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Abstract
Background : Discovery of evidence of acute brain ischemia or hypoxia and its differentiation from agonal hypoxia represents a
task of interest but extremely difficult in forensic neuropathology. Generally, more than 50% of forensic autopsies indicate evidence of
brain induced functional arrest of the organ system, which can be the result of a hypoxic/ischemic brain event. Even if the brain is the
target organ of hypoxic/ischemic damage, at present, there are no specific neuropathological (macroscopic and histological) findings
of hypoxic damage (such as in drowning, hanging, intoxication with carbon monoxide) or acute ischemia. In fact, the first histological
signs appear after at least 4 to 6hours. Numerous authors have pointed out how an immunohistochemical analysis could help
diagnose acute cerebral hypoxia/ischemia.
Data sources: This review was based on articles published in PubMed and Scopus databases in the past 25years, with the

following keywords “immunohistochemical markers,” “acute cerebral ischemia,” “ischemic or hypoxic brain damage,” and “acute
cerebral hypoxia”.

Objectives : Original articles and reviews on this topic were selected. The purpose of this review is to analyze and summarize the
markers studied so far and to consider the limits of immunohistochemistry that exist to date in this specific field of forensic pathology.

Results : We identified 13 markers that had been examined (in previous studies) for this purpose. In our opinion, it is difficult to
identify reliable and confirmed biomarkers from multiple studies in order to support a postmortem diagnosis of acute cerebral
hypoxia/ischemia. Microtubule-associated protein 2 (MAP2) is the most researched marker in the literature and the results obtained
have proven to be quite useful.

Conclusion: Immunohistochemistry has provided interesting and promising results, but further studies are needed in order to
confirm and apply them in standard forensic practice.

Abbreviations: HSP70 = shock heat shock protein 70, CA = cortical area, CaBP-D28k = calbindin-D28k, Cox-2 =
cyclooxygenase 2, GFAP = glial fibrillary acid protein, HIF-1 = hypoxia-inducible factor 1, MAP2 =microtubule-associated protein 2,
MCA = middle cerebral artery, VEGF = vascular endothelial growth factor.

Keywords: acute cerebral hypoxia, acute cerebral ischemia, autopsy, forensic pathology, immunohistochemistry
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1. Introduction

Discovery of evidence of acute brain ischemia or hypoxia and its
differentiation from agonal hypoxia represents a task of
particular interest but extremely difficult in forensic neuropa-
thology.[1–2]

Generally, more than 50% of forensic autopsies indicate
evidence of brain induced functional arrest of the organ system,
which can be the result of a hypoxic/ischemic brain event.[3] The
latter can be caused by multiple conditions such as traumatic or
chemical events, respiratory and cardiac arrest, asphyxiation or
obstruction of the cerebral or cervical vessels.[3]

At present, there are still no specific neurological signs in case
of acute fatal hypoxia (which may occur, for example, in
strangulation or drowning).[1,2,4]

Ischemia and hypoxia have often been considered of a similar
nature and define the cell’s inability to receive and use oxygen.[5,6]

However, ischemia is characterized by the reduction/absence of
cerebral blood flow resulting in irreversible neuronal destruction
while hypoxia foresees a lack of oxygen in the blood and indicates
an increase in cerebral blood flow with a reversible alteration of
brain functions.[5,7] Specifically, in the event of the obstruction of
the areas (aspiration, asthma, etc.) or absence of ambient oxygen

mailto:francesco.ventura@unige.it
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
http://dx.doi.org/10.1097/MD.0000000000026486


Barranco et al. Medicine (2021) 100:25 Medicine
(as in drowning), cerebral circulation continues but an increase in
plasma carbon dioxide will occur (with a secondary dilation of
the arteries) as well as a reduction in the partial pressure of
oxygen (pO2).

[5,6] The obstruction of the cerebral vessels or of the
neck (as in the case of hanging or strangulation) induces both a
reduction/arrest of the intracranial circulation as well as an
alteration of the values of gases in the blood and the pH
associated with acidosis and increase in lactates.
As a result of these processes, a dysfunction of the sodium-

potassium pump and cytotoxic edema occurs.[5] In the case of
reperfusion, the cytotoxic edema will be associated with
vasogenic edema within 10 to 20 minutes.[5]

When analyzing ischemic-hypoxic brain damage, the suscepti-
bility of specific brain areas (watershed area) must be considered
in relation to vascular anatomy and in relation to the different
types of neurons.[8,9] In this sense, the fissure between the first and
second turns of the frontal lobe, the CA1 region of the
hippocampus, the Purkinje cells of the cerebellum and the pale
globe represent the areas that are most susceptible to hypoxia and
samples should be taken.[5,8]

Some neurobiological changes occur in neurons after hypoxic/
ischemic damage but histological neuronal findings appear in the
brain after several hours.On the other hand, neuronal necrosis and
neuron loss are detectable after a long period of survival.[10–15]

If death occurs within a few hours, it is extremely complicated
(if not impossible) to observe specific macroscopic changes.[16,17]

Even from a microscopic point of view, the very acute ischemic/
hypoxic area of the brain is difficult to trace.[18] Ischemic neurons
initially reveal collapsed, shrunken and pyknotic nuclei and
intensely eosinophilic cytoplasm (in hematoxylin-eosin stain-
ing),[5,19] and the Nissl substance appears dispersed and finely
granular. Subsequently, when chromatin has degraded, the nuclei
become more eosinophilic and appear to merge with the
surrounding cytoplasm. Neutrophils can be mildly vacuolized
(nonspecific relief) or normal.[19] These changes (the first to occur
in case of necrosis) are histologically visible only after a survival
time of at least 4 to 6hours or even 8 to 12hours.[16,18–20] In
many cases, however, death occurs within hours or even minutes
of the initial acute event.
If death occurs after several minutes (as in cases of drowning or

hypoxia) or within just a few hours, it would not be possible to
identify ischemic/hypoxic brain damage through a conventional
macroscopic and histological examination.
After the initial ischemic/hypoxic damage, a series of structural

alterations of proteins of the brain begins to take place. In this
regard, several immunohistochemical markers have been investi-
gated with the objective of identifying acute brain damage.
Currently, a routine method that could resolve this problem has
not been identified.
On the basis of a critical analysis of the literature on the use of

immunohistochemistry in hypoxic-ischemic injury, this review
aims to analyze and summarize all the principal markers
examined to date, regarding acute ischemic/hypoxic brain
damage.
2. Materials and methods

All the main scientific studies regarding the immunohistochemi-
cal evaluation of acute cerebral hypoxia/ischemia were examined.
Specifically, we used the search engines PUMED (https://www.
ncbi.nlm.nih.gov/pmc/) and Scopus (https://www.scopus.com) to
research the keywords “immunohistochemical markers,” “acute
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cerebral ischemia,” “ischemic or hypoxic brain damage,” and
“acute cerebral hypoxia”. All major papers published in the
English language in the last 25years were also considered. The
results of the search were screened on the basis of the titles and
abstracts of the papers. We excluded papers that did not fully
relate with the subject under examination: those that did not
relate with the immunohistochemical diagnosis of acute hypoxic/
ischemic brain injury. Only studies that considered an acute
ischemic/hypoxic brain damage were considered and included in
the review. Studies where the period of survival was greater than
12 to 24hours were not taken into consideration. Articles deemed
relevant to the issue under investigation were read and analyzed
in their entirety. Furthermore, studies with mainly forensic
purposes were mainly examined.We conducted a critical analysis
of all the scientific papers selected, examining all the markers
utilized and the immunohistochemical response.
3. Results

The search yielded over 35 scientific papers deemed suitable for
analysis. We identified the following markers that had been
examined (in previous studies) for the purpose of diagnosing
acute cerebral hypoxia and ischemia (Table 1). The principal
markers were:
Tau protein: Tau protein plays an important role in the

assembly and stabilization of microtubules. In addition, this
protein is involved in the mechanisms of signal transduction,
interaction with the cytoskeleton actin, neuritis outgrowth, and
stabilization during brain development.[21,22] An alteration of the
Tau protein has been found in neurodegenerative diseases.[21]

Other studies[21,23] correlate the aggregates of this protein with
acute brain damage such as ischemia. Salama et al[21] studied Tau
expression in the animal models of acute hypoxia-ischemia. Tau
aggregates were significantly greater in hypoxic-ischemic models
than in controls. According to the authors, this protein could be
useful in the forensic investigation of asphyxiated death.
However, the study has several limitations: the limited number
of cases studied, a long period of survival (1 day), the
unlikelihood of confirming whether this result is a direct effect
of hypoxia or an epiphenomenon linked to secondary injury
cascade.
S-100: S-100 protein is a binding-calcium protein with a

subunit of A and B.[24–28] The S100B subunit is highly specific for
ependymocytes, oligodendrocytes and astrocytes in the central
nervous system. On the other hand, the S100A subunit is present
in skeletal muscles, lungs, liver, kidneys, pancreas, and heart.[24–
31] S100B has been clinically studied as a serum marker of brain
damage.[24,32–40] Li et al[24] studied the immunohistochemical
expression of the S100 protein in the cerebral cortex in forensic
autopsy cases. A lower expression was seen in cases of asphyxia
due to neck compression (strangulation and hanging) and
drowning (than in other groups). The decrease in the number of
S100-positive astrocytes was more evident in the cerebral cortex.
No significant change in oligodendrocyte positivity was revealed.
According to the authors, these results are suggestive of astrocytic
diffuse damage (especially in the cerebral cortex) due to cerebral
hypoxia and/or ischemia.[24]

Calbindin-D28K (CaBP-D28k): this protein is part of the EF-
hand calcium-binding protein family and is expressed in the
cytoplasm of neurons in many brain regions, including the
Purkinje-cells of the cerebellum (PCs).[2,41] Bartschat et al[2]

analyzed the cerebellar expression of CaBP-D28k in forensic
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Table 1

Immunohistochemistry in the postmortem diagnosis of acute cerebral hypoxia and ischemia: results for the evaluated immunohis-
tochemical markers.

Marker Analyzes Consideration

Tau protein Salama et al[21] studied Tau expression in the animal models of acute
hypoxia-ischemia.

Tau aggregates were significantly greater in hypoxic-ischemic models
than in controls. The study has several limitations: the limited
number of cases studied, a long period of survival.

S-100 Li et al[24] studied this protein in the cerebral cortex in forensic autopsy
cases.

The expression was lower in acute deaths from strangulation/hanging
and drowning than in other groups

Calbindin-D28K Bartschat et al[2] analyzed the cerebellar expression of calbindin-D28k
(CaBP-D28k) in forensic autopsy cases of acute hypoxia such as
drowning or asphyxia.

Significant reduction in the expression of CaBP-D28k in cases of
acute cerebral hypoxia compared to the control groups.

HIF-1 The cerebellar expression of HIF-1 alpha was evaluated in forensic
autopsy cases of acute hypoxia such as drowning or asphyxia.[2]

HIF-1a staining revealed weak positive immunostaining in all cases
(including in control cases).

VEGF Expression of VEGF was analyzed in forensic autopsy cases of acute
hypoxia such as drowning.[2]

The comparison between the groups did not indicate any change in
immunoreactivity in cerebellar PCs due to hypoxic events.

Cox-2 Sanz et al[50] studied the brain expression of Cox-2 in mice 6, 12, and
24 h after the occlusion of the middle cerebral artery.

This marker could be useful. However, further confirmatory studies
are needed.

C-fos The expression of c-fos in mice was analyzed after 6, 12, and 24 h
from occlusion of the middle cerebral artery [50]

The expression of c-fos increased in and around the ischemic lesions

HSP70 Kitamura[10] analyzed the expression of HSP70 in autopsy cases of
hypoxic/ischemic brain damage. Sanz et al[50] researched the
expression of HSP70 in mice after MCA occlusion. A further
neuropathological study on forensic cases[60] was proposed

The immunohistochemical expression was found the event of long-
term survival.

MAP2 Several Authors analyzed the immunohistochemical expression of MAP2
in a forensic autopsy case of hypoxia/ischemia.[1,62–66]

MAP2 is considered a very early marker of ischemic neuronal
damage, as demonstrated by the loss of neuronal MAP2
immunoreactivity from the results of experimental studies.[1,62–66]

SMI 32 Leifer et al[54] conducted an immunohistochemical study on autopsy
cases of cerebral hypoxia/ischemia.

The expression of SMI32 was predominantly reduced in cases of
acute ischemia

Albumin Løberg et al[69] conducted a study of experimental animal samples
(together with several autopsy cases) in order to understand if an
uptake of plasma proteins occurs in damaged neurons after ischemic/
hypoxic damage. Albumin expression after ischemic/hypoxic damage
has been studied by Maeda et al[70] in experimental animal samples

The application in the Forensic setting appears limited and not
considered very useful.

GFAP and Vimentin These markers have been analyzed and discussed in several previous
studies[1,10,54,73]

GFAP and vimentin play a vital role if the survival time is prolonged
for, they are linked to the reaction of glial cells to hypoxic/
ischemic damage. The application in the Forensic setting appears
limited and not considered very useful. Further confirmatory
studies are needed.
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autopsy cases of acute hypoxia such as drowning or asphyxia. In
this study, the immunohistochemical analysis revealed a signifi-
cant reduction in the expression of CaBP-D28k in cases of acute
cerebral hypoxia compared to the control groups (polytrauma,
heart failure). According to the authors, the discovery of a
reduction in the concentration of calbindin-D28k could support
the diagnosis of acute hypoxia.
HIF-1 alpha: Hypoxia-inducible factor controls the expression

of the genes involved in the hypoxic response.[28,42–44] HIF-1
alpha is almost absent in normoxia and promotes the expression
of vascular endothelial growth factor (VEGF) in order to
maintain homeostasis in hypoxic conditions.[2] In 1 study[2] the
cerebellar expression of HIF-1 alpha was evaluated in forensic
autopsy cases of acute hypoxia such as drowning or asphyxia. As
a control group, cases of polytrauma and heart failure were
selected. HIF-1a staining revealed weak positive immunostaining
in all cases (including in control cases). Therefore, according to
the authors, this marker is not deemed useful in the diagnosis of
cerebral hypoxia.
VEGF: the protein plays an important role in angiogenesis and

vascular permeability.[45–47] VEGF expression is promoted by
HIF, stimulating neovascularization in the hypoxic/ischemic
brain area.[2,48–49] Authors[2] analyzed the cerebellar expression
3

of VEGF in forensic autopsy cases of acute hypoxia such as
drowning. Cases of polytrauma and heart failure were selected as
a control group. According to the authors, the immunoreaction
of VEGF was consistently negative. The comparison between the
groups did not indicate any change in immunoreactivity in
cerebellar PCs due to hypoxic events. The study proposed by
Bartschat et al[2] did not demonstrate that VEGF is induced
during early responses to brain ischemia/hypoxia.
Cyclooxygenase-2 (Cox-2): it is an enzyme involved in the

metabolization of arachidonic acid into prostanoids.[50,51] The
expression of Cox-2 is present in several brain areas (especially in
the hippocampus and cerebral cortex) in normal conditions
[5,19d3] and can be considerably induced under certain stimuli
such as ischemia.[50,52] In an experimental study, Sanz et al[50]

studied the brain expression of Cox-2 in mice 6, 12, and 24hours
after the occlusion of the middle cerebral artery (MCA).
According to this study, an expression of Cox-2 was detected
6 to 24hours from ischemic insult. At 6hours this marker was
identified within the MCA territory. At 24hours the expression
was restricted to the perifocal cortical area which indicated a high
level of immunoreactivity. At 6hours, Cox-2 was identified
mainly in layer II of the ipsilateral cortex and rarely in striated
neurons. At 24hours, the immunoreactivity of Cox-2 was

http://www.md-journal.com


Barranco et al. Medicine (2021) 100:25 Medicine
detected in the ipsilateral peripheral areas (layer II in the cingulate
frontal cortex) surrounding the ischemic area.
C-fos: it is a proto-oncogene involved in numerous cellular

functions. The transient activation of c-fos follows a cortical
brain injury of various nature.[53] In a previous study[50] the
expression of c-fos in mice was analyzed after 6, 12, and 24hours
from occlusion of the middle cerebral artery (MCA). According
to this study, the immunoreactivity of this marker was observed
after 6hours primarily in the superficial layers of the cortex
within the MCA territory. Within 24hours, the expression of c-
fos was seldom identified within the MCA territory but was very
distinct in the ipsilateral undamaged cortex, primarily in the
superficial layers of the cingulate frontal cortex. According to a
further study,[54] the expression of c-fos had increased in and
around the ischemic lesions (autopsy case studies were limited to
only 6 cases).
Shock Heat shock protein 70 (HSP70): it plays a central role in

cellular repair and adaptation to stress.[55–58] HSP70 protects
cells from a host of stresses, including heat, hypoxia and
oxidative stress.[55,59] Kitamura[10] analyzed the expression of
HSP70 in autopsy cases of hypoxic/ischemic brain damage.
According to this study, the immunohistochemical expression of
HSP70 was found in the hippocampal regions CA2, CA3, and
CA4 principally in the event of long-term survival after severe
toxic or ischemic injury. In another study, Sanz et al[50]

researched the expression ofHSP70 inmice afterMCAocclusion.
According to this study, 6hours after the occurrence of ischemia,
an immunoreactivity of HSP70 was observed after 6hours
(survival time). The intensity of the Hsp70 expression increased
from 6 to 24hours after the ischemic insult. Also at 24hours, a
strong expression of Hsp70 was identified in the neurons
surrounding the ischemic area (penumbra like-zone). A further
neuropathological study on forensic cases[60] revealed an
expression of HSP70 in areas CA2, CA3, and CA4 primarily
in long survival time after severe hypoxic/ischemic damage.
Microtubule-associated protein 2 (MAP2): microtubule-asso-

ciated proteins are the largest group of cytoskeleton proteins and
play an important role in neuronal morphogenesis.[1] MAP2 is
the most abundant MAP family protein in the brain. This protein
increases the elongation of the microtubules and reduces the
rapid shortening frequency even if simply modifying but not
prohibiting their dynamic behavior.[1,61] MAP2 is considered a
very early marker of ischemic neuronal damage, as demonstrated
by the loss of neuronal MAP2 immunoreactivity from the results
of experimental studies.[1,62–66] In essence, studies in rats and
gerbils have revealed results of an early loss of MAP2
immunoreactivity following ischemia, but there have been a
limited number of studies on the human brain,[1,54,67] and none of
these studies refer to a broader number of cases comprised of
different causes of ischemic/hypoxic brain death. Kuhn et al[1]

studied the immunohistochemical expression of MAP2 in a
forensic autopsy case of hypoxia/ischemia (including cases of
drowning and hanging). In the present study, cases of the hypoxia-
ischemia group revealed a reduction in MAP2 immunostaining in
hippocampal areas CA2 – CA4 and in cortical layers II-VI
compared to controls. The most vulnerable regions were the
hippocampal area CA4 and the cortical layers III –V. According to
some studies,[63] even 10minutes of anoxia can induce a reduction
of MAP2 immunoreactivity in the hippocampus.
Monoclonal antibody to neurofilament protein: it is an

antibody directed against nonphosphorylated neurofilaments.
It tags dendrites and the cell body of a subtype of pyramidal
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neurons.[54,68] Leifer et al[54] conducted an immunohistochemical
study on autopsy cases of cerebral hypoxia/ischemia. According
to the authors, the expression of SMI32 was predominantly
reduced in cases of acute ischemia even when the Nissl stain
revealed only slight pycnosis. The staining was not present in the
areas of necrosis. However, this study had experienced
limitations: a very limited number of cases studied and the
presence of cases with neurodegenerative pathologies.
Albumin: Løberg et al[69] conducted a study of experimental

animal samples (together with several autopsy cases) in order to
understand if an uptake of plasma proteins occurs in damaged
neurons after ischemic/hypoxic damage. Anterior brain ischemia
was induced in rats by carotid clamping and hypotension for 15
minutes, followed by recirculation for 6hours, 24hours, 48
hours, and 5days. According to the authors, blood-brain barrier
rupture with mild albumin extravasation was revealed 6hours
after ischemic/hypoxic damage in the lateral reticular nucleus of
the thalamus, in the dorsolateral striatum and watershed area of
the cerebral cortex. Previously albumin expression after ischemic/
hypoxic damage has been studied by Maeda et al[70] in
experimental animal samples. According to the authors and
their results from optical microscopy, there was no reaction to
albumin for the first 12hours after unilateral occlusion of the
common carotid artery for 10 minutes as well as reperfusion. At
12hours, the reaction was weak and limited in the CA1
subiculum region. More significant results were obtained by
the same authors through the use of electron microscopy.
However, it should be considered that the expression immuno-
histochemistry of albumin can occur as a postmortem phenome-
non,[69] therefore its objective application in the forensic field be
extremely limited and not considered very useful. For this reason,
Løberg et al[69] proposed to test fibrinogen for autopsy cases of
hypoxic brain damage.
Glial fibrillary acid protein (GFAP) and Vimentin: The GFAP is

the main intermediate filament protein in mature astrocytes.[71]

Vimentin is part of the family of intermediate filament proteins
and plays a key role in controlling microglia activation and
neurotoxicity during cerebral ischemia.[72] In the rat hippocam-
pus after ischemia, vimentin and GFAP positive astrocytes
appeared solely in the CA1 region, indicating neuronal necrosis,
while GFAP positive and vimentin negative cells were observed
not only in the CA1 region but in the CA3 region as well, which
indicated neuronal vitality.[1,73] Based on these results, vimentin
could be considered a useful marker for neuronal necrosis (but
not in very acute hypoxic damage). According to Loefer et al,[54] a
reduction in the expression of GFAP was identified in very acute
lesions of a series of autopsy specimens while the lack of reactivity
of this marker had increased in damage after a few days. This
study, however, has considerable limitations for it was conducted
on a very limited series of cases, and a part of them experienced
neurodegenerative diseases as well. GFAP and vimentin have also
been studied with autoptic cases.[10,60] According to Kita-
mura,[10] the proliferation of GFAP-positive and vimentin-
positive cells (astrocytes and microglia) was primarily observed
after hypoxic/ischemic damage with prolonged survival time. In
cases that have a previous history of hypoxic damage, the author
indicated a proliferation of GFAP-positive and vimentin-negative
astrocytes in the CA3 and CA4 regions of the hippocampus.
However, and according to this study, the immunohistochemical
evaluation of GFAP cannot distinguish hypoxic/ischemic damage
from postmortem alterations. In conclusion, GFAP and vimentin
play a vital role if the survival time is prolonged for; they are
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linked to the reaction of glial cells to hypoxic/ischemic damage.
Therefore, the use of these markers is considered of no use in the
case of very recent hypoxic damage.
4. Discussion

In the field of forensic neuropathology, evidence of a hypoxic/
ischemic brain injury is particularly important.[1] Even if the
brain is the target organ of this type of damage, at present, there
are no specific neuropathological (macroscopic and histological)
findings of hypoxic damage (such as drowning, hanging, carbon
monoxide poisoning) or acute ischemic.[1,4,6,74] According to the
literature,[1,75] the mechanism of death in hypoxia/ischemia is too
rapid to determine the presence of vital morphological changes.
Postmortem changes can alter the cerebral parenchyma rendering
the assessment of brain tissue even more difficult.
In the postmortem diagnosis of ischemia/brain hypoxia,

immunohistochemistry could help and overcome the limitations
of conventional histology. Therefore, in-depth knowledge of
cellular reactions triggered by neuronal hypoxic damage is
particularly important.
Ischemia/hypoxia induces severe stress on nerve cells which

leads to the activation of immediate early genes (such as c-fos)
and their coding for thermal shock proteins (such as HSP70).[76–
79] While acute ischemic neuronal injury indicates axon sparing
and selective neuronal injury (due to the release of large quantities
of glutamate into the extracellular space), late neuronal death is
associated with anti-apoptotic growth factors and reduced
expression of microtubule-associated proteins and tubulin.[5]

Immunohistochemistry studies of acute hypoxic/ischemic brain
damage have often been based on this knowledge.
In this perspective, the review we have proposed summarizes

and considers all scientific studies relating to the immunohisto-
chemical diagnosis of acute cerebral hypoxia/ischemia in the last
25years or so.
In every original paper analyzed, an immunohistochemical

study was performed in the brain areas most susceptible to
ischemic damage, specifically in the hippocampus, cerebellum
and watershed area.
By far, microtubule-associated protein 2 (MAP2) is the most

researched biomarker and has provided the best results. In fact,
one of the studies in the forensic field[1] has revealed a reduction
ofMAP2 expression in cases of cerebral hypoxia (such as hanging
and drowning) in which the agonic time (of survival) was a few
minutes. The results of this study seem very encouraging and so
the marker could be very useful in the detection of very recent
cerebral hypoxia. In our opinion, further scientific confirmation
studies on autopsy specimens would be needed before MAP2 is
utilized in common forensic practice.
The results obtained by the study by Bartschat et al[2] also seem

very interesting. The authors, in fact, discovered a significant
reduction in the cerebellar expression of calbindin-D28k in a
Medico-Legal case of acute cerebral hypoxia (such as drowning
or generic asphyxia). The survival time of the study group was
only a few minutes; therefore, the marker could also be useful in
supporting the diagnosis of acute hypoxia. This study can be
considered an important pioneering analysis however additional
confirmatory studies would be required.
With regards to a large part of the other markers analyzed

(such as HIF-1 alpha, HSP70, vimentin, VEGF and GFAP) the
results were very poor and their use in the detection of acute
cerebral hypoxia/ischemia is not possible.
5

A problem that emerged from the original papers studied was
that the markers were often tested on a small number of autopsy
cases and further confirmation studies were carried out in a
limited number. As a result, the studied markers have attracted
just a theoretical interest (in some cases, furthering the
pathological mechanism triggered by hypoxic/ischemic brain
damage) but they do not have a significant application in forensic
practice.
In studies on animal samples, the experimental model was

inconclusive and could not be compared to any specific autopsy
case. For example, during the preparation of tissue samples, the
occlusion times of cerebral arteries were long (approximately 1
hour), while in human beings the damage from hypoxic
phenomena related to asphyxia (in drowning, for example)
continues for only several minutes. Therefore, the sample
obtained through animal studies could have a different or
enhanced immunohistochemical expression compared to autopsy
cases. Therefore, in the absence of other confirmatory studies on
autopsy specimens, these experimental studies performed on
animals (although they have particular theoretical and even
clinical interests) cannot serve a forensic purpose.
Another particular problem in the forensic field is postmortem

alteration due to autolysis and putrefaction. In this regard, the
quality of immunohistochemical staining always depends on the
duration of autolysis, namely, on the period of the moment of
death of an individual and the fixation of the samples.[80,81]

Autolysis and putrefaction cause tissue alteration with the
degeneration of protein structures. These processes depend on
various factors of both the corpse (type of death, physical
constitution) and environmental factors (temperature, humidity,
ventilation).[28,47,82]

It is not always possible to perform an autopsy immediately
after death for the discovery of a corpse can occur sometime after
death and/or due to the necessity of authorization from judicial
authorities to perform the autopsy. For example, due to the
movements of a corpse in water, its discovery could occur within
a few days of death by drowning, therefore, severely limiting an
immunohistochemical investigation. However, scientific studies
in the literature often analyze cases with a very limited
postmortem interval, and the immunohistochemical expression
of markers in autolytic or initially putrefied samples is not
evaluated. Therefore, the attempt to fully understand the
resistance of the markers to post-lethal alterations is difficult
when it comes to positive scientific significance.
To sum up, despite many promising studies, at present, it is

difficult to identify reliable and confirmed biomarkers from
multiple studies in order to support a postmortem diagnosis of
acute cerebral hypoxia/ischemia. Without a doubt, MAP2 is the
most researched marker in the literature and the results obtained
have proven to be quite useful however, only a few select studies
have used human brain samples.[1]

Moreover, there are significant limitations in the studies
analyzed, mainly in relation to the limited number of autopsy
cases studied and the alterations due to autolytic and putrefactive
phenomena.
However, evidence of cerebral hypoxia is often important in

judicial autopsies, especially in cases of violent mechanical
asphyxia. The results of this review could also be useful for
judicial court.
In conclusion, for the time being, proof of cerebral hypoxia is

particularly difficult if the survival time is very short which
usually occurs in asphyxia. In these cases, it is necessary to
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accurately follow the indications suggested in the litera-
ture,[5,6,16–20] and always consider every brain area that is most
susceptible to hypoxic damage.
Only a few select immunohistochemistry studies have been

performed to provide support in the detection of acute cerebral
ischemia/hypoxia. The results from several of the biomarkers
seem promising however further confirmatory studies are
strongly recommended when it comes to their application in
common forensic practice.
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