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	 Abstract: The diagnosis of traumatic brain injury (TBI) is routinely observed in forensic practices, such as 
autopsies and neuropathological screenings. Observable pathophysiological features of TBI consist of variable micro- and 
macrostructural neuropathologies visible in a light microscope. Various currently introduced approaches permit in vivo 
imaging and the use of many exogenous markers, which now show emerging capabilities that are of particular interest to 
forensic and neuropathological diagnostics. The important role of BBB disruption and malfunction, as well as its biomarkers 
and their intrinsic mechanisms in clinical cases and experimental models of TBI has increased in recent years. According to 
this, we hypothesize that such immunolabeling compilation for assessment of BBB integrity could be used as a supplemental 
diagnostic tool for BBB disruption in cases of TBI for forensic and neuropathological examination. We evaluated the 
expression of fibrinogen, albumin, anti-CD34 (endothelium) and anti-GFAP, using immunohistochemical staining and 
Mallory’s trichrome method for histological staining of the brain tissue of the analyzed population, which was conducted 
during postmortem examinations evaluating a structural and functional disruption of BBB in an early phase of TBI. The 
study was performed using cases (n = 15) of severe and fatal head injury and control cases (n = 15) of sudden death in the 
mechanism of cardiopulmonary failure. In our study, we documented that plasma protein immunohistochemical staining 
could provide a valuable additional marker with its potential to evaluate and confirm during postmortem examination that 
the deceased was subjected to functional breakdown of BBB in the early phase of TBI.
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INTRODUCTION

	 Detailed socio-demographic and clinico-
epidemiological data indicate that traumatic brain 
injury (TBI) is one of the fasting rising global 
healthcare concerns today [39]. Despite advances and 
the implementation of multidisciplinary management 
in designated neurointensive care units, the mortality 
and burden of severe disability remain high [50]. 
According to recent relevant articles and registries, 
around 69 million individuals from both civilian and 
combat population sustain TBI annually [10]. Overall 
TBI diagnosis and testimony is commonly seen in 

routine forensic practice, including autopsy, radiological 
scanning and neuropathological assessment [3]. The 
pathophysiology of TBI is made up of two distinctive 
phases - primary (initial) and secondary (delayed) injury, 
which occur as a combination of results deriving from 
a physical displacement of neuroanatomical structures 
and gradually occurring cellular processes [20]. In 
this case, the primary injury becomes an essentially 
irreversible event, directly related to the application of 
external force, overwhelming inertia, and biomechanical 
resistance of cranium and brain tissue [44]. The main 
effect of primary injury are its changes to the cellular 
microenvironment, where the instantaneous deaths of 
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neuron, glial and endothelial cells occur as a result of 
mechanical shearing and secondary compression [51]. 
Subsequent cell loss is associated with impairment of 
vascular regulation, focal hypoperfusion in affected 
areas, and concomitant dysfunction of blood-brain 
barrier (BBB) neurovascular units formation [24]. 
The disruption of the BBB is associated with increased 
microporation and cell membrane permeability, 
which promotes a shift in the composition of intra- 
and extracellular milieu, as well as a rapid release of 
neurotransmitters and synaptic disconnection [13]. 
Therefore, the continuation of neurochemical and 
neurometabolic events sparked by primary injury is 
known as a secondary injury – which can last for years as 
a consequence of the initial trauma and resemble a long-
lasting spectrum of neurodegenerative features [17, 21]. 
Once initiated, the toward propagation and occurrence 
of processes include the alternation in influx-efflux of 
calcium (Ca2+) ions inducting neurotoxicity, defective 
mitochondrial adenosine-5’-triphosphate (ATP) 
generation causing energetic dyshomeostasis, generation 
of free-radical including radical-mediated peroxidation 
(PX) and oxidative (OxS) damage of macromolecules, 
as well as glutamate (C5H9NO4) excitotoxicity [12, 26]. 
The consecutive progression of vascular dysregulation, 
increase of axolemmal permeability, transitions of 
intercellular milieu including changes in transmembrane 
potential (ΔΨ), as well as activation of local and systemic 
inflammatory response related with the influx of 
numerous immune cells and release of inflammatory 
mediators are all associated with a structural and 
functional opening of the BBB [45]. More specifically, 
those complex mechanisms cause proteolysis of adherens 
and tight junctions, destruction of the intra-axonal 
cytoskeleton components, abnormalities in cellular 
transport and corresponding accumulation of plasma 
proteins accompanied by neuroinflammation, which 
promote progressive interruption of axonal connections 
and neuronal loss [4, 8]. Currently, it is stated that there 
is an ongoing need - in the best interest of medical 
sciences and the general public - to develop new relevant 
biomarkers and assorted diagnostic tools for use in the 
field of neurotraumatology, despite the recent advances in 
forensic and neuropathological diagnostics [2, 46]. In this 
case, the application of new biomarkers and previously 
underused diagnostic techniques could provide the best 
reflection of the specificity and kinetics of committed 
TBI, especially in the differentiation of disputable and 
ambiguous cases, such as when uncovering otherwise 
undetectable findings or estimating the post-mortem 
interval [35, 40]. Therefore, the important role of BBB 

disruption and malfunction, as well as its biomarker 
indicators in clinical cases and experimental models 
of TBI and their intrinsic mechanisms, has increased 
in recent years [6, 53]. In spite of broad availability of 
the antibodies and dyes used in modern visualization 
techniques - which provide a means to perform an 
examination of the disruption of BBB compounds 
disruption - their usage is still limited [42]. Therefore, 
to date, there is no universal biomarker or examination 
technique which is able to demonstrate clear functional 
and structural changes at the crossroads of compartments 
such as brain tissue, cerebrospinal fluid (CSF) and 
blood [42]. Another concern regarding currently used 
techniques refers to the qualitative and quantitative 
assessment of the magnitude of a BBB integrity “leak” 
or dysfunction, using various spectroscopic methods 
and estimation of time evolution after initial injury 
[22]. Currently, the most common available biomarkers 
for BBB integrity in pre- and clinical settings include 
Evans blue, fluorescein, horseradish peroxidase (HRP), 
sucrose (C12H22O11), dextran (H(C6H10O5)xOH), 
inulin (C6nH10n+2O5n+1), albumin, tryptan blue 
(C34H24N6Na4O14S4), and fibrinogen [42]. After 
several investigations conducted documented by our 
research group in previous studies, we found that 
elevated concentrations of brain-originated peptides - 
such as glial fibrillary acidic protein (GFAP), myelin basic 
protein (MBP) and neurofilament light chain (NFL) in 
CSF - are associated with BBB disruption and should be 
considered as markers for TBI [31]. Furthermore, we 
also observed elevated levels of another potential marker 
- microtubule-associated protein tau (MAPT) – is 
present after TBI, in several other biofluids in addition to 
CSF, such as blood, urine, and saliva, which strengthens 
the hypothesis of ongoing BBB functional disruption 
after initial trauma [32]. We predict that the release of 
biomarkers could result from the actions of macroscopic 
waste clearance systems, such as glymphatic system, 
as well as drainage to the perivascular pathway by 
macrophages, phagocytic microglia, and other immune 
system cells [9, 19]. In line with this thesis, we observed 
an increase of CD68+ cells around blood vessels of TBI 
cases, which were additionally engaged in the clearance 
of a kinesin (KIF5B) consisting protein participating 
in axonal transport [32, 33]. The above suggests that 
macrophage/phagocytic microglia can play a role in 
intracellular transport leading to increased MAPT and 
other brain-originating peptides concentrations in 
serum [31, 32]. The combination of different types of 
immunocytochemical labeling techniques seems to be 
the optimal approach for BBB integrity evaluation [41]. 

P<0.05 is considered as significant
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Although the role of albumin and fibrinogen labeling 
has been widely analyzed, less is known concerning the 
overall effect of these biomarkers with regards endothelial 
and glial damage markers [28, 43]. We hypothesize that 
such a immunolabeling compilation could be utilized as 
an additional marker for BBB disruption related to TBI 
in medico-legal and neuropathological examinations. In 
our previous studies, we have documented the structural 
damage of the cellular components of BBB without 
directly focusing on its functional aspects [32, 33]. As a 
result, we conducted a study using immunohistochemical 
staining and Mallory’s trichrome method on brain tissue 
of a select postmortem population in order to evaluate 
the expression of fibrinogen, albumin, anti-CD34 
(endothelium) and anti-GFAP and its correlation to the 
functional disruption of BBB in a very early phase of 
TBI.

MATERIALS AND METHODS

	 Autopsy cases
	 The following study was performed on brain 
tissue samples acquired during autopsies carried out 
by forensic doctors from the Department of Forensic 
Medicine at the Medical University of Warsaw. The 
study included a total of thirty cases (n=30) separated 
into two groups. The study group consisted of fifteen 
cases (n=15) of severe and fatal head injury which was 
not followed by hospitalization and did not undergo 
cardiopulmonary resuscitation (CPR) or intensive 
therapy (deaths on the accident place). The control 
group consisted of fifteen cases (n=15) of sudden and 
intanstenous death due to the cardiopulmonary failure 
(cardiac arrest) without injuries of the head which was 
also not followed by hospitalization and did not undergo 
cardiopulmonary resuscitation (CPR) or intensive 
therapy. The supplemental and complementary 
data concerning the specifics of death was collected 
from the available case files during the medico-legal 
investigation and medical records, which did not 
imply neurodegenerative disease history in each of the 
evaluated cases. After death was confirmed, the corpse 
were transported to a cold storage with controlled 
temperature conditions (4ºC), where they were kept 
until the forensic autopsy was performed and material 
was collected for examination. Some of the evaluated 
cases come from our previous designed experimental 
groups [25, 26, 33]. We did not find statistical (p>0.05) 
difference regarding the age between groups, as the 
mean age of the deceased was 49.2 ± 6.7 years in the 
study group and 51.4 ± 9.1 years in the control group.

	 Brain tissue sample procurement and 
preparation
	 Frontal lobe specimens (with the cingulate 
cortex and the corpus callosum) as well as a fragment of 
one of the cerebellar hemispheres were obtained during 
forensic autopsies carried out within ~24 hours after 
death. Obtained specimens were fixed in 10% buffered 
formalin (CH2O) and subsequently embedded in 
paraffin wax blocks.

	 Immunohistochemical and histological 
methods
	 Brain samples were stained with hematoxylin 
and eosin (H&E), Mallory’s trichrome stain, anti-GFAP 
(MCA4733GA; Bio-Rad Laboratories, Hercules, CA, 
USA) in 1:500 dilution, anti-CD34 (M7165; Dako, 
Glostrup, Denmark) in a 1:50 dilution, anti-albumin 
(AB2406; Abcam, Cambridge, MA, USA) in a 1:100 
dilution, and anti-fibrinogen (AB27913; Abcam, 
Cambridge, MA, USA) in a 1:100 dilution. All of the 
above mentioned immunostainings were performed 
according to the IHC-P protocols provided by the 
manufacturers. H&E stainings were done for a gross 
examination (data not shown). The following plasma 
proteins immunostainings were made to evaluate and 
document the potential functional disruption of BBB. 
Finally, the Mallory’s trichrome, anti-GFAP and anti-
CD34 stains were made to evaluate structural BBB 
cellular component breakdown. The microphotographs 
of the brain specimens were taken using the Olympus 
BX53 microscope (Olympus Optical, Tokyo, Japan) 
equipped with an Olympus UC90 digital color camera 
(Olympus Optical, Tokyo, Japan), coupled with the 
computerized data acquisition and image analysis 
system, cellSens Dimension 2.3 software (Olympus Soft 
Imaging Solutions, Münster, Germany).

RESULTS

	 Immunohistochemical and histological 
stainings
	 Among the study (TBI) group during autopsy 
we documented skin contusions, abrasions, and 
lacerations, as well as subcutaneous hemorrhages of the 
head. Above traumatic changes were followed by signs 
of a focal lethal brain injury (subdural hemorrhage, 
brain contusion, intraventricular bleeding) on the 
macroscopic and microscopic level. The autopsy results 
confirmed the focal TBI as the direct cause of death 
in the study group. The control group cases did not 
present any exponents of head injury neither on the 
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macroscopic, nor on the microscopic level. Anti-albumin 
immunostaining revealed a positive reaction in neurons 
of the frontal cortex, a positive reaction in Purkinje cells, 
and Bergmann astroglia in the cerebellum of the study 
(head injury) group in comparison to the control group 
(Fig. 1). Consequently, anti-fibrinogen immunostaining 
revealed a positive reaction in neurons of the frontal 
cortex, as well as a positive reaction in cerebellar Purkinje 
cells of the study (head injury) group in comparison to 
the control group (Fig. 2). Anti-GFAP immunostaining 
revealed disseminated astroglia damage with astrocyte 
feet clasmatodendrosis and damage in the vicinity of 
several small blood vessels in the study (TBI) group (Fig. 
3A-B). With anti-CD34 immunostaining we observed 
rupture of the endothelium of several blood vessels with 
subsequent perivascular hemorrhage in the TBI group 

(Fig. 3C-D). Finally, Mallory’s trichrome stain revealed 
rupture of the basement membrane of several blood 
vessels with subsequent perivascular hemorrhage in the 
study (TBI) group (Fig. 3E-F).

DISCUSSION

	 The pathophysiology of TBI is admittedly 
complicated and in many ways poorly understood 
and taught [15]. Several features depends on a wide 
spectrum of injury severity and mechanisms consisting 
of specific traumatic patterns [37]. As a result, the 
observed pathophysiological features of TBI consist of 
variable micro- and macrostructural neuropathologies 
that can be examined and described via routine 
microscopic examintion [54]. A variety of currently 

Figure 1. Representative microphotographs showing anti-albumin immunohistochemical staining. A – Control group, frontal cortex 
without albumin expression at magnification x400; B – Head injury group, frontal cortex with positive albumin expression in neuron 
cytoplasm (arrows) at magnification x400; C – Control group, cerebellum without albumin expression at magnification x400; D – Head 
injury group, cerebellum with positive albumin reaction in the cytoplasm of Purkinje cells (black arrows) and Bergmann astroglia (white 
arrows) at magnification x400.
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introduced approaches permit in vivo imaging and 
the usage of many exogenous markers, which have 
emerging capabilities of particular interest to forensic 
and neuropathological diagnostics [11, 49]. The 
difficult nature of TBI diagnostics is a direct result of 
the brain’s complex cytoarchitecture, which covers a 
substantial number of interacting cell subpopulations 
with individual distinctive functions and role [27]. 
The transitory biomechanical force and following 
mechanotransduction through integrated micro- and 
macroscopic neuroanatomical structures cause the 
subsequent injury of the brain parenchyma [16]. One of 
highly-specialized and multicellular structure comprises 
the BBB, which integrity directly contributes to the 
pathophysiology of TBI regarding secondary injury [29]. 
The main functions of BBB possess aspects important 
to the preservation of brain homeostasis through the 

regulation of permeability, including influx and efflux 
transport – particularly at the capillary level separating 
circulating blood and extracellular fluid [38]. Therefore, 
the BBB does not refer a single organ and structure, but 
rather the composition of cellular arrangements forming 
a microfluidic platform, restricting in this case the flow 
of large macromolecules and promoting the transfer of 
essential metabolic products [7, 36]. The maintenance 
of the BBB is associated with cellular subpopulations 
comprising BBB-endothelial cells, astrocyte end-feet, 
and pericytes, as well as non-cellular elements such as 
extracellular matrix (ECM) components, collectively 
providing structural and functional support [5, 30]. The 
wider definition includes the neurovascular unit, which 
additionally involves neurons, microglia and peripheral 
immune cells in BBB function [14]. It is currently known 
that damage to neurovascular units forming the BBB 

Figure 2. Representative microphotographs showing anti-fibrinogen immunohistochemical staining. A – Control group, frontal cortex 
without fibrinogen expression at magnification x400; B – Head injury group, frontal cortex with positive fibrinogen expression in neuron 
cytoplasm (arrows) at magnification x400; C – Control group, cerebellum without fibrinogen expression at magnification x400; D – Head 
injury group, cerebellum with positive fibrinogen reaction in the cytoplasm of Purkinje cells (arrows) at magnification x400.
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Figure 3. Representative microphotographs showing damage to cellular components of BBB in examined brain sections. A – Control group, 
anti-GFAP immunohistochemical staining of frontal cortex showing undamaged astrocytes and its feet in the vicinity of the blood vessels 
at magnification x400; B – Head injury group, anti-GFAP immunohistochemical staining of frontal cortex showing clasmatodendrosis 
(black arrows) and astrocyte endfeet damages in the vicinity of the blood vessels (white arrows) at magnification x400; C – Control group, 
anti-CD34 immunohistochemical staining of frontal cortex showing blood vessel with undamaged endothelium (cross section of the vessel) 
at magnification x200; D – Head injury group, anti-CD34 immunohistochemical staining of frontal cortex showing vessel endothelium 
rupture in cross section of the vessel (black arrow) and perivascular hemorrhage around the damaged vessel (white arrow) at magnification 
x200; E – Control group, Mallory’s trichrome stain of frontal cortex showing physiologically correct blood vessels at magnification x600; 
F – Head injury group, Mallory’s trichrome stain of frontal cortex with vessel basement membrane rupture (black arrow) with subsequent 
perivascular hemorrhage also seen in different vessels (white arrows) at magnification x400.
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results in its disruption, which is then associated with 
increased permeability of capillary endothelial and glial 
basement membranes [52]. The ongoing alternations 
in the BBB promote its opening and allow the entrance 
of macromolecules and several biomarkers, such as 
brain-originated peptides, to CSF and blood [1]. In our 
previous studies, we observed an elevated concentration 
of brain-originating peptides in the CSF in association 
with structural BBB disruption [31, 32]. Consequently, 
we formed a view in which several macroscopic waste 
clearance systems, such as the glymphatic system, 
either drain towards the perivascular pathway by way of 
macrophages/phagocytic microglia and other immune 
system cells participating in the liberation of biomarkers 
[15]. Analysis of our previous studies, in which increased 
number of CD68+ cells in the vicinity of vessels engaged 
in the clearance of KIF5B was observed in the TBI group, 
indicating that cellular transport through macrophages/
phagocytic microglia occurs [33]. Therefore additional 
BBB damage identified by anti-GFAP and anti-CD34 
immunostaining provided information about astrocyte 
feet, endothelial cells, and vessel basement membrane 
damage [32]. Due to the lack of a direct focus on the 
functional aspects of BBB disruption in an early phase 
of TBI for forensic and neuropathological diagnostics, 
we performed a study to assess the expression of 
fibrinogen, albumin, anti-CD34 (endothelium), and 
anti-GFAP, performing immunohistochemical staining 
as well as Mallory’s trichrome method in postmortem 
cases. In respect to this neuropathological evaluation, we 
observed positive reactions of plasma proteins in several 
types of cells, including neurons, Purkinje cell, and 
astroglia. We also documented blood vessel endothelial 
rupture with subsequent perivascular hemorrhage 
in the TBI group. These findings are consistent with 
the previously conducted study by the Ikegaya et al., 
where Purkinje cells were shown to actively uptake 
extravasated fibrinogen during BBB functional breakout 
in animal models [18]. Similar findings concerning the 
accumulation of plasma proteins were also observed 
in other preclinical animal models with different 
conditions, such as ischemia and seizures, suggesting 
BBB disruption [47, 48]. In this regard and in relation to 
the obtained data it is valuable to endnote that studied 
population consists instant death cases which allow us 
to evaluate early structural and functional damage of 
BBB. Therefore, according to the previous studies the 
our performed study provides more concise and updated 
view on the staining of the plasma proteins extravasation 
[23]. In this regard and in relation to the obtained data, 
we suggest that immunohistochemical staining of plasma 

proteins could provide a valuable additional diagnostic 
tool to potentially evaluate and confirm a functional BBB 
breakout in a human after ie. TBI subjection. Accordingly, 
the rapid focal analysis and time of performed assays 
could potentially exclude ischemic changes that occur 
as following effect of trauma. The aforementioned 
immunohistochemical and histological staining should 
be considered for the role of an early phase TBI marker 
that evaluates functional and structural disruption of 
BBB in postmortem examinations for forensic and 
neuropathological purposes. 
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