
 
Rostami et al., Int J Neurorehabilitation Eng 2015, 2:3 

DOI: 10.4172/2376-0281.1000168

Open AccessResearch Article

Volume 2 • Issue 3 • 1000168Int J Neurorehabilitation
ISSN: 2376-0281 IJN, an open access journal

*Corresponding author: Elham Rostami, Department of Neurosurgery, Uppsala
University Hospital, Uppsala, Sweden, Department of Neuroscience, Karolinska
Institutet, Retzius väg 8, S-171 77, Stockholm, Sweden, Tel: +46-739-997977;
E-mail: Elham.rostami@ki.se

Received March 25, 2015; Accepted June 24, 2015; Published June 30, 2015

Citation: Rostami E, Gyorgy A, Davidsson J, Walker J, Wingo D, et al. (2015) Time-
Dependent Changes in Serum Level of Protein Biomarkers after Focal Traumatic
Brain Injury. Int J Neurorehabilitation 2: 168. doi:10.4172/2376-0281.1000168

Copyright: © 2015 Rostami E, et al. This is an open-access article distributed
under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.

Keywords: Traumatic brain injury; Biomarkers; Axonal injury;
S100B; Tau; Neurofilament; N-cadherin; Penetrating head injury

Introduction
Traumatic brain injuries (TBI) range from mild to severe lesions 

that can be immediately lethal. TBI can be caused by different injury 
mechanisms [1] such as focal impact, acceleration-deceleration and 
blast waves. The primary physical impact may lead to focal tissue 
injury or more dispersed injuries, such as diffuse axonal injury (DAI) 
but in many clinical cases there is a complex mixture of both focal 
and diffuse lesions [2]. Furthermore, the primary impact triggers 
complex secondary injury processes such as neurotransmitter release, 
excitotoxicity, mitochondrial dysfunction and inflammation that may 
lead to further tissue impairment [3-5]. This second phase of injury 
can last and extended period of time that provides a time window 
for intervention and treatment. Current diagnostic and consequently 
treatment options are limited. Although imaging techniques have an 
obvious central role in the clinical assessment after TBI, additional 
tools such as serum biomarker can provide critical information. Serum 
biomarkers in TBI have been suggested both for initial triaging as well 
as a tool for monitoring outcome. In order to better understand time-
dependent changes during the secondary injury process following pen-
TBI we collected blood samples at an early (1 day) mid (3 days) and a 
late (14 days) post-injury time points and determined injury induced 
changes in the serum levels of biomarkers indicative of axonal, neuronal 
and glia damage and/or loss using reverse phase protein microarray 
(RPPM).

Neuronal and glial proteins, such as Tau, neurofilament-heavy 
chain (NF-H), myelin basic protein (MBP), S100B and N-cadherin 
detected in the serum may reflect the extent and type of structural 
damage after TBI. Proteins such as Tau and neurofilaments have 
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been suggested candidates as axon specific biomarkers [6-8]. Tau is a 
microtubule-associated protein that is abundant in neurons in central 
nervous system (CNS) and primarily located in axons [8]. Early after 
TBI neuronal damage leads to axonal cytoskeleton changes and rapid 
loss of microtubules and microtubule associated proteins [9, 10]. 
Neurofilaments maintain axonal structural integrity where a disruption 
of this could result in neurofilament proteins being released into the 
extracellular space. Elevated serum levels of NF-H following TBI has 
previously been reported and correlated with lesion severity [11].

N-cadherin is a trans-synaptic cell adhesion molecule and is
abundant in axons and dendrites where it links the extracellular 
environment to the actin cytoskeleton [12,13]. As a part of secondary 
processes following TBI calpains are pathologically activated [14,15] 
and lead to cleavage of N-cadherin [16].

Glial proteins such as MBP and S100B have been broadly studied 
in serum after TBI. MBP is a myelin membrane proteolipid produced 
by oligodendroglial cells. It is abundant in white matter and has been 
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examined as a marker of axonal damage in neurointensive care. S-100B 
is a cytosolic calcium-binding protein that is predominantly found 
in glial cells and mainly in astrocytes. S100B has been considered as 
a promising biochemical marker of brain damage based on several 
studies showing a positive correlation between high S-100B and severity 
and outcome of TBI patients [17-21]. However, there are several studies 
showing no correlation between serum S100B levels and injury severity 
[22]. Furthermore, S100B has low specificity since it is present in many 
different cell types [23].

We have previously reported on the serum levels of Tau, NF-
H, MBP and S100B in a rotational acceleration TBI (rot-TBI) model 
that mimics mild TBI [24,25]. Axonal injury detected by β-APP was 
a hallmark of this injury with no signs of contusion or hemorrhages. 
The behavioral outcome of this model showed transient memory 
impairment indicating a mild-TBI. The serum levels were measured at 
1 day, 3 days and 14 days postinjury and there was a significant increase 
at all-time points except in NF-H at day 14. The biomarkers peaked 
at day 3 following injury. In the current study we have used a model 
of focal penetrating TBI by inducing controlled, reproducible and 
quantifiable injury [26] and monitored changes in the serum levels of 
the above protein biomarkers including N-cadherin. Our aim was to 
investigate if focal penetrating TBI induces release of serum biomarkers 
and if it varies in level of expression or temporal pattern compared to a 
mild diffuse TBI. We hypothesized that the level of expression and/or 
the temporal pattern of these biomarkers will be different dependent on 
the biomechanical elements inducing TBI as well as the resulting level 
of injury. 

Materials and Methods
Animals

A total of 24 adult Sprague-Dawley male rats were used, there 
were 6 normal control rats and 18 sham and injured rats described 
in detail below. The animals were deeply anaesthetized by intra-
abdominal injection of a 2.4 ml/kg of a mixture of 1 ml Dormicum® 
(5 mg/mlMidazolam, Roche), 1 ml Hypnorm® (Janssen) and 2 ml of 
distilled water. Thereafter, the animals were given 0.2 ml/kg intra-
muscular injections of mentioned mixture every 0.5 hours until the 
trauma and following surgery was completed. The work was performed 
in accordance with the Swedish National Guidelines for animal 
experiments, which was approved by the Animal Care and Use Ethics 
Committee in Stockholm. The methods have been described in detail 
previously [25,27,28].

Penetration injury model (pen-TBI)

A midline incision was made through the skin and a 2.8 mm 
craniotomy was drilled with a centre about 3 mm posterior and 3 mm 
lateral to the bregma. The animals were placed in a frame in order to 
avoid acceleration injury. A lead bullet was accelerated by air pressure 
in a specially designed rifle and impacted a secondary projectile. The 
second projectile consisted of a metal cylinder with an attached carbon 
fiber pin (length 24 mm, diameter 2 mm) with a tip shaped like a pencil, 
tip angle of 30 degrees. The pin of the secondary projectile, guided by a 
narrow tube, penetrated into the brain of the rats with a speed of 90 m/s. 
The design of the narrow tube provided good control of the penetration 
depth into the brain, which was 5.4 ± 0.4 mm (mean ± SD) mm from 
the dura. This model produces a widespread axonal lesion that can be 
detected within 2 hours with immunohistochemistry for b-amyloid 
precursor protein (APP) [25]. A zone with a mixture of dying and 
surviving neurons and glial cells surrounds the focal lesion and there is 

a manifest Blood-Brain Barrier (BBB) disturbance and an extracellular 
perivascular edema [25]. A total of 18 animals with different surviving 
times, were used for this TBI group. Injury groups: 1day (n=3), 3 days 
(n=3), 14 days (n=3) and sham groups; 1day (n=3), 3 days (n=3), 14 
days (n=3).

Reverse phase protein microarray (RPPM)

The survival time of traumatized and sham animals was 1 day, 3 days 
and 14 days after injury. The animals were deeply sedated by 2.4 ml/kg 
intra-abdominal injections of a mixture of 1ml Dormicum® (5 mg/ml 
Midazolan, Roche), 1 ml Hypnorm® (Janssen) and 2 ml of distil water 
and sacrificed through vast drainage of peripheral blood. The blood was 
drained and centrifuged and serum was removed, aliquoted and frozen 
on dry ice. The degree of hemolysis was performed by visualization. 
The detailed method of proteomics is described previously [29]. Briefly, 
tissue samples were pulverized in liquid nitrogen, transferred into T- 
per lysis buffer (#78510 Thermo Fisher, Waltham, MA) with EDTA-free 
Halt protease inhibitor cocktail (#78441 Thermo Fisher), sonicated, 
then the supernatants of the centrifuged samples were aliquoted, and 
stored at -80°C until use. Then samples were transferred into a JANUS 
Varispan Integrator and Expanded Platform Workstation (PerkinElmer, 
Waltham, MA) for serial dilution and transferred into Genetix 384-well 
plates (X7022, Fisher Scientific, Pittsburg, PA). Plates were centrifuged 
at 4°C at 1,500 g for 5 minutes and transferred into a Q-array Mini 
microarray printer (Genetix, Boston, MA). Nitrocellulose-coated 
glass slides (Whatman FAST, Fischer) were stained with primary 
antibodies for neurofilament heavy chain (NF-H, 1:20, Sigma N4142), 
the microtubule associated protein total-Tau (Tau, 1:20, Santa Cruz 
sc-1995P), N-cadherin (N-Cadh 1:20 Santa Cruz sc-31031) myelin 
basic protein (MBP, 1:20, Santa Cruz sc-13914) and S100B (s100b 1:20 
Abcam ab-41548). The slides were incubated with primary antibodies 
in a humidity chamber at 4 °C overnight, while gently rotated. The 
slides were finally incubated with secondary antibodies gently rotated 
for 1 hour at room temperature. The fluorescent signals were measured 
by scanning the slides with a 633 wavelength laser using a 647 nm filter 
in a Scan Array Express microarray scanner (Perkin Elmer, Waltham, 
MA). Data were imported into a Microsoft Excel-based bioinformatics 
program developed in house for analysis. The tool imports intensity 
data from the scanner output and calculates the total net intensity after 
local background subtraction for each spot. The background subtracted 
intensity data from the dilution series of each sample are then plotted 
against dilution on a log

10 graph. Linear regression of the log
10 data is 

done after removal of flagged data. Flagged data include spot intensities 
in the saturation range or noise range, signal to noise ratio less than 2, or 
high variability between duplicate spots (>10-15%). The total amount 
of the antigen is determined by the Y-axis intercept i.e., extrapolating 
the regression to zero (the undiluted sample). The Y-intercept values are 
given in log10 hence the power of each fold change is vast.

Statistical analysis

Statistical analysis was carried out using SPSS 19.0 and alpha was 
set to p ≤ 0.05 for all analyses. For each of the biomarkers, a one-way 
analysis of variance (ANOVA) was performed to compare values of 
sham and normal controls. After that no significant difference were 
obtained between sham and controls the log10 values obtained for 
each biomarker in injured animals were normalized (z-transformation) 
in comparison to values obtained from normal controls. In order to 
compare the two different TBI models previous data from rotational 
TBI model [24] was compared to results obtained in current study. 
For each of the biomarkers, a two-way ANOVA on log10 values was 
performed with Time (day1, day3 and day14) and group (rot-TBI, 
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rot-TBI-sham, pen-TBI and pen-TBI-sham) as variables of interest. 
Following this we performed multiple comparisons with Bonferroni 
correction to investigate the significant difference at each time point 
between each group. The non-normalized results obtained from 
each group and biomarkers are presented in Table 1. The normalized 
values of each marker are graphically illustrated in the Figures 1-3. It 
should be noted that the Y-intercept values in the table and figures are 
given in log10 hence the power of each fold change is vast. The log10 
presentation has shown to be the most appropriate way to present data 
obtained from RPPM [29].

Results
Comparing sham to injured animals, we found significantly 

increased serum levels of both Tau and NF-H both showing time-
dependent changes (Figure 1). Following pen-TBI, serum values 
of Tau showed a bi-phasic pattern; values peaked at day 1, dropped 
significantly at day 3 and returned to maximum level at day 14. Serum 
NF-H values showed a similar trend and mirrored the changes seen in 
serum Tau levels. Serum levels of N-cadherin, S100B showed similar 
bi-phasic patterns (Figure 2). The only marker that showed different 
temporal profile was MBP. It showed a gradual increase between and 
its serum level was the highest at day 14 (Figure 2). For comparison 
we have included data from our previous study on rotational TBI. That 
type of injury results in traumatic axonal injuries in the white matter 
[24] resembling diffuse axonal injuries (DAI). As seen in Table 1 and 
Figure 1-3 this injury also results in increase of Tau, NF-H, N-cadherin, 

Marker Time Normal Control Pen-TBI Sham Rot-TBI Sham
S100B Day 1 5.98  ±  0.11 6.73  ±  0.15 5.96  ±  0.19 6.75 ± 0.16 5.95 ± 0.04

Day 3 6.48  ±  0.12 6.02  ±  0.03 7.00 ± 0.09 6.02 ± 0.07
Day 14 6.74  ±  0.14 5.93  ±  0.14 6.61 ± 0.16 6.20 ± 0.12

N-cadherin Day 1 4.50  ±  0.07 5.67  ±  0.11 4.47  ±  0.07 5.00 ± 0.07 4.22 ± 0.18
Day 3 5.23  ±  0.22 4.45  ±  0.06 4.34 ± 0.06 4.32 ± 0.06

Day 14 5.84  ±  0.17 4.57  ±  0.16 5.82 ± 0.08 4.44 ± 0.03
MBP Day 1 5.02 ± 0.01 5.36  ±  0.10 5.10 ± 0.03 5.33 ± 0.05 5.09 ± 0.01

Day 3 5.46  ±  0.07 5.15 ± 0.04 5.73 ± 0.11 5.16 ± 0.02
Day 14 5.57  ±  0.10 5.16 ± 0.03 5.63 ± 0.07 5.17 ± 0.07

NF-H Day 1 5.20 ± 0.03 5.80 ± 0.07 5.24 ± 0.10 5.79 ± 0.09 5.24 ± 0.05
Day 3 5.76 ± 0.06 5.23 ± 0.05 5.98 ± 0.11 5.25 ± 0.04

Day 14 5.88 ± 0.03 5.26 ± 0.06 5.86 ± 0.08 5.20 ± 0.05
Tau Day 1 4.43 ± 0.05 5.74 ± 0.21 4.80 ± 0.01 5.66 ± 0.09 5.01 ± 0.08

Day 3 5.08 ± 0.10 4.74 ± 0.09 6.10 ± 0.10 4.84 ± 0.09
Day 14 5.79 ± 0.27 4.97 ± 0.06 5.72 ± 0.08 4.63 ± 0.05

Table 1: The results for each biomarker are given as the Y-intercept values obtained from the RPPM analysis. The Y-intercept values are given in log10 hence the power of 
changes are vast. In normal control group n=6 and in each injured and sham group n=3.
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Figure 1: Serum levels of neuronal/axonal markers.
The figure illustrates serum levels of Tau NF-H and N-cadherin. The values obtained from each type of injury are normalized (z-transformation) to normal controls 
(n=6) for each time point, thus the zero line represents normal controls. Each time point includes n=3. Y-intercept values are log10 given as means ± SEM. Significant 
differences between rot-TBI and pen-TBI, analyzed by multiple comparisons are indicated (*).
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S100B and MBP. However, the bi-phasic pattern that was seen in the 
present study was not observed after rotational TBI where all markers 
seemed to have a peak at 3 days. Thus, the timetable seems different 
when these two types of injury are compared.

Discussion
The results from the present study contrast our previous 

observations in the rotational type TBI [24]. The two different models 
result in different types of tissue damage [24-26]. The rotational 
acceleration TBI induces axonal injury detected by β-APP staining as 
early as 2h post-injury. The axonal injuries are more widespread and 
found in larger quantity in corpus callosum and the border of white 
and grey matter. No contusion or hemorrhages was detected when 
lower acceleration impact was used. In animals with high acceleration 
trauma β-APP positive axons were detected in the brain stem. There 
were also signs of axonal swelling and bulbs in the brain stem of these 
animals detected by FD silver staining. No signs of BBB changes could 
be detected. The behavioral outcome of the low acceleration impact 
produced modest and transient memory impairment indicating a mild 
TBI. In contrast, the penetrating injury induces impairment in motor 
function, reference memory and anxiety following focal tissue damage 
with laceration including bleeding and BBB disruption. Our gene array 
analysis of brain tissue obtained from these two different models also 

revealed distinctive gene expression profiles [30]. We found greater 
inflammatory response and apoptosis after pen-TBI compared to rot-
TBI. 

Using RPPM, we detected significant changes in the serum levels of 
select biomarkers both after rot-TBI [24] as well as after pen-TBI (this 
paper) suggesting neuronal and glial cell damage, altered cell adhesion 
and axonal pathologies.

Axonal injury

Previous studies have suggested Tau and neurofilaments as 
biomarkers for axonal pathologies after TBI [6-8]. The axonal injury after 
TBI consist of an immediate axotomy caused by the direct mechanical 
insult and a secondary axotomy resulting from a progressive cascade 
of pathological events [10,31]. After axonal injury Tau is cleaved by 
calpains and this proteolytic activity has shown to have an early peak of 
minutes to hours following a second peak at 4 days [14,15]. In this study 
we detected a bi-phasic pattern of serum Tau levels, suggesting that the 
initial penetrating impact results in a rapid axonal damage and loss that 
can be detected in serum by day 1. By contrast, Tau levels peaked at 3 
day following rot- TBI suggesting that the rotational injury probably 
initiates a cascade of events over days leading to the serum peak value 
of Tau at day 3. Previous experiments showed that using Controlled 
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Cortical Impact (CCI) model of TBI, Tau levels in serum peaked as 
early as 6h post-injury with no significant increase at later time points 
[32]. 

Elevated serum NF levels have been observed after various forms 
of TBI and the temporal patterns of the increases varied depending on 
the type of injury. It was 7 days after subarachnoid hemorrhage [33], 
3 days after spinal cord injury [7], 2-3 days following CCI [11] and 6h 
following blast TBI [34]. In this study highest serum NF levels were 
detected at day 1 and 14. This is in contrast with findings from our 
previous study where serum NF levels peaked at day 3 suggesting a 
different axonal pathology triggered by rotational forces. The second 
peaks of Tau and NF-H in pen-TBI at day 14 can indicate additional 
pathological process such as inflammation that can trigger additional –
delayed- axonal damage. It should be pointed out that the intracerebral 
milieu after closed head, such as rotational and after open, such as 
penetrating TBI are very different. Intracranial bleeding after pen-TBI 
can majorly alter the half-life of protein biomarkers and may very well 
affect the elimination of protein biomarkers. The half-life of Tau and 
neurofilaments in the serum are not known but the half-life of (cleaved) 
Tau in the CSF is up to 5 days [35]. Accordingly, the observed peaks at 
2 weeks could be a result of altered elimination of released proteins as 
well as continues release from damaged axons.

Elevated serum MBP levels are indicator of white matter tract and 
also axonal injury [34]. In this study, we observed a time-dependent 
increase of serum MBP levels reaching maximum at the termination 
of the experiment (day 14). The underlying cause of this temporal 
profile, which contrasts all the other markers measured in this study, 
can be multifold. These can include slow axonal degeneration similar to 
Wallerian degeneration, which may take months to years (in human), 
slow clearance of myelin debris [36,37], ongoing pathological changes 
such as inflammation and the combination of the above.

Neuronal and glial injury

Increased serum levels of N-cadherin can be an indicator of 
neuronal and /or synaptic loss [38,39]. Similar to most of the other 
biomarkers, serum N-cadherin levels also showed a biphasic pattern 
with peaks by day 1 and 14. The underlying cause(s) for this temporal 
pattern can involve several of the same changes as discussed above. 
We would like to point out that this is one of the first report showing 
injury induced changes in serum N-cadherin levels following TBI thus 
N-cadherin may be a valuable biomarker to consider in future TBI 
studies.

The bimodal increase of serum S100B level with peaks at day 1 
and day 14 also supports the notion of additional secondary injury 
processes resulting in delayed astroglia damage and or loss. Increased 
levels of S100B in TBI patients have been correlated to secondary events 
[19,40]. A second, delayed peak in serum S100B levels has been found 
indicative of poor outcome after severe TBI [41]. The short half-life of 
S100B, 30-90 min, also indicates that its elevated serum levels should 
reflect ongoing damage of astroglia with the subsequent release of the 
protein into the serum [42,43]. A meta-analysis on mild-TBI including 
12 studies showed that the pooled negative predictive value was more 
than 99% (95% CI 98%-100%) [44]. However, the interpretation of 
serum S100B in moderate to severe TBI is still under discussion. It is 
much dependent on collecting time following trauma and increased 
serum S100B levels have been found in other conditions and S100B can 
be of extracranial origin [45, 46]. 

Elevated serum levels of S100B have been shown to correlate with 
BBB dysfunction albeit but not at late post-injury time point [40,47]. 

In our rot-TBI model we observed highly elevated S100b serum levels 
even though no BBB defects could be detected [25]. A biphasic BBB 
breakdown after TBI with an early rapid phase, within hours, followed by 
a second phase 3-7 days after injury have been previously demonstrated 
[48,49]. How BBB dysfunction and elevated serum protein biomarker 
levels are correlated is currently not well understood.

The primary traumatic brain injury is the result of mechanical 
forces that put a strain on the brain parenchyma at the time of impact. 
Although these forces may be of various forms e.g. penetrating injuries 
or rotational acceleration they result in secondary pathological 
processes that can deteriorate the initial injury and the clinical status of 
TBI patients. It is highly valuable to be able to detect secondary injury 
processes by blood sampling and be able to take preventive measures 
in order to improve patient outcome. This study shows that injury 
severity and different types of TBI generate different level and temporal 
expression of serum biomarkers. This indicates that a panel of serum 
biomarkers may be used to aid clinician in diagnosis of type and level 
of injury. Furthermore, the temporal pattern may indicate ongoing 
secondary processes that could be prevented. 

The current study has several limitations, most importantly is the 
low number of animals in each group thus further studies, with more 
animals and additional time points and additional biomarkers are 
needed to firmly establish the temporal pattern of changes of protein 
biomarkers following pen-TBI.

Acknowledgment

 This study was funded by Karolinska Institutet, The Swedish Armed Forces, 
Vinnova and USUHS programs. We thank Viktoria Hammarstedt for editorial help.

References
1. Anderson R, McLean J (2005) Biomechanics of closed head injury. Head Injury, 

Pathology and Management.

2. Skandsen T, Kvistad KA, Solheim O, Strand IH, Folvik M, et al. (2010) 
Prevalence and impact of diffuse axonal injury in patients with moderate 
and severe head injury: a cohort study of early magnetic resonance imaging 
findings and 1-year outcome. J Neurosurg 113: 556-563.

3. Verweij BH, Muizelaar JP, Vinas FC, Peterson PL, Xiong Y, et al. (2000) 
Impaired cerebral mitochondrial function after traumatic brain injury in humans. 
J Neurosurg 93: 815-820.

4. Morganti-Kossmann MC, Rancan M, Stahel PF, Kossmann T (2002) 
Inflammatory response in acute traumatic brain injury: a double-edged sword. 
Curr Opin Crit Care 8: 101-105.

5. Siesjö BK, Siesjö P (1996) Mechanisms of secondary brain injury. Eur J 
Anaesthesiol 13: 247-268.

6. Zemlan FP, Rosenberg WS, Luebbe PA, Campbell TA, Dean GE, et al. (1999) 
Quantification of axonal damage in traumatic brain injury: affinity purification 
and characterization of cerebrospinal fluid tau proteins. J Neurochem 72: 741-
750.

7. Shaw G, Yang C, Ellis R, Anderson K, Parker Mickle J, et al. (2005) 
Hyperphosphorylated neurofilament NF-H is a serum biomarker of axonal 
injury. Biochem Biophys Res Commun 336: 1268-1277.

8. Binder LI, Frankfurter A, Rebhun LI (1985) The distribution of tau in the 
mammalian central nervous system. J Cell Biol 101: 1371-1378.

9. Pettus EH, JT Povlishock (1996) Characterization of a distinct set of intra-
axonal ultrastructural changes associated with traumatically induced alteration 
in axolemmal permeability. Brain Res 722: 1-11.

10. Povlishock JT, Christman CW (1995) The pathobiology of traumatically 
induced axonal injury in animals and humans: a review of current thoughts. J 
Neurotrauma 12: 555-564.

11. Anderson KJ, Scheff SW, Miller KM, Roberts KN, Gilmer LK, et al. (2008) The 
phosphorylated axonal form of the neurofilament subunit NF-H (pNF-H) as a 
blood biomarker of traumatic brain injury. J Neurotrauma 25: 1079-1085.

http://www.ncbi.nlm.nih.gov/pubmed/19852541
http://www.ncbi.nlm.nih.gov/pubmed/19852541
http://www.ncbi.nlm.nih.gov/pubmed/19852541
http://www.ncbi.nlm.nih.gov/pubmed/19852541
http://www.ncbi.nlm.nih.gov/pubmed/11059663
http://www.ncbi.nlm.nih.gov/pubmed/11059663
http://www.ncbi.nlm.nih.gov/pubmed/11059663
http://www.ncbi.nlm.nih.gov/pubmed/12386508
http://www.ncbi.nlm.nih.gov/pubmed/12386508
http://www.ncbi.nlm.nih.gov/pubmed/12386508
http://www.ncbi.nlm.nih.gov/pubmed/8737117
http://www.ncbi.nlm.nih.gov/pubmed/8737117
http://www.ncbi.nlm.nih.gov/pubmed/9930748
http://www.ncbi.nlm.nih.gov/pubmed/9930748
http://www.ncbi.nlm.nih.gov/pubmed/9930748
http://www.ncbi.nlm.nih.gov/pubmed/9930748
http://www.ncbi.nlm.nih.gov/pubmed/16176808
http://www.ncbi.nlm.nih.gov/pubmed/16176808
http://www.ncbi.nlm.nih.gov/pubmed/16176808
http://www.ncbi.nlm.nih.gov/pubmed/3930508
http://www.ncbi.nlm.nih.gov/pubmed/3930508
http://www.ncbi.nlm.nih.gov/pubmed/8683606
http://www.ncbi.nlm.nih.gov/pubmed/8683606
http://www.ncbi.nlm.nih.gov/pubmed/8683606
http://www.ncbi.nlm.nih.gov/pubmed/18729720
http://www.ncbi.nlm.nih.gov/pubmed/18729720
http://www.ncbi.nlm.nih.gov/pubmed/18729720


Citation: Rostami E, Gyorgy A, Davidsson J, Walker J, Wingo D, et al. (2015) Time-Dependent Changes in Serum Level of Protein Biomarkers after 
Focal Traumatic Brain Injury. Int J Neurorehabilitation 2: 168. doi:10.4172/2376-0281.1000168

Page 6 of 6

Volume 2 • Issue 3 • 1000168Int J Neurorehabilitation
ISSN: 2376-0281 IJN, an open access journal

12. Nelson WJ (2008) Regulation of cell-cell adhesion by the cadherin-catenin 
complex. Biochem Soc Trans 36: 149-155.

13. Benson DL, Tanaka H (1998) N-cadherin redistribution during synaptogenesis 
in hippocampal neurons. J Neurosci 18: 6892-6904.

14. Saatman KE, Abai B, Grosvenor A, Vorwerk CK, Smith DH, et al. (2003) 
Traumatic axonal injury results in biphasic calpain activation and retrograde 
transport impairment in mice. J Cereb Blood Flow Metab 23: 34-42.

15. Agoston DV, Gyorgy A, Eidelman O, Pollard HB (2009) Proteomic biomarkers 
for blast neurotrauma: targeting cerebral edema, inflammation, and neuronal 
death cascades. J Neurotrauma 26: 901-911.

16. Jang YN, Jung YS, Lee SH, Moon CH, Kim CH, et al. (2009) Calpain-mediated 
N-cadherin proteolytic processing in brain injury. J Neurosci 29: 5974-5984.

17. Herrmann M, et al., (2000) Temporal profile of release of neurobiochemical 
markers of brain damage after traumatic brain injury is associated with 
intracranial pathology as demonstrated in cranial computerized tomography. J 
Neurotrauma 17: 113-122.

18. Pleines UE, Morganti-Kossmann MC, Rancan M, Joller H, Trentz O, et al. 
(2001) S-100 beta reflects the extent of injury and outcome, whereas neuronal 
specific enolase is a better indicator of neuroinflammation in patients with 
severe traumatic brain injury. J Neurotrauma 18: 491-498.

19. Raabe A, Grolms C, Sorge O, Zimmermann M, Seifert V (1999) Serum S-100B 
protein in severe head injury. Neurosurgery 45: 477-483.

20. Rothoerl RD, Woertgen C, Brawanski A (2000) S-100 serum levels and 
outcome after severe head injury. Acta Neurochir Suppl 76: 97-100.

21. Woertgen C, Rothoerl RD, Metz C, Brawanski A (1999) Comparison of clinical, 
radiologic, and serum marker as prognostic factors after severe head injury. J 
Trauma 47: 1126-1130.

22. Bazarian JJ, Zemlan FP, Mookerjee S, Stigbrand T (2006) Serum S-100B and 
cleaved-tau are poor predictors of long-term outcome after mild traumatic brain 
injury. Brain Inj 20: 759-765.

23. Zimmer DB, Cornwall EH, Landar A, Song W (1995) The S100 protein family: 
history, function, and expression. Brain Res Bull 37: 417-429.

24. Rostami E, Davidsson J, Ng KC, Lu J, Gyorgy A, et al. (2012) A Model for Mild 
Traumatic Brain Injury that Induces Limited Transient Memory Impairment and 
Increased Levels of Axon Related Serum Biomarkers. Front Neurol 3: 115.

25. Davidsson J, Risling M (2011) A new model to produce sagittal plane rotational 
induced diffuse axonal injuries. Front Neurol 2: 41.

26. Plantman S, Ng KC, Lu J, Davidsson J, Risling M (2012) Characterization of a 
novel rat model of penetrating traumatic brain injury. J Neurotrauma 29: 1219-
1232.

27. Davidsson JA M, Risling M (2009) Injury threshhold for sagittal plane rotational 
induced diffuse axonal injuries. International Ircobi Conference On The 
Biomechanics Of Injury.

28. Risling M et al., (2004) Leakage of S-100 Protein After High Velocity Penetration 
Injury to the Brain, in 7th International Neurotrauma Symposium. Medimond: 
Adelaide, Australia.

29. Gyorgy AB, Walker J, Wingo D, Eidelman O, Pollard HB, et al. (2010) Reverse 
phase protein microarray technology in traumatic brain injury. J Neurosci 
Methods 192: 96-101.

30. Risling M, Plantman S, Angeria M, Rostami E, Bellander BM, et al. (2011) 
Mechanisms of blast induced brain injuries, experimental studies in rats. 
Neuroimage 54 Suppl 1: S89-97.

31. Maxwell WL, Povlishock JT, Graham DL (1997) A mechanistic analysis of 
nondisruptive axonal injury: a review. J Neurotrauma 14: 419-440.

32. Gabbita SP, Scheff SW, Menard RM, Roberts K, Fugaccia I, et al. (2005) 
Cleaved-tau: a biomarker of neuronal damage after traumatic brain injury. J 
Neurotrauma 22: 83-94.

33. Petzold A, Keir G, Kay A, Kerr M, Thompson EJ (2006) Axonal damage and 
outcome in subarachnoid haemorrhage. J Neurol Neurosurg Psychiatry 77: 
753-759.

34. Gyorgy A, Ling G, Wingo D, Walker J, Tong L, et al. (2011) Time-dependent 
changes in serum biomarker levels after blast traumatic brain injury. J 
Neurotrauma 28: 1121-1126.

35. Teunissen CE, Dijkstra C, Polman C (2005) Biological markers in CSF and 
blood for axonal degeneration in multiple sclerosis. Lancet Neurol 4: 32-41.

36. George R, Griffin JW (1994) Delayed macrophage responses and myelin 
clearance during Wallerian degeneration in the central nervous system: the 
dorsal radiculotomy model. Exp Neurol 129: 225-236.

37. Franson P (1985) Quantitative electron microscopic observations on the non-
neuronal cells and lipid droplets in the posterior funiculus of the cat after dorsal 
rhizotomy. J Comp Neurol 231: 490-499.

38. Brock JH, Elste A, Huntley GW (2004) Distribution and injury-induced plasticity 
of cadherins in relationship to identified synaptic circuitry in adult rat spinal 
cord. J Neurosci 24: 8806-8817.

39. Kanemaru K, Kubota J, Sekiya H, Hirose K, Okubo Y, et al. (2013) Calcium-
dependent N-cadherin up-regulation mediates reactive astrogliosis and 
neuroprotection after brain injury. Proc Natl Acad Sci U S A 110: 11612-11617.

40. Bellander BM, Olafsson IH, Ghatan PH, Bro Skejo HP, Hansson LO, et al. 
(2011) Secondary insults following traumatic brain injury enhance complement 
activation in the human brain and release of the tissue damage marker S100B. 
Acta Neurochir (Wien) 153: 90-100.

41. Thelin EP, Nelson DW, Bellander BM (2014) Secondary peaks of S100B in 
serum relate to subsequent radiological pathology in traumatic brain injury. 
Neurocrit Care 20: 217-229.

42. Townend W, Dibble C, Abid K, Vail A, Sherwood R, et al. (2006) Rapid elimination 
of protein S-100B from serum after minor head trauma. J Neurotrauma 23: 149-
155.

43. Blomquist S, Johnsson P, Lührs C, Malmkvist G, Solem JO, et al. (1997) 
The appearance of S-100 protein in serum during and immediately after 
cardiopulmonary bypass surgery: a possible marker for cerebral injury. J 
Cardiothorac Vasc Anesth 11: 699-703.

44. Undén J, Romner B (2010) Can low serum levels of S100B predict normal CT 
findings after minor head injury in adults?: an evidence-based review and meta-
analysis. J Head Trauma Rehabil 25: 228-240.

45. Anderson RE, Hansson LO, Nilsson O, Dijlai-Merzoug R, Settergren G 
(2001) High serum S100B levels for trauma patients without head injuries. 
Neurosurgery 48: 1255-1258.

46. Anderson RE, Hansson LO, Nilsson O, Liska J, Settergren G, et al. (2001) 
Increase in serum S100A1-B and S100BB during cardiac surgery arises from 
extracerebral sources. Ann Thorac Surg 71: 1512-1517.

47. Blyth BJ, Farahvar A, He H, Nayak A, Yang C, et al. (2011) Elevated serum 
ubiquitin carboxy-terminal hydrolase L1 is associated with abnormal blood-
brain barrier function after traumatic brain injury. J Neurotrauma 28: 2453-2462.

48. BaÅŸkaya MK, Rao AM, DoÄŸan A, Donaldson D, Dempsey RJ (1997) The 
biphasic opening of the blood-brain barrier in the cortex and hippocampus after 
traumatic brain injury in rats. Neurosci Lett 226: 33-36.

49. Shapira Y, Setton D, Artru AA, Shohami E (1993) Blood-brain barrier 
permeability, cerebral edema, and neurologic function after closed head injury 
in rats. Anesth Analg 77: 141-148.

http://www.ncbi.nlm.nih.gov/pubmed/18363555
http://www.ncbi.nlm.nih.gov/pubmed/18363555
http://www.ncbi.nlm.nih.gov/pubmed/9712659
http://www.ncbi.nlm.nih.gov/pubmed/9712659
http://www.ncbi.nlm.nih.gov/pubmed/12500089
http://www.ncbi.nlm.nih.gov/pubmed/12500089
http://www.ncbi.nlm.nih.gov/pubmed/12500089
http://www.ncbi.nlm.nih.gov/pubmed/19397421
http://www.ncbi.nlm.nih.gov/pubmed/19397421
http://www.ncbi.nlm.nih.gov/pubmed/19397421
http://www.ncbi.nlm.nih.gov/pubmed/19420263
http://www.ncbi.nlm.nih.gov/pubmed/19420263
http://www.ncbi.nlm.nih.gov/pubmed/11393252
http://www.ncbi.nlm.nih.gov/pubmed/11393252
http://www.ncbi.nlm.nih.gov/pubmed/11393252
http://www.ncbi.nlm.nih.gov/pubmed/11393252
http://www.ncbi.nlm.nih.gov/pubmed/10493369
http://www.ncbi.nlm.nih.gov/pubmed/10493369
http://www.ncbi.nlm.nih.gov/pubmed/11450101
http://www.ncbi.nlm.nih.gov/pubmed/11450101
http://www.ncbi.nlm.nih.gov/pubmed/10608545
http://www.ncbi.nlm.nih.gov/pubmed/10608545
http://www.ncbi.nlm.nih.gov/pubmed/10608545
http://www.ncbi.nlm.nih.gov/pubmed/16809208
http://www.ncbi.nlm.nih.gov/pubmed/16809208
http://www.ncbi.nlm.nih.gov/pubmed/16809208
http://www.ncbi.nlm.nih.gov/pubmed/7620916
http://www.ncbi.nlm.nih.gov/pubmed/7620916
http://www.ncbi.nlm.nih.gov/pubmed/22837752
http://www.ncbi.nlm.nih.gov/pubmed/22837752
http://www.ncbi.nlm.nih.gov/pubmed/22837752
http://www.ncbi.nlm.nih.gov/pubmed/21747777
http://www.ncbi.nlm.nih.gov/pubmed/21747777
http://www.ncbi.nlm.nih.gov/pubmed/22181060
http://www.ncbi.nlm.nih.gov/pubmed/22181060
http://www.ncbi.nlm.nih.gov/pubmed/22181060
http://www.ncbi.nlm.nih.gov/pubmed/20674607
http://www.ncbi.nlm.nih.gov/pubmed/20674607
http://www.ncbi.nlm.nih.gov/pubmed/20674607
http://www.ncbi.nlm.nih.gov/pubmed/20493951
http://www.ncbi.nlm.nih.gov/pubmed/20493951
http://www.ncbi.nlm.nih.gov/pubmed/20493951
http://www.ncbi.nlm.nih.gov/pubmed/9257661
http://www.ncbi.nlm.nih.gov/pubmed/9257661
http://www.ncbi.nlm.nih.gov/pubmed/15665604
http://www.ncbi.nlm.nih.gov/pubmed/15665604
http://www.ncbi.nlm.nih.gov/pubmed/15665604
http://www.ncbi.nlm.nih.gov/pubmed/16705199
http://www.ncbi.nlm.nih.gov/pubmed/16705199
http://www.ncbi.nlm.nih.gov/pubmed/16705199
http://www.ncbi.nlm.nih.gov/pubmed/21428721
http://www.ncbi.nlm.nih.gov/pubmed/21428721
http://www.ncbi.nlm.nih.gov/pubmed/21428721
http://www.ncbi.nlm.nih.gov/pubmed/15620855
http://www.ncbi.nlm.nih.gov/pubmed/15620855
http://www.ncbi.nlm.nih.gov/pubmed/7957737
http://www.ncbi.nlm.nih.gov/pubmed/7957737
http://www.ncbi.nlm.nih.gov/pubmed/7957737
http://www.ncbi.nlm.nih.gov/pubmed/3968251
http://www.ncbi.nlm.nih.gov/pubmed/3968251
http://www.ncbi.nlm.nih.gov/pubmed/3968251
http://www.ncbi.nlm.nih.gov/pubmed/15470146
http://www.ncbi.nlm.nih.gov/pubmed/15470146
http://www.ncbi.nlm.nih.gov/pubmed/15470146
http://www.ncbi.nlm.nih.gov/pubmed/23798419
http://www.ncbi.nlm.nih.gov/pubmed/23798419
http://www.ncbi.nlm.nih.gov/pubmed/23798419
http://www.ncbi.nlm.nih.gov/pubmed/20686797
http://www.ncbi.nlm.nih.gov/pubmed/20686797
http://www.ncbi.nlm.nih.gov/pubmed/20686797
http://www.ncbi.nlm.nih.gov/pubmed/20686797
http://www.ncbi.nlm.nih.gov/pubmed/24146416
http://www.ncbi.nlm.nih.gov/pubmed/24146416
http://www.ncbi.nlm.nih.gov/pubmed/24146416
http://www.ncbi.nlm.nih.gov/pubmed/16503799
http://www.ncbi.nlm.nih.gov/pubmed/16503799
http://www.ncbi.nlm.nih.gov/pubmed/16503799
http://www.ncbi.nlm.nih.gov/pubmed/9327308
http://www.ncbi.nlm.nih.gov/pubmed/9327308
http://www.ncbi.nlm.nih.gov/pubmed/9327308
http://www.ncbi.nlm.nih.gov/pubmed/9327308
http://www.ncbi.nlm.nih.gov/pubmed/20611042
http://www.ncbi.nlm.nih.gov/pubmed/20611042
http://www.ncbi.nlm.nih.gov/pubmed/20611042
http://www.ncbi.nlm.nih.gov/pubmed/11383727
http://www.ncbi.nlm.nih.gov/pubmed/11383727
http://www.ncbi.nlm.nih.gov/pubmed/11383727
http://www.ncbi.nlm.nih.gov/pubmed/11383792
http://www.ncbi.nlm.nih.gov/pubmed/11383792
http://www.ncbi.nlm.nih.gov/pubmed/11383792
http://www.ncbi.nlm.nih.gov/pubmed/21428722
http://www.ncbi.nlm.nih.gov/pubmed/21428722
http://www.ncbi.nlm.nih.gov/pubmed/21428722
http://www.ncbi.nlm.nih.gov/pubmed/9153635
http://www.ncbi.nlm.nih.gov/pubmed/9153635
http://www.ncbi.nlm.nih.gov/pubmed/9153635
http://www.ncbi.nlm.nih.gov/pubmed/8317722
http://www.ncbi.nlm.nih.gov/pubmed/8317722
http://www.ncbi.nlm.nih.gov/pubmed/8317722

	Title
	Corresponding author
	Abstract 
	Keywords
	Introduction
	Materials and Methods 
	Animals
	Penetration injury model (pen-TBI) 
	Reverse phase protein microarray (RPPM) 
	Statistical analysis 

	Results
	Discussion
	Axonal injury 
	Neuronal and glial injury 

	Acknowledgment
	Table 1
	Figure 1
	Figure 2
	Figure 3
	References

