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Abstract
Background: Biomarkers play an important role in accurate diagnosis of traumatic brain injury (TBI). Due
to the complexity and diversity of TBI, it is likely that a single biomarker will not be used for exactly
diagnose. Amyloid-beta (Aβ) protein is generated by sequential cleavage of amyloid precursor protein
(APP) by β- and γ-secretase, which may exert its toxic effects by increasing reactive oxygen species and
neuroin�ammation in the brain as damage factor of TBI. Its use in diagnosis for TBI is becoming more
widespread. Neuroglobin (NGB) protein is great potential to diminish neuronal damage. Most
epidemiological evidence suggested that Aβ and NGB may be used as biomarkers on brainstem (BS)
following TBI. The aim of this study was to investigate the trend of Aβ and NGB on BS of rats with TBI
and to analyze comprehensively them as potential biomarkers.

Methods: Adult male Sprague-Dawley rats were subjected to the modi�ed weight-drop model of closed
TBI. Biologic behavior observation, histopathological assessments and western blot assay were
performed. Aβ and NGB expression indicated temporal changes in BS after TBI. Their accuracy and
e�ciency of performing these tasks were calculated and statistical comparisons performed.

Results: The results of Aβ enable us to speculate that the time points of 3 h, 6 h and 12 h may be crucial
points for the diagnosis of TBI. NGB expression in the injured had obvious difference versus the control,
the points of 1 h and 3 h were apparently higher than the control, and the groups of 12 h and 48 h were
two peaks in the present study. Furthermore, the immuno�uorescence assay results supported that Aβ
and NGB co-localization in the neuros of BS, and the NGB speci�c expression in the BS of neurons.

Conclusions: Therefore, the expression and change rules of Aβ and NBG in the BS may provide an
important foundation for the diagnosis of TBI, damage assessment and therapeutic intervention.

Background
TBI is de�ned as an alteration in brain function, or other evidence of brain pathology, and caused by an
external cause, which is a worldwide public health problem that can result in long-lasting disability [1]. It
is often a diagnostic and therapeutic challenge in clinical medicine. The overall annual incidence of TBI
in the United States is 506.4 per 100 000 population, the incidence rate of TBI per 100 000 population is
403, 85, and 18 per 100 000 for emergency department (ED) visits, acute hospital discharges and deaths
[2]. TBI may occurs when brain physiology and structure are either focally or diffusely disrupted following
high-impact contact between the skull and another object, which have high incidence and serious long-
term complications [3, 4]. Some of the leading causes of TBI include blunt injury, high falling injury, falling
injury and tra�c accident, among which tra�c accidents was the most common cause [5]. Primary and
secondary brain injury are ways to classify the injury processes that occur in brain injury, primary injuries
following TBI are deformation of the brain tissue and disruption of normal brain function caused by the
external mechanical forces, such as acceleration and deceleration linear forces, rotational forces, forces
generated by blast winds associated with blast injury[6]. Secondary brain injury mechanisms include
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blood-brain barrier (BBB) breakdown, the release of in�ammatory factors, intracellular calcium overload,
and reactive oxygen and nitrogen free radical generation [7, 8]. These secondary injury events are
considered to account for the development of neurological de�cits observed after TBI, including the
damage of vascular, neuronal, axonal and glial cell due to the increases of neuro-in�ammatory microglia
cells, levels of in�ammatory cytokines and edema [9, 10]. So far, the application of biomarkers to
diagnose TBI and clinical research have progressed rapidly, the neurochemical events generate a host of
bene�cial and detrimental molecules such as interleukin (IL)-1β, tumor necrosis factor-α (TNF α), and
interferon-γ (IFN γ) and oxidative metabolites (nitric oxide, reactive oxygen and nitrogen species),
excessive accumulation and deposition of Aβ, apolipoprotein E (Apo E), glial �brillary acidic protein
(GFAP), vimentin (Vim) and NGB [11–15].

Aβ resulting from massive accumulation of amyloid precursor protein (APP) in damaged axons, have
been found deposited throughout the brain in about 30% of fatal TBI [16]. It is considered to be via
transmembrane cleavage of APP by β-site APP-cleaving enzyme (BACE) and a catalytic component of γ-
secretase, presenilin-1 (PS-1)[17]. A number of studies have indicated that Aβ exerts its toxicity in part
through activating in�ammatory pathways in the brain and promoting the formation of reactive oxygen
species (ROS) with a resultant increase in oxidative damage, which are the contribution of Aβ toxicity to
oxidative stress in the brain [18]. ROS produce normally for cellular activity and are usually maintained at
low physiological levels, while ROS levels exceed the antioxidant capabilities of the cell caused by the
abnormal production of Aβ [19, 20]. Thus, Aβ with the result being excessive neuroin�ammation and
oxidative damage that can disrupt normal cellular functioning and ultimately lead to neuronal death [18].
Previously, Aβ were released into the interstitial �uid, cerebral microdialysis is a preferred sampling
method for these biomarkers [21]. The studies revealed that progression of Aβ accumulation was
examined in brain tissue with post-TBI survival of up to 3 years, and the temporal dynamics of Aβ
amyloid deposition in brain using Pittsburg B-compound (PiB) combined with positron emission
tomography (PiB-PET) imaging up to 48 months and Aβ can be measured in both cerebrospinal �uid
(CSF) and in blood over time[16, 22, 23]. Epidemiological, pathological and animal studies have
documented that Aβ accumulation could be accelerated after TBI and the inhibition of Aβ accumulation
in TBI animals improved their cognitive function [24]. Many novel therapeutic approaches have been
reported for either cleaning Aβ or diminishing its downstream events [25].

NGB is a vertebrate globin expressed primarily in neurons, bind O2 and other gaseous messengers, which
is induced by hypoxia and ischemia and then play an important role in protecting against brain injury [26,
27]. It is widely expressed in the neurons of vertebrate central and peripheral nervous systems, retina, and
endocrine tissues [28]. Apart from its ability to bind oxygen, NGB also functions as an effective free
radical scavenger and is neuroprotective within the brain following stroke and TBI [29]. Hypoxia
commonly occurs as a secondary injury response to TBI, NGB expression protects neurons from cell
death and reactive oxygen species damage [30, 31]. Multiple neuroprotective effects operate by different
mechanisms, including inhibit calcium in�ux, reduce cellular uptake of iron, copper, and zinc, suppress
necrosis and apoptosis, and several studies suggest that NGB may positively affect TBI outcomes [32,
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33]. The reported results indicated that there was a late, but signi�cant, increase in NGB mRNA expression
7 days post-TBI in WT mice and the subacute increase occurred later that were known to be upregulated
at 3 days post-TBI[32].The previous work in the rat and mouse also showed increased NGB expression
levels with peak time of 6 hours after TBI[34].

It is of great signi�cance to study the expression of Aβ and NGB in experimental rat BS following TBI and
to provide sensitive and speci�c markers for TBI. Therefore, this present study intends to further explore
the BS protein levels of Aβ and NGB at various points using the modi�ed weight-drop model of closed
TBI. In the present study, this review article will discuss the evidence from the above study and explore the
validity of considered them as biomarkers in the diagnosis and outcome evaluation after TBI in BS.

Materials And Methods
Traumatic brain injury model and experimental procedure

All procedures were approved by the guidelines for the care and use of animals in China. The subjects
were eighty male Sprague-Dawley rats obtained from the Animal Experimental Center of Tongji Medical
College of Huazhong University of Science and Technology. Adult male Sprague-Dawley rats weighing
about 260-300g were used in the experiment. Animals were kept under a 12-h light/dark cycle and
allowed free access to food and water. Experimental TBI was performed using a modi�ed weight-drop
device previously developed in our laboratory[35-37]. Brie�y, a cylindrical steel weight of 450 g was
allowed to fall through the tube at a designated height of 2 m to impact the disk. The scalp was sterilized
and sutured when their respiratory condition was regular, and the rats were randomized at the desired
time points at 1, 3, 6, 12, 24, 48 and 72 h after TBI (n = 8 for each time point). In the sham group, rats
underwent the surgical procedure without impact.

Tissue preparation and histopathological assessments

On the basis of previously described concerning the brain tissue preparation, the rats recovered and were
observed for 1 - 72 hours, after which they were euthanized using a lethal dose of sodium pentobarbital
given IP [35, 38, 39]. In short, the animals were perfused with heparinized saline to remove blood from the
intravascular compartment, followed by perfusion-�xation with 4% paraformaldehyde. The brain was
harvested and photographed to document surface hemorrhages. The BS was then divided equally by a
sagittal cut to include the basal interpeduncular regions of the brain, pons, and pyramids. One part of the
brain was processed and embedded in para�n for histopathological examination. Tissue sections (4 µm
thickness) were prepared for hematoxylin and eosin (HE), Luxol-fast blue (LFB), immunohistochemistry
(IHC) and immuno�uorescence analyses. Rat BS sections were stained with HE and LFB as described
previously [40-43]. The other half was quickly dropped in liquid nitrogen for western blot analysis.

Immunohistochemistry
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The procedure of IHC was based on the previous study [35, 44]. IHC analysis was performed on para�n-
embedded 4 µm BS sections. After de-para�nization, the slides were washed three times with distilled
water and incubated for 20 min in citrate buffer (pH 6.0) for antigen retrieval using microwave oven, and
then blocked for endogenous peroxides with 3% hydrogen peroxide. After the citrate buffer cooled to
room temperature and washed three times with phosphate buffered saline (PBS, pH 7.4). The sections
were incubated with rabbit monoclonal anti-β-APP antibody (ab32136, 1:2000, Abcam, American),
polyclonal rabbit anti-Aβ antibody (ab2539, 1:2000, Abcam, American) and monoclonal mice anti-NGB
antibody (ab37258, 1:400, Abcam, American) overnight at 4℃. The following day, the sections were
washed three times in PBS for 10 min each, followed by the incubation with ready-to-use SABC (rabbit
IgG) kit (Google Biological Technology, Wuhan, China) for 1 h at room temperature Thereafter, the
sections were washed three times in PBS for 5 min each. The immunostaining was visualized with 3, 3’-
diaminobenzidine (DAB) for brown color development, and sections were counterstained with
hematoxylin (Google Biological Technology, Wuhan, China). Final three PBS washes were performed for 5
min each. The sections were allowed to dry and dipped for 5 min each in 75–90–95–95–100–100 %
ethanol solutions, followed by two treatments for 10 min each in xylene. Finally, the sections were cover
slipped. For control experiments, primary antibodies were omitted. The slides were scanned and
examined under Nikon Eclipse 90i microscope (Tokyo, Japan) system using 20 x objective. As for the
quantitative analyses of immunohistochemistry, the number of Aβ and NGB immunopositivity staining
were counted in the BS using ImageJ software. The image analysis was performed with the default
parameter setting, and visual inspection of markup images was performed to con�rm that the algorithm
results were su�ciently accurate for the purpose of speci�c biomarker quanti�cation. The positivity value
was expressed as a ratio of positive pixels detected (brown staining) to total area. Analysis was
performed at full 200 x magni�cation.

Western blot analysis

The protein expression of Aβ and NGB were examined by western blot analysis. Rats were killed, and the
brain tissues were separated. The protein was extracted with RIPA Lysis Buffer (Beyotime, Haimen, China)
according to the manufacturer’s instructions. Protein concentrations were quanti�ed using a BCA Protein
Assay Kit (Beyotime, Haimen, China). Equal amounts of protein samples (20μg) were subjected to 10%
SDS-PAGE separation and transferred onto polyvinylidene di�uoride membranes. The blots were blocked
with 5% fat-free milk in TBS mixed with 0.1% Tween and then incubated overnight at 4 °C with speci�c
antibodies against Aβ (1:1000, Abcam, Cambridge, UK, USA) and NGB (1:1000, Abcam, Cambridge, UK,
USA). After three washes with TBST, the membranes were incubated with the corresponding secondary
antibodies for 1h at room temperature. The protein bands were visualized using enhanced
chemiluminescence kit (Thermo, USA) according to the manufacturer's instructions. β-actin was used as
an internal control.

Immuno�uorescence assay
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We detected the distribution of Aβ and NGB using an immuno�uorescence method. Rats were
anesthetized and transcardially perfused with saline followed by 4% paraformaldehyde. Brains were
removed, post-�xed and dehydrated in graded ethanol solutions. We blocked the nonspeci�c binding with
donkey serum albumin following antigen retrieval. Then the sections were incubated in primary antibody
overnight at 4 °C (Aβ 1:100 Abcam, Cambridge, UK, USA; NGB 1:100 Abcam, Cambridge, UK, USA). The
following day, the sections were washed and incubated with �uorescently tagged secondary antibody.
Negative controls were performed in the absence of primary antibody.

Statistical Analysis

All experiments were performed independently at least in triplicate. Statistical analysis was conducted by
using GraphPad Prism 5.0. The values were the mean ± S.E.M. Statistical comparisons were analyzed
using a one-way analysis of variance (ANOVA) followed by a Fisher post hoc test to correct for multiple
comparisons. Values of P less than 0.05 were considered to indicate statistical signi�cance.

Results
In the study, the overall mortality rate was 50 %, and the rats died in a short time after TBI if the
opisthotonus and apnea continued and still not have autonomous respiration.

The skull fracture and epidural hematoma were not seen in TBI group and control group. There was no
obvious cerebral contusion. The control group had no abnormity (Fig. 1a). Additionally, swelling brain
tissue, dilatating and congesting vessels, prominent subarachnoid hemorrhage located at the base of
brain and BS could be observed in the TBI group (Fig. 1b).

Histopathological �ndings

Upon gross observation, HE, LFB and β-APP staining were used to evaluate the damage of BS. In the
control animals, no obvious pathology was observed. BS contusion, interstitial edema, degenerative and
necrotic neurons could be seen in the injured groups (Fig. 2a – 2c). At 1 h post-injury, the axons were
irregular edema and wavy changes (Fig. 2d). Mild circuity and in�ated terminal of the axons appeared
and the retraction balls (RBs) started to form at 3h group (Fig. 2e). The number and range of damage
axons gradually increased from 6 to 24 h (Fig. 2f - 2h). Among these time points, the number of RBs were
signi�cantly risen, especially the 24h group. The region of swelling axons and the number of RBs slightly
declined from 48 h to 72 h (Fig. 2i-2j). Meanwhile, LFB staining showed that nerve myelin was neatly
arranged in the sham group (Fig. 3a). The distribution of lightly stained nerve myelin was sparse at TBI
groups. Swollen, layered, separated and disintegrated nerve myelin appeared at 1 h (Fig. 3b). The range
of edema and disintegration were further enlarged and the number of clumps caused by the aggregative
myelin were increased from 3 h to 6 h (Fig. 3c). As for the injured 12 h group, the number of clumps
resulted from myelin disintegration and fragmentation was further enlarged (Fig. 3d). The diffuse
distribution of myelin was disorganized and signi�cant vacuolar degeneration at 24 h point (Fig. 3e). The
number of myelin fragments was reduced from 48 h – 72 h after injury (Fig. 3f). For further veri�cation of
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TBI, the BS sections were stained with the anti-β-APP antibody. At the control group, the IHC staining of β-
APP was weakly positive (Fig. 4a). While in the injured groups, β-APP positive axons were slightly
circuitous, swelling and beaded change since 1 h post-TBI (Fig. 4b). A few RBs formed at 3 h group (Fig.
4c), the number of immunopositivity RBs increased and became more obvious from 3 h - 6 h (Fig. 4d).
The positive axons were obvious, and the number and range of RBs were further expanded after 12 h
post-TBI (Fig. 4e). Typical RBs were gradually increased from 24 h - 72 h and reaching the maximum at
72 h (Fig. 4f - 4h).

The IHC and western blot analyses of Aβ

In the control group, there were weak positive located in the cytoplasm and small blood vessels (Fig. 5a).
The positive cytoplasm and small blood vessels of the BS were enlarged at all points after TBI. The
immunopositivity started after 1 h post-TBI. The Aβ expression of neurocytes and small vessels were
enhanced from 1 h - 72 h (Fig. 5b - 5h). The semi-quantitative analysis of Aβ using
immunohistochemistry was shown in the table, and the Aβ integrate optical density (IOD) value of the
injured groups were higher than the control group. The IOD value at 3 h and 6 h groups were signi�cantly
higher than the control. The IOD values of 3 h and 24 h, 3 h and 48 h were statistically signi�cant. The
differences between 6 h and 24 h, 6 h and 48 h had signi�cant statistical difference.

The western blot of Aβ was shown and a clear band was visible near 87KDa on the picture (Fig. 6). The
quantitative analysis indicated that the expression of Aβ began to increase from 1 h to 6 h. Then, there
was a small decline from 6 h to 12 h. The second obvious expression subsequently appeared, increasing
to 24 h. The second decrease occurred since 24 h post-TBI. The analysis revealed that Aβ expression of
all experimental groups were higher than the control group, the 6 h and 24 h groups were extremely
signi�cant difference compared with the control group.

The IHC and western blot analyses of NGB

There were weak positive in the control (Fig. 7a). The injured BS NGB immunoreactivity abated from 1 h
to 6 h post-TBI. Until 12 h post-TBI, the positive NGB enhanced than previously. From 24 h to 48 h, the
intensity and intensity of positive BS nerve cells were fewer compared with 12 h group. At 72 h, nerve
cells were still positive expression (Fig. 7b - 7h). The semi-quantitative analysis of NGB was shown, and
the IOD values in the experimental groups were higher compared to the control group in the table. The 1 h
and 3 h groups were signi�cantly different from the control group. Additionally, the 3 h group was
signi�cantly higher in comparison with 72 h, and they had a signi�cant statistical difference.

The western blot of NGB was revealed near 17KDa on the �lm (Fig. 8). The quantitative analysis shown
that the expression of NGB increased remarkably after 1 h post-TBI. Then, the expression of NGB declined
gradually from 1 h to 6 h and the minimum value occurred at 6 h point. Subsequently, the second distinct
expression appeared, increasing to 12 h. The expression fallen back since 24 h post-TBI. The analysis
revealed that the NGB quantities of all experimental groups were higher than the control group.
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Immuno�uorescence assay

In the immuno�uorescent labeling experiments, tissue was double labeled with antibodies against both β
- APP and Aβ, Aβ and NGB. Many of the Aβ positive sites showed co-localization with β - APP. The result
suggested that β - APP and Aβ were distributed in neurons and axons (Fig. 9a). In addition, we observed
similar patterns of punctate labeling, but found that areas of more concentrated NGB deposition were
localized within Aβ -positive neurons. By contrast, BS tissues exposed to Aβ and NGB antibody failed to
show the small blood vessels co-localization of the two markers. The results supported that Aβ and NGB
co-localization in the neurons of BS (Fig. 9b).

Discussion
In our prior study, the Marmarou model was used to produce TBI in rats [35]. In the present study, a
noninvasive modi�ed weight-drop mouse model to produce TBI and the presented weight-drop model
used a 2.0 m guided, free-falling weight to produce brain injury. The mortality rates range from 35% − 
50%. As previously described, the severity of brain injury can be easily controlled through the adjustment
of mass of the weight and the falling height used to produce injury, the falling height determine the
mortality rate [45, 46]. Approximately 30–35% of patients admitted with moderate-to-severe TBI die,
Australian studies have revealed acute mortality rates of 30% − 35% during the �rst 6 months after severe
TBI, or even 50% mortality of patients caused by TBI has been reported [47, 48]. The ease and rapidity of
the modi�ed weight-drop model along with the outcome produced, made it a clinically relevant model of
TBI. Neuropathological and imaging studies have emphasized that diffuse cell tissue damage occurs in
TBI, and the white matter which is characterized by axonal stretching, disruption, and eventual separation
of nerve �ber [49–52]. Previous animal studies regard the BS as the principle site of action of TBI [53].
Additionally, animal autopsy studies have shown that axonal damage are most obvious in BS white
matter [54]. Therefore, there appeared to be su�cient experimental and animal evidence indicating that
BS may be especially susceptible to the effects of TBI. Considered that the BS may represent an
important predilection site in TBI.

In the present study, gross and pathologic examination revealed evident edema, diffuse subarachnoid
hemorrhage (SAH) and minimal supratentorial intraparenchymal hemorrhage. And petechial
hemorrhages were noted in ventral BS segments and in the cerebellum. Petechial hemorrhage sited in the
BS and cerebellum and con�ned to periventricular regions of the forebrain that found in previous studies
of human and experimental TBI model [55, 56]. Microscopic examination of HE and LFB -stained slides
indicated pathologic changes of BS in rats with different dependent time. BS contusion, interstitial
edema, degenerative and necrotic neurons and RBs could be seen in the injured groups. The obvious RBs
formed at 3 h group, and the number and range of injured axons gradually increased to 72 h. In addition,
LFB staining shown that swollen, layered, separated and disintegrated nerve myelin induced by TBI at 1 h.
The extent and range of clumps caused by the aggregative myelin were increased from 3 h to 24 h, and
signi�cant vacuolar degeneration occurred at 12 h point. The white matter structure areas were not
stained with LFB, which was assumed to represent loss of myelin and a major pathologic process in TBI,
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and this was re�ected by decreased LFB staining intensity. Currently, these results were consistent with
histological HE and LFB measurements of TBI [44, 57]. To con�rm the above results, damaged axons
were labeled by β - APP immunohistochemistry, which has been reported to be a very sensitive marker for
axonal damage in a number of experimental conditions as well as in pathological studies in humans [58,
59]. This result showed that RBs could be detected in the BS at 3 h, and the extent enhanced with time
extending, the time windows and regional distribution for β-APP-positive immunostaining were in accord
with previous experimental studies [35].

Previous experimental animal models and human tissue of brain injury have been used employing a
number of markers [60–62]. However, very little research has been employed to use for the exact
timeframe of BS after TBI in animal model [63]. Because of the complex nature of post-traumatic
pathology, temporal changes in biomarkers expression may provide more insight than examination of a
single time point. A temporal analysis could provide insight to the progression of TBI or pathology and
identify novel targets for diagnoses which would be overlooked with analysis at a single time point. The
purpose of our study was to identify potential sensitive biomarkers for the early diagnosis of TBI in
humans. Aβ is a hallmark of all AD cases, previous studies found in 30% of postmortem acute TBI cases
and 40–45% of chronic traumatic encephalopathy (CTE) cases associated with inconsistent deposits of
diffuse, neuritic or vascular plaques [64]. And aggregation and deposition of Aβ is accelerated after an
acute TBI event, appearing even in a span of hours [65]. Our data showed that a temporal changes
expression of Aβ can be detected in BS of all groups. The expression of Aβ began to increase from 1 h to
6 h after TBI, then a slightly decline appeared between 6 h and 12 h. The expression risen again following
a fall, increasing to 24 h. Subsequently, the second fall occurred since 72 h post-TBI. The Aβ expression
of 3 h, 6 h and 24 h groups were markedly increased compared with the control. The comparison of 3 h
and 24 h, 3 h and 48 h were statistically signi�cant. The expression Aβ in 6 h group was signi�cantly
higher than that in 24 h group and 48 h group. These results enable us to speculate that the time points
of 3 h, 6 h and 12 h may be crucial points for the diagnosis of TBI.

NGB was a novel discovered globin in 2000, which is an oxygen-binding protein that supplies oxygen to
hypoxic tissue [66]. Evidence exists to support that NGB play an important role, which is upregulated after
TBI to assist in promoting cell survival [67]. Numerous experimental studies and in the case of TBI
indicated that overexpression of NGB effectively counteracted tissue injury [68]. Previously reported study
demonstrated that NGB expression with asynchronous time course changes in mild TBI [69]. Some
previous results indicated that NGB mRNA expression rapidly increased in the rat cerebral cortex, and
peaked at 30 minutes and 48 hours following TBI using real-time PCR, and IHC staining demonstrated
that NGB expression increased and remained high 2 hours to 5 days following injury [70]. At the same
period, the result reported that the NGB expression level in neurons increased continuously from 2 h after
injury, and reached a peak at 16 h after which it decreased sharply [34]. In our study, the results
demonstrated that NGB expressed in the injured and control groups by IHC and western blot
examinations. A temporal changes expression of NGB was found. The extent of immunoreactivity was
enhanced obviously after 1 h post-TBI. Then the expression receded from 1 h to 6 h, the 12 h group
positive staining slightly increased than 6 h, the second decline occurred since 24 h. Additionally, the �lm
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analysis indicated that the expression of NGB in the injured had obvious difference versus the control
(p 0.05), the groups of 1 h and 3 h were apparently higher than the control, the NGB expression between
3 h and 72 h had a signi�cant difference. The groups of 12 h and 48 h were two peaks in the present
study. Thus, we considered that the NGB expression presented a regular change and the results have a
great signi�cance for screening the biomarkers in BS following TBI.

Conclusions
In the present study, Aβ and NGB expression indicated temporal changes in BS after TBI. Among these
time points, the Aβ expression of 6 h and 24 h had signi�cant difference compared with the other injured
groups and the control. Moreover, 1 h and 12 h were also crucial for detecting the expression NGB. We
inferred that 1 h, 6 h and 24 h were important time points accompanied by crucial pathophysiological
changes from the above results, especially at 1 h post - TBI. Aβ was used in combination with NGB for
diagnosing and monitoring TBI in the early stage. They were regarded as biomarkers for the evaluation
and prognosis of TBI.
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Figures

Figure 1

The brainstem gross observation of TBI group was obvious compared with controls. The control group
had no abnormity (1a). Swelling brain tissue, dilatating and congesting vessels, prominent subarachnoid
hemorrhage located at the base of brain and BS could be observed in the TBI group (1b).
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Figure 2

TBI-induced neuronal death and axonal demyelination. Contusion, interstitial edema, degenerative and
necrotic neurons could be seen in the injured groups (2a – 2c). At 1h post-injury, the axons were irregular
edema and wavy changes (2d). Mild circuity and in�ated terminal of the axons appeared and the
retraction balls (RBs) started to form at 3h group (2e). The number and range of damage axons gradually
increased from 6h to 24h (2f - 2h). Among these time points, the number of RBs were signi�cantly risen in
24h group. The region of swelling axons and the number of RBs slightly declined from 48h to 72h (2i-2j).
The sections (4 μm thickness) through the brainstem were stained with H & E staining for microscopic
analysis to determine the neuronal damage and axonal demyelination (n = 10 in each group, Scale bar =
2.5 µm).
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Figure 3

LFB staining showed that nerve myelin was neatly arranged in the sham group (3a). Swollen, layered,
separated and disintegrated nerve myelin appeared at 1h (3b). The range of edema and disintegration
were further enlarged and the number of clumps caused by the aggregative myelin were increased from
3h - 6h (3c). As for the injured 12h group, the number of clumps resulted from myelin disintegration and
fragmentation was further enlarged (3d). The diffuse distribution of myelin was disorganized and
signi�cant vacuolar degeneration at 24h point (3e). The number of myelin fragments was reduced from
48h – 72h after injury (3f). The sections (4 μm thickness) through the brainstem were stained with luxol
fast blue (LFB) for microscopic analysis to determine the axonal demyelination (n = 10 in each group,
Scale bar = 5 µm).

Figure 4

The BS sections were stained with the anti-β-APP antibody for further veri�cation of TBI. At the control
group, the IHC staining of β-APP was weakly positive (4a). β-APP positive axons were slightly circuitous,
swelling and beaded change since 1h post-TBI (4b). A few RBs formed at 3h group (4c), the number of
immunopositivity RBs increased and became more obvious from 3h - 6h (4d). The positive axons were
obvious, and the number and range of RBs were further expanded after 12h post-TBI (4e). Typical RBs
were gradually increased from 24h - 72h and reaching the maximum at 72h (4f - 4h) (n = 10 in each
group, Scale bar = 2.5 µm).
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Figure 5

The IHC analysis of BS after traumatic brain injury (TBI). The top half of the chart show Aβ expression
during TBI; Times are indicated in numerals and represent hours after injury. The positive cytoplasm and
small blood vessels of the BS were enlarged at all points after TBI. The bottom half of the chart reveal
quanti�cation of Aβ protein expression. Semiquantitative densitometry in conjunction with AlphaEase
software was used for the quanti�cation, and the data are expressed as mean ± S.E.M. Representative
results of at least three experiments are shown. Scale bar = 5 µm, ns, no signi�cance. (n = 10 in each
group, *p 0.05, ** P < 0.01 and *** P < 0.0001).
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Figure 6

Western blot analysis of Aβ levels in BS following TBI for various times. β-actin was used as a loading
control. The analysis revealed that Aβ expression of all experimental groups were higher than the control
group, the 6h and 24h groups were extremely signi�cant difference compared with the control group.
Data are expressed as mean ± S.E.M. Representative results of three experiments are shown (n = 10 in
each group, *** P < 0.0001).
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Figure 7

Expression of Neuroglobin in rat brainstem after traumatic brain injury (TBI). Immunohistochemical
results of the rat brainstem 0 (control, no injury), 1, 3, 6, 12, 24, 48 and 72 hours after TBI. Increased NGB
intensity in brainstems was observed as early as 1 hour after the injury and became substantially evident
1–48 hours. Graphical representation of NGB positive staining using immunohistochemical intensity.
Data are expressed as mean ± S.E.M. Representative results of three experiments are shown Scale bar = 5
µm, ns, no signi�cance. (n = 10 in each group, *p 0.05, ** P < 0.01 and *** P < 0.0001).
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Figure 8

Western blot analysis of NGB in the brainstem for 0 (control), 1, 3, 6, 12, 24, 48 and 72 hours after
traumatic brain injury. β-actin was used as a loading control. The analysis revealed that NGB expression
of all experimental groups were higher than the control group, the 1h group was extremely signi�cant
difference compared with the other group. Data are expressed as mean ± S.E.M. Representative results of
three experiments are shown (n = 10 in each group, *** P < 0.0001).
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Figure 9

Immuno�uorescent analysis of the accumulation of Aβ (red), β – APP and NGB (green) by confocal
microscopy. Nuclei were stained with DAPI (blue). Many of the Aβ positive sites showed co-localization
with β - APP. The result suggested that β - APP and Aβ were distributed in neurons and axons (9a). Similar
patterns of punctate labeling, but found that areas of more concentrated NGB deposition were localized
within Aβ -positive neurons. The results supported that Aβ and NGB co-localization in the neurons of BS
(9b) (Scale bars: 2.5 µm).


