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been found—in which neurons do not become necrotic, but cell regeneration ceases—

experimentation can continue with in vivo studies. 

In this study, neurons were damaged after having been cultured for 8 days in vitro, and after-

images were taken 24h after treatment. It would be good to examine how the various 

treatments affect the damaged cells in the longer term in order to determine, for example, 

whether the positive effect of a low concentration of hydrogen peroxide on cell regeneration 

is only an initial effect. As stated, many more studies must be done to identify the way in 

which different inflammatory substances affect damaged neurons regeneration. 

The purpose of this study was additionally to test whether the method of growing neurons on 

a grid pattern of extracellular matrix proteins is a good method for measuring the regenerative 

ability of damaged neurons, which can now be confirmed. With this method as a tool, future 

studies will make it possible for researchers to resolve many questions concerning what 

happens in the secondary injury process of TBI. 
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