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Abstract

In recent decades, traumatic brain injury (TBI) has become one of the most important health problems worldwide and is a major cause of
morbidity, mortality and economic losses. Mild traumatic brain injury (mTBlI) is less considered, with clinical underestimation leading to an
epidemiological underevaluation of its incidence. Many of the signs and symptoms induced by mTBI are difficult to highlight clinically, especially
those related to cognitive, behavioral, or emotional impairment. The complexity of the biological mechanisms induced by mTBI in the elderly
determines synchronous pathogenic actions in which the vascular, inflammatory and neurodegenerative elements are intertwined. It is difficult
to highlight a major pathogenic factor, since they act simultaneously, multimodally, in a real pathogenic cascade. The identification of mTBI
and cerebral vascular changes by neuroimaging techniques, transcranial Doppler (TCD) or biological markers, suggests a potential prophylactic
intervention by using neuroprotective factors as early as possible. Proper prophylaxis measures with neurotrophic treatment, rebalancing the
gamma-aminobutyric acid (GABA)/glutamate balance and combating the chronic inflammatory process, can become important pharmacological
therapeutic targets.
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& Introduction

Alzheimer’s disease (AD) is a neurodegenerative
disease that affects millions of people worldwide and
begins clinically with mild cognitive impairment (MCI)
that progress to severe dementia [1, 2]. It is a chronic,
progressive condition that decreases the quality of life
of the patient, creates special problems for caregivers
and represents a heavy economic burden for the health
systems of each country [3]. The etiopathogenesis of the
disease is still incompletely elucidated, but it is currently
believed that AD is caused by complex interactions
between a multitude of genetic or epigenetic changes and
environmental factors [4]. In recent years, numerous
studies have shown a possible involvement of cranio-
cerebral trauma in the etiopathogenesis of AD [5, 6].

Traumatic brain injury (TBI) has become one of the
most important health problems in the world in recent
decades, being a major cause of morbidity, mortality and
economic losses [7]. In the US alone, in 2013, about 2.8
million people went to hospital emergency departments
for TBI [8].

Some studies estimate that three out of four cases of
TBI are mild traumatic brain injury (mTBI) that disrupts
normal brain function for a limited time. However, traumatic

forces acting on the brain, directly or indirectly, can
lead to damage to several brain structures or functions,
including the pituitary gland [9]. Most mTBI-induced
neurological lesions can occur immediately or in the
following hours and days [10].

Epidemiological data on TBI refer, in most studies, to
severe forms of TBI, whose neurological and psychological
consequences as well as their risks in the medium and
long term, can be included in an iceberg epidemiological
model. In contrast, mTBI are less considered, with clinical
underestimation leading to an epidemiological under-
evaluation of their incidence. It is no coincidence that this
condition is also called “silent epidemic” since 1997,
because many of the signs and symptoms induced are
difficult to highlight clinically, especially those related
to cognitive, behavioral or emotional impairment [11].
Diagnosis, but especially treatment, becomes much more
difficult when “silent epidemic” is associated with “silent
population”, represented by the elderly [12].

At the beginning of 2000, the incidence of mTBI in
the USA was 1.5 million cases, of which 90 000 patients
had long-term disabilities and 50 000 died [13]. The most
common causes of mTBI are car accidents, violent or
suicidal behavior, and falls in the elderly. In 2018, the
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incidence was 1299/100 000 inhabitants in North America
and 1012/100 000 inhabitants in Europe, respectively.
Worldwide, the incidence of TBI is estimated at 69 million
cases [14], and the incidence of mTBI has been estimated
at approximately 224/100 000 people [15]. It is assessed
that of the total TBI, 75-90% of them are considered as
mild [16]. This alarming increase associated with the
large number of invalidities, the unfavorable prognosis
as well as the very high costs of care, requires a better
understanding of the neurobiological mechanisms involved
in the pathogenesis and evolution of mTBI.

Originally defined as “traumatic head injury”, mTBI
was difficult to classify nosographically due to reduced
clinical and epidemiological data and partial understanding
of the neurobiological mechanisms involved. In 2010,
a consensus of experts from The Demographics and
Clinical Assessment Working Group of the International
and Interagency Initiative toward Common Data Elements
for Research on Traumatic Brain Injury and Psychological
Health defined mTBI as “an alteration in brain function,
or other evidence of brain pathology, caused by an external
force” [17].

Epidemiological data from a meta-analysis performed
on 32 observational studies showed that TBI, both mild
and severe, causes an increased risk of AD and dementia
[18]. mTBI, especially repeated ones, triggers neuro-
degenerative processes that favor the aggregation of
amyloid beta (Af) and tau proteins, involved in the
pathogenesis of AD [19, 20].

= Clinical particularities of mTBI
in the elderly

From a clinical point of view, consecutive mTBI brain
disorders trigger a symptomatology that is characterized
by: loss of consciousness for a period of time depending
on the severity of the mTBI, amnesia with altered mental
status and neurological disorders. The generally accepted
clinical diagnostic criteria for mTBI are: loss of consci-
ousness for up to 30 minutes, a score of 13—15 points,
on the Glasgow Coma Scale (GCS) after 30 minutes,
neurological changes that do not require surgery and
amnesia for up to 24 hours [16, 21]. Even if only in
approximately 5-20% of patients with mTBI, the clinical
manifestations do not resolve naturally, it is important to

diagnose correctly and early to improve the symptoms that
may occur in the medium or long term. In this way, the
mechanisms and risk factors that determine an unfavorable
evolution of this pathology can be identified [22].

If the consequences of severe traumas are immediate
or at a short distance, in mTBI neurological symptoms and
cognitive decline are progressive, over a medium time
(deteriorative cognitive impairment) or long (chronic post-
traumatic encephalopathy). Apparently, mTBI frequency
is higher in childhood and adulthood, but they onset in
old age is much less recorded, due to their occurrence in
the majority at home. The major causes of mTBI produced
at home are domestic violence or falls in conditions of
lipothymic, hypoglycemic or orthostatic hypotension in
direct relation to a somatic pathology or the use of drugs
for various pathologies [23, 24].

The frequency of orthostatic hypotension is estimated
at 10-30% of the elderly population, accompanied by
decreased cognitive abilities through mechanisms of
cerebral hypoperfusion and dysfunction of the sympathetic
autonomic nervous system [25]. mTBI in the elderly
amplifies the imbalance in the autonomic system and
causes a decrease in dopaminergic transmission, mecha-
nisms similar to those in Parkinson’s disease (PD) (post-
traumatic Parkinsonism syndrome). It is known that the
number of somatic comorbidities increases in elderly
patients, being frequently associated: diabetes, hyper-
tension with heart failure, heart rhythm disorders, risk of
thromboembolic accidents and excessive use of anti-
coagulant medication. It is important to note that, in mTBI
conditions in the elderly undergoing anticoagulant treat-
ment, minor traumatic shock may be the cause of sub-
arachnoid or subdural cerebral hemorrhage, and intra-
parenchymal petechial type microhemorrhages or cortical-
type microbleeds [26, 27].

These lesions may go unnoticed, but can be identified
by computed tomography (CT) evaluation as areas of
siderosis (Figure 1, A and B). Cortical superficial siderosis
(cSS) accompanied by cerebral amyloid angiopathy (CAA)
is a major cause of cerebral small vessel disease (CSVD).
Risks of cerebral hemorrhage and cognitive impairment
may be associated with transient focal neurological
symptoms [28].

Figure 1 — Post mTBI siderosis: (A) CT view
— multiple areas of ischemic vascular injury
in the occipital and left temporal lobes, with
area of siderosis on the left temporal horn
and microbleeds; (B) CT view — superficial
cortical siderosis with microbleeds, in the

right temporoparietal area. (Professor
Simona Bondari collection). CT:
Computed tomography.
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& Genetic vulnerability and cognitive
impairment in the elderly with mTBI

The genetic spectrum of apolipoprotein E4 (ApoE4)
is involved in the genetic vulnerability of the cognitive
deficit in the elderly, through a directly related action to
the onset of CAA, which may precede by several years
the stage of MCI in AD. Under these conditions, mTBI
causes acceleration in the rate of cognitive decline, being
an independent pathogenic factor of intensification for
neurodegenerative mechanisms specific to AD. These
mechanisms may be correlated with the disconnection of
cognitive circuits and the rapid transition from the MCI
stage to the medium or severe form of AD.

Thus, mTBI acts through several pathogenic mecha-
nisms, especially against the background of the ApoE4
genetic vulnerability:

(7) Intensification of neurodegenerative processes with
the onset of amyloid cascade and excessive deposit of Af
and neurofibrils in cognitive circuits.

Figure 2 — Multifactorial neurobiological mechanisms
triggered by mTBI, which favors rapid cognitive
impairment. MTBI: Mild traumatic brain injury;

CSVD: Cerebral small vessel disease; TIA: Transient
ischemic attack; CAA: Cerebral amyloid angiopathy;
BBB: Blood—brain barrier; MCI: Mild cognitive
impairment.

= Pathogenic mechanisms involved
in rapid cognitive impairment

Association of the neuroinflammatory
process with mTBI

Patients with mTBI adding a neuroinflammatory
process have an amplified risk for a rapid AD-type
neurodegenerative decline. Neuroinflammation is a pro-
inflammatory response of glial cells that have the direct
consequence of activating microglia or astrocytes. As a
result of this activation process, cytokine levels increase
greatly and cause macrophage activation, having as final
effect the neuronal destruction. Neural damage causes
dysfunction of the cognitive circuits at several levels:

(/) Neocortex, frontal and temporoparietal cortex,
causing altered working memory, multisensory integration
and the appearance of MCI syndrome symptoms.

(if) Hippocampal area dominated by disconnectivity
between the dentate gyrus and the cornu Ammonis (CA) 1
and CA3 regions, which can be considered as a marker of
MCI amnestic syndrome.

(i) Striatum, whose disconnectivity amplifies the
dysfunction of the frontal cortex but is also accompanied
by the presence of extrapyramidal symptoms.

Brain vascular abnormality

Brain neurodegenerative

(if) Impaired cerebral circulation that causes chronic
cerebral ischemia.

(iii) Alteration of neurobiochemical homeostasis
involved in cognitive processes: mTBI increases the activity
of cholinacetyltransferase, decreases the level of acetyl-
choline and decreases the number and activity of gamma-
aminobutyric acid (GABA) receptors in the dentate gyrus
of the hippocampus. Thus, the hyperactivity of glutamate
and the apoptotic mechanisms are favored, as well as the
imbalance between the sympathetic and parasympathetic
system with the installation of a sympathomimetic hyper-
activity that favors cerebral arterial spasm.

These pathogenic mechanisms may favor rapid cognitive
decline in the elderly with or without a link to the clinical
evidence of MCI stage suspicion, but its rate of progression
appears to be conditioned by the ApoE4 spectrum. CAA
identification is the most important marker that anti-
cipates neurodegenerative evolution [29]. This type of
evolution accelerates the rate of onset for moderate or
severe cognitive impairment (Figure 2).

MTBI - CEREBRAL DAMAGE AND RAPID PROGRESION OF
COGNITIVE IMPAIRMENT

POST MTBI

mechanism
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(iv) Entorhinal and piriform cortex whose discon-
nectivity is clinically signaled by marked decrease in
olfactory capacity.

Under these conditions, the presence of depressive
disorders in the history of patients with mTBI has a high
importance as risk factor. Depressive status favors pro-
inflammatory processes that can be biologically objectified
by high levels of C-reactive protein (CRP) and interleukin
(IL) 2 and IL6. The association of proinflammatory factors
with endothelial dysfunction causes major risks for somatic
comorbidities and cerebral, coronary or renal microvascular
damage amplified by the administration of antipsychotic
drugs [30]. This therapy is used both in the conditions of
depressive disorders with a suicidal component and in the
case of impulsive and aggressive behavioral manifesta-
tions. This behavior may be a consequence of glutamate
excitotoxicity. The proinflammatory mechanisms are
involved in the imbalance between the excitatory function
of glutamate and the inhibitory function of GABA neurons,
in favor of hyperglutamatergia. Thus, the increase of
glutamate activity determines the excitotoxicity effects for
glutamate, a phenomenon that determines the synaptic
disconnectivity at the level of the hippocampus, the piriform
cortex and areas of cortical sensory association (Figure 3).
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RAPID CHANGES IN SYNAPTIC STRENGTH AFTER MTBI

Dysfunction of excitatory-inhibitory balance |
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Figure 3 — Post mTBI synaptic changes. MTBI: Mild
traumatic brain injury; GABA: Gamma-aminobutyric

| Post-synaptic hyperexcitability with synaptic dysconnectivity

| acid; IPSCs: Inhibitory postsynaptic currents;

-

Amnesia,
mcl
syndrome

-

Decreased Hearing loss,

olfactory
perception
and olfactory
discriminatio

Multiple deficits in
visual perception,
Tinnitus

Hearing hallucinations,

SEPSCs: Spontaneous excitatory postsynaptic
currents; MCI: Mild cognitive impairment.
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The relationship between inflammatory
processes and dopamine

This relationship is bidirectional, the decrease of
dopamine being accentuated by the increase of cytokines
with the significant impairment of the dopamine level in
the emergency areas represented by ventral tegmental
area, substantia nigra and basal ganglia [31]. Dopamine
deficiency causes depressive symptoms associated with
anhedonia, psychomotor inhibition, suggesting disconnec-
tivity between the frontal cortex and striatum. Dopamine
deficiency depression can be considered a form resistant
to antidepressant therapy [32]. Therapeutic resistance to
antidepressant medication determines a therapeutic strategy
in combination with antipsychotics or other psychotropic
substances that can cause incomplete remissions predo-
minantly symptomatic, while maintaining the proinflam-
matory biological background and endothelial dysfunction.
Thus, a vicious circle of negative evolution of depression
is generated.

In this way, dopamine deficiency is a central neuro-
biochemical mechanism that is installed post mTBI in
the elderly, following depolarization of membranes in
ventral tegmental area and substantia nigra, disrupting
the release of dopamine through a synaptic mechanism
of long-term depression [33]. Post mTBI dopamine
deficiency influences cognitive decline by affecting the

Figure 4 — Post mTBI SVD, MRI view:
(A) Virchow—Robin perivascular spaces
dilated in the basal ganglia, especially
on the left side; (B) Infracentimetric
dilatation of perivascular spaces, along
the anterior commissure. (Professor
Simona Bondari collection). mTBI:
Mild traumatic brain injury; SVD:
Small vessel disease; MRI: Magnetic
resonance imaging.

The thalamic area is one of the most important stations
interconnecting cognitive pathways regardless of their
area of emergence:

(i) Meynert basal nucleus — central acetylcholinergic

hippocampus and disconnecting corticostriatal circuits.
Therapeutic resistance of depression in the elderly
patient can be an important warning sign that suggests
the potential for the development of AD, having as main
underlayer the dopamine deficiency and the promotion of
vascular hypoperfusion by CSVD. The extrapyramidal
phenomena induced by antipsychotic drugs previously
used in mTBI are another important clinical marker of
neurodegenerative risk. In both situations, there is a
common neurobiological background characterized by
chronic neuroinflammatory process, endothelial dysfunction
and immune deficiency. mTBI triggers an acceleration of
the disturbance of all neurobiological processes, which
allows the aggression of neurodegenerative factors.

Vascular factors and disconnectivity of
coghnitive circuits

From a clinical point of view, widening of the peri-
ventricular spaces in the basal ganglia may associate
an asymmetric extrapyramidal symptomatology (post-
traumatic Parkinsonism syndrome). These lesions can be
considered a potential neuroimaging marker that suggests
the presence of CSVD and the disconnectivity of the
basal ganglia structures with the cognitive structures
represented by the striato-thalamic and striato-cortical
circuits (Figure 4, A and B).

structure, acetylcholine deficiency being the second central
neurobiochemical mechanism in the pathogenesis of post
mTBI rapid cognitive impairment.

(i) Striatum and basal ganglia — dopaminergic structure
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that interconnects the emergence areas with the meso-
limbic region and the cortical structures.

(iii) Hippocampal area — structure of acetylcholinergic,
dopaminergic, glutamatergic and GABA-ergic interference.
Thalamic lesion is a neuroimaging marker of rapid
progression of cognitive impairment in the elderly with
mTBI (Figure 5, A and B).

Figure 5 — Post mTBI SVD, successive
CT view: (A and B) Right thalamic
lesion in the lentiform nucleus and
lesions of the perivascular dilation

type on the left side. (Professor
Simona Bondari collection). mTBI:
Mild traumatic brain injury; SVD:
Small vessel disease; CT: Computed
tomography.

Neurodegenerative mechanisms in mTBI

Post mTBI pathology in AD is dominated by increased
deposits of neurodegenerative elements in synaptic
connections but also an increase in their production in
the extracellular space. Their intersynaptic deposition is
precipitated by general proinflammatory activity specific
to the presence of depressive states or other associated
somatic conditions present in old age [6]. Under these
conditions, the transformation of Af precursor proteins
(presenilin 1 and 2) into Ap is activated, which is predo-
minantly deposited in the areas of maximum vulnerability
represented by temporoparietal cortex, corpus callosum
and hippocampus. Excessive Af deposition, accompanied
by excess neurofibrils and tau proteins, is significantly
increased following an Ap42 oligomerization process. The
level of Af oligomers in cerebrospinal fluid, determined
within a maximum of 72 hours from TBI, can be a marker
of neurological evolution through direct involvement in
neuroinflammatory and neurodegenerative processes [34].

Neurofibrils are those that cause an alteration in the

BEFORE MTBI

Chronic neuroinflammation
Endothelial dysfunction
Immune deficiency

| SSRI treatment " AP treatment |

Given that a depressive prodromal phase precedes
many cases of mTBI in the elderly, there is a particular
brain vulnerability to neuroinflammatory mechanisms
favored by the imbalance between the GABA and glutamate
system, incomplete remissions of depression, with onset
before mTBI, and dopamine deficiency amplified by
traumatic injury [33].

functionality of axonal microtubules, with significant
alteration of transport at this level, initially producing
a diffuse axonal dysfunction whose progression causes
axonal degeneration. If the diffuse axonal dysfunction
has a reversible nature, the degeneration is irreversible.

The progression of cognitive deficit is precipitated
by the rate of Af deposition in the cognitive circuits, but
especially in the cerebral arterioles causing CAA. Rapid
progression is favored by mTBI, because in the conditions
of an inflammatory process and a persistent endothelial
dysfunction, the global cerebral arterial perfusion decreases
significantly, establishing the state of chronic cerebral
ischemia (Figure 6).

These factors influence the evolution of clinical forms,
which can have a long or rapid transition from the MCI
stage to AD. Accelerated dysfunctional progression is
also favored by the existence in the personal history of
depression, previously mTBI. Depression through multi-
systemic mechanisms is a risk factor for AD onset and
rapid progression of cognitive impairment [35].

Figure 6 — Multisystemic mechanisms involved
in the onset of neurodegenerative elements,
post mTBI in the elderly. MTBI: Mild traumatic
brain injury; SSRI: Selective serotonin reuptake
inhibitor; AP: Antipsychotic; CSVD: Cerebral
small vessel disease; CAA: Cerebral amyloid

Extrapyramidal symptoms Chronic
Dopamine deficiency aane
— - ischemia
CSVD Cerebral
hypoperfusion

Hyperglutamatergic status |

angiopathy.

+/- Neurodegenerative elements
+++ Cognitive reserve
4+ Resilience to cognitive decline

Authors: lleanaMarinescu, Olivian Stovicek, 2020
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Other pathogenic mechanisms of post mTBI
rapid cognitive impairment

The clinical medical practice identifies other patho-
genic mechanisms increasing the vulnerability for the
rapid cognitive deficit after mTBI, by potentiating the
progression of neurodegenerative elements. These mecha-
nisms are represented by acute or chronic cerebral hypoxia
(chronic hypoxic encephalopathy), cerebral vascular
perfusion deficits following severe cardiac dysfunction or
dysmetabolic disorders (hypoglycemia).

7 Histopathological (HP) evidence

In contrast to the high incidence of mTBI in old age,
their clinical importance is underestimated, being consi-
dered “benign”, in contrast to severe TBI. This is deter-
mined by the lack of acute elements to indicate severity,
generally being domestic accidents that do not have skin
damage to the scalp and are not accompanied by loss of
consciousness. There are also no positive neurological
signs or those that suggest intracranial hypertension
syndrome after 24 hours (nausea, vomiting, headache,
balance disorders, bradycardia, neurological signs of
foci or significant changes in the fundus). Neuroimaging
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assessments also do not suggest relevant structural or
lesional changes. In order to support the clinical impor-
tance of mTBI and its consequences in the brain that takes
place in a multisystemic pathogenic context, we present
the evidence objectified by HP research on animals.

Translational HP research on animal models

HP studies on Wistar rats were able to highlight
changes in the hippocampus (Figure 7, A—C) and in the
frontal cortex (Figure 8, A and B), secondary to minimal
traumatic cerebral injury. These data confirm the theoretical
disconnection model following structural changes in the
frontal cortex and hippocampal area. These changes cause
impaired cognitive circuits, which can lead to accelerated
cognitive impairment in the elderly who have had an mTBI
event. Changes in the frontal cortex highlight neuronal
depopulation and changes in vascular structures with
intravascular and perivascular hyalinization.

Fundamental animal research confirms the potential
of mTBI to induce important brain structural changes
in the hippocampus and frontal cortex, lesions that
may explain the acceleration of post mTBI cognitive
impairment.

Figure 7 — Post repeated mTBI hippocampal lesions, at Wistar rats sacrificed on day 21: (A) Hippocampal neuronal
loss, with vacuolar disorganization; (B) Neural losses in CAl and CA3 regions, with the tendency of focal
organization, vacuolar degeneration; (C) Massive neuronal loss throughout the hippocampus, with neuronal death,
marked hyaline and vacuolar degeneration. HE staining: (A—C) x100. mTBI: Mild traumatic brain injury; CA: Cornu
Ammonis; HE: Hematoxylin—Eosin.

Figure 8 — Post repeated mTBI lesions
of the frontal cortex, at Wistar rats
sacrificed on day 21: (A) Normal frontal
| cortex; (B) Significant neuronal loss in
the superficial layers of the cerebral
cortex, nuclear pyknosis, cytoplasmic
condensation and moderate perineural
edema. HE staining: (A and B) x100.
mTBI: Mild traumatic brain injury;
HE: Hematoxylin—Eosin.
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Evaluation of HP changes in postmortem
studies. Vascular-type mechanisms

Studies in recent decades have shown that TBIs cause,
depending on their severity, a multitude of cerebrovascular
lesions that include meningeal and intraparenchymal
hemorrhage, cerebral edema, changes in cerebral blood
flow (CBF) and morphological disturbances of the blood—
brain barrier (BBB) [36, 37].

Our studies allowed us to find that there is a wide
range of HP changes that can explain cognitive degene-
ration in patients with mTBI. Thus, the most frequent
changes were vascular, objectified by the appearance of
intraparenchymal microhemorrhages at a time interval
after an mTBI (Figure 9A), sometimes associated with
hemorrhages through the Virchow—Robin perivascular
space, the blood diffusing at relatively long distances
through perivascular sheath, which is made of lax tissue
(Figure 9B).

Currently, most studies agree that TBI produces in a
first phase (acute phase) physiological and morphological
changes of BBB by shear forces caused by trauma resulting
in damage to endothelial cells and the basement membrane
of the capillary endothelium or rupture of the podocyte
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Figure 9 — Vascular histopathological postmortem changes in patients with mTBI: (A) Perivascular hemorrhage in

extensions of astrocytes. The consequence of this first
phase is a disruption of CBF, rupture of intercellular
junctions between endothelial cells, increased vascular
permeability, rupture of the vascular wall with perivascular
or intraparenchymal hemorrhage and global dysfunction
of areas of the brain because of altered neurovascular
units [38]. In addition, in the elderly, meningocerebral
vessels have a modified structure compared to young
people, and the presence of comorbidities, such as hyper-
tension, atherosclerosis, diabetes or ischemic heart disease,
increase the risk of severe brain damage at traumas with
relatively low intensity [39].

After this first phase, which is due to the mechanical
energy of the damaged agent, a second phase occurs in
the brain generated by metabolic disorders that occur
because of perturbation of CBF and activation of immune
system cells [40]. Cerebral ischemia secondary to the
disturbance of CBF manifested by the appearance of red
neurons and neuronal death (Figure 9C) is added to all
these phenomena is added. This type of deterioration
of neural structures supports the rapid progression of
vascular pathogenesis of post mTBI cognitive deficit.
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the Virchow—Robin space; (B) Diffuse intraparenchymal hemorrhages with a tendency to expand in the interneuronal
spaces; (C) Marked cerebral ischemia, with the appearance of red neurons (specific to cerebral ischemia), associated with
pyknosis and nuclear tachychromia, neuronal necrosis and perineuronal edema. HE staining: (4) x100; (B and C)
x200. mTBI: Mild traumatic brain injury; HE: Hematoxylin—Eosin.

According to the multisystemic model which we
support, a second way of cognitive dysfunction occurrence
with rapid progression, post mTBI, is the consequent
activation of astrocytes, microglia and macrophages.
Activated astrocytes and the formation of cell extensions
(podocytes) cause frequent lesions on contact with the
vascular wall, following the agglutination of podocytes’
fragments (Figure 10A). In this way, it becomes possible
to extravasate the endovascular content. On this vulnerable
ground, entry gates are made for Af under AD conditions,
which allow the transformation of an endothelial angio-
pathy into an amyloid angiopathy. A major role of the
inflammatory process, including cytokine activations, is
supported by intravascular and perivascular hyalinization
changes. Microglial activation seems to be the first moment
of cellular pathology, in which macrocytes surround the
vascular walls, an aspect that announces the aggressive
invasion of macrophages (Figure 10B).

A third pathogenic model suggested by HP evidence
for the rapid progression of cognitive deficit is based on
the action caused by chronic ischemia and microvascular

destruction following activation of microglia and macro-
phage cells. Thus, the pathogenic binomial composed
of neurodegenerative and vascular elements in AD is
confirmed under conditions of synergistic multisystemic
mechanisms in the pathogenesis of rapid cognitive
impairment.

& The multifactorial mechanisms involved
in the rapid progression of post mTBI
cognitive impairment in the elderly
with AD

Under mTBI conditions, imbalances between excitatory
and inhibitory systems cause damage to the electrical
synapse, producing disconnectivity in the hippocampus,
piriform cortex and associative areas of multisensory
integration. These imbalances may be more intense in
people with various comorbidities, especially in women
[41]. Damage to the hippocampal area is associated with
amnesia and MCI syndrome, common symptoms present
in the prodromal phase of AD. The disconnectivity of the
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piriform cortex causes a decrease in olfactory perception
and the ability to discriminate between several olfactory
stimuli. Olfactory dysfunction, correlated with olfactory
bulb atrophy, has a major clinical value because it can be
considered a risk factor for rapid cognitive impairment
in AD [42], but also in PD [43]. Disconnections in the
sensory areas of intercortical association can cause multiple
disturbances of visual function, starting with decreased
visual acuity and going to distorted perception of images.
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Subsequently, through the rapid progression of cognitive
decline, the neuroimaging examination can show a
widening of the calcarine sulcus and a partial atrophy of
the occipital lobe, wearing the appearance of a particular
form of AD, Benson’s syndrome [44]. With an incidence
of 5% of cases of AD, Benson’s syndrome is characterized
by progressive visual disorders, caused by neurodegene-
rative changes in the temporal, occipital and parietal cortex,
without direct ocular pathology [45].
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Figure 10 — Immunohistochemical aspects of brain parenchyma changes in patients with mTBI: (A) Activated
astrocytes, characterized by increased cell volume and the emission of multiple cell extensions of various sizes
(reactive gliosis); (B) Area of the brain parenchyma with a spongy appearance, resulting from neuronal damage, with
numerous macrophage-type cells (activated microglia and macrophages). Anti-GFAP antibody immunostaining: (A)
x100. Anti-CD68 antibody immunostaining: (B) x200. mTBI: Mild traumatic brain injury; GFAP: Glial fibrillary

acidic protein; CD68: Cluster of differentiation 68.

Alteration of the auditory integration areas causes
either hearing loss with quasi-normal audiometry, or hyper-
excitability with tinnitus or hallucinogenic symptoma-
tology, the patient having partial pathological awareness
of these symptoms. Hallucinogenic phenomena are often
interpreted as psychotic states for which antipsychotic
therapies are prescribed that cause a blockage of dopamine
D2 receptors in the striatum. Thus, the striato-frontal
disconnectivity is accentuated, with the aggravation of the
cognitive impairment and the appearance of the extra-
pyramidal symptomatology that suggests a transition to
Lewy body dementia or a form of AD with drug-induced
Parkinsonism symptoms.

In conclusion, minor mTBI can have as a clinical
marker the decrease in olfactory quality, up to anosmia or,
when there is a vascular component, olfactory agnosia.

There are relevant data on the decrease of the volume
of the olfactory bulb with age, the decrease being marked
in the periods of progression of the MCI stage in AD.
Specific to the stage with olfactory dysfunction of MCI
that can anticipate the rapid transition to AD is the
association of olfactory deficit with the inability to
discriminate between several olfactory stimuli. The same
characteristics of olfactory dysfunction are found in
schizophrenia, raising the issue of dopamine involvement,
a role currently highlighted in AD. In this context, the
question can be raised whether the olfactory and low
damage and the atrophy of the olfactory bulb can be
predictive markers for the unfavorable evolution of
schizophrenia and for the involvement of neurodegenerative

factors in the pathogenesis of schizophrenia.

Neurodegenerative pathology occurring after an mTBI
in AD in the elderly is dominated by increased deposits
of neurodegenerative elements on a global background
of oxidative stress and proinflammatory activation. A
aggression occurs through the formation and deposition of
Ap plaques in the cortical areas of maximum vulnerability,
involved in cognitive circuits (hippocampus, cingulate
gyrus, corpus callosum, cerebellum and temporoparietal,
frontal or occipital cortex). Excessive production of neuro-
fibrils causes a major dysfunction of the microtubules,
with significant alteration of axonal transport (diffuse
axonopathy — diffuse axonal dysfunction), which can lead
to axonal degeneration.

The sedimentation of Af is dependent on the CBF,
increasing at the same time with the lowering of the blood
circulation speed (velocity). From our perspective, the A
deposition is depending on the match between the cerebral
vascular structural anomalies, including the Willis polygon,
and the blood flow speed. Under these circumstances, the
Ap plaques can agglutinate randomly in strategic or non-
strategic areas, from the cognitive circuits’ point of view.
Taking into consideration that Af is a “scar” factor of
vascular or brain tissue lesions, the Af deposits are more
intense in the areas where CSVD dependent vascular
modifications took place. Pending the recognition of the
vulnerability of elder people for oxidative stress, mTBI
may trigger neurodenegerative pathology and accelerate
the destructive speed for disconnection of the cognitive
circuits through multifactorial mechanisms (Figure 11).
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The modification of brain flow velocity can be iden-
tified through transcranial Doppler (TCD) examination
to highlight a decrease in the cerebral vasoreactivity that
can worsen in the presence of ApoE4 genetic specter. This
leads to an increased risk of AD in general population,
without the existence of mTBI. TCD dynamic monitoring
to highlight a progressive decreasing tendency in the
cerebral vasoreactivity, after mTBI, may represent an
indicator for cognitive deterioration. In the presence of
a MCI syndrome, this indicator anticipates the rapid
evolution of cognitive decline and progression to more
advanced stages of AD [46]. This indicator also allows for
the evaluation of the efficacy of pharmacological neuro-
protective treatment in dementia. This type of medica-
tions improves the cognitive deterioration by preserving
the efficiency of the cerebral vascular mechanisms [47].

Triggering of an axonal pathology is the main patho-
genic action of mTBI. The transport axonal pathology
involved in AD pathogenesis can be a consequence from
the diffuse axonal dysfunction induced by mTBI. The
amplified oxidative stress and the microglia activation
with imbalance of phenotypic programming determine a
microglia response. The M1 microglia is activated which
amplify the inflammatory factors and proinflammatory
cytokines. The transport activity of tau proteins and Ap
at axon level is increased. In this way, the neuron tries
to “clean” up the neurodegenerative elements from the
circuits where they are involved. The genetic specter
dominated by presenilin 1 favors the phosphorylation and
diffuse axonal dysfunction. Consequently, the active antero-
grade and retrograde transport defects turn into reversible
defects, into transport anomalies with important axonal
degeneration. The anterograde transport is initially disturbed,
then the integral transport, disrupted mainly by mTBI, is
dependent on adenosine triphosphate (ATP) and involves
especially the microtubular transport [48].

In the following stage, the macrophages are activated
by polarized neurons that are blocked in a unique
morphological and functional activity, thus stopping the
information transfer from the cellular body to axon and
dendrites. The macrophage activation is an unfavorable
prognosis factor, since it is associated with the inter-
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vention of other multisystemic disruption factors. The
consequences of these factors are mainly cerebral vascular
modifications, with the onset of CAA and alteration in
the permeability and functionality of BBB. The amyloid
angiopathy in elderly people can also have a sporadic form,
identified frequently in the presence of cerebral blood
perfusion disorders, consecutive to CSVD. They have a
major contribution in the cognitive decline of the elderly
person, especially after ischemic or hemorrhagic vascular
accidents [49, 50].

Sporadic CAA was identified in postmortem studies
in 20-40% of elderly patients without dementia and in
50-60% of those with dementia [51]. From the clinical and
neuroimaging perspective, the main markers announcing
the sporadic CAA component are the cerebral microbleeds,
existence of a subarachnoid bleeding acute episode, cortical
subarachnoid hemorrhage, identification of a transient
focal neurological episode, and in neuroimaging with the
presence of white matter hyperintensity (WMH), ¢SS,
increase of periventricular spaces and microbleeds.

The cerebral hypoperfusion seems to be the main cause
in the decrease of the number and functionality of peri-
cytes, with the excessive increase in BBB permeability
for Ap. This disruption can be correlated with certain
indicators that would allow early prediction of rapid
cognitive decline and progression of neurodegenerative
elements in AD. These cellular markers can bring a
significant contribution in the prevention strategies,
indicating the progression from one evolutionary stage
to another. These are indicated by the decrease in platelet-
derived growth factor receptor beta (PDGFRB) in
precuneus, given the increase of the CSVD vascular
dysfunction. The PDGFRB decrease and the fibrinogen
increase indicate the CAA onset with massive inclusion
of Ap fibrinogen in the cerebral arterioles wall. This
exacerbates the deficit of cerebral arterial perfusion,
which is controlled through an insufficiently elucidated
mechanism by scavenger receptor cluster of differentiation
36 (SR CD36) [52]. This is present in the endothelial cells,
macrophages, monocytes and microglia, as well as in the
periphery. Their number increases in 48 to 72 hours after
mTBI, precipitating the mechanism that accelerates Af
deposits in cerebral arterioles.
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Identification of CD36 monocytes in the peripheral
blood gives an early warning of the cerebral vascular
modifications of atherosclerosis type [53, 54].

The translational research on animal models demon-
strated that CD36 signals the development of an inflam-
matory process consecutive to cerebral tissue lesions
(intravascular and perivascular hyalinization) after an
acute ischemic process. The chronic cerebral ischemia
state consequent to mTBI determines neuronal and micro-
glial lesions, subsequent to oxidative stress and excito-
toxicity, through multisystemic inflammatory, vascular
and neurodegenerative processes [54, 55].

Thus, this receptor has become an important target in
pharmacological research for the molecular treatment of
AD. The genetic studies on animal model showed that
by blocking CD36 receptors the AD neurodegenerative
modifications are no longer produced due to the decrease
in the oxidative stress and in cerebral vascular dysfunction
[56].

The rapid deterioration of the cognitive status for the
elderly patient is favored by the involved of several post
mTBI pathogenic mechanisms, where one of the most
important is the vulnerabilization in the cerebral arterioles’
wall, allowing the Af invasion with increase of areas
affected by CAA. The multisystemic mechanisms of
cognitive deficit in mTBI are impacted by the imbalance in
the GABA/glutamate ratio. This imbalance is emphasized
by the activation of the hypothalamic—pituitary—adrenal
axis under the existence of a depressive disorder in
prodromal phase of AD, of behavioral disorders and
antipsychotic treatment with high capacity to block D2
dopamine receptors.

& Conclusions

The severe TBI pathology benefits from a special
attention, both from clinicians as well as from decision
makers, being accepted as a matter of public health for the
elderly persons. On the other hand, mTBIs are considered
“benign”, in contrast with numerous studies that underlined
their potential to determine cognitive deteriorative neuro-
psychiatric modifications. It is important for any clinician
to identify, within MCI syndrome, the decrease in olfactory
perception associated or not with auditory deficiency,
visual perception deficit or tinnitus. These latter clinical
modifications are correlated with the disconnection of
cerebral areas for association and cognitive integration
of sensory signals. The risk factor for rapid evolution
of cognitive deficit in MCI stage, post mTBI, include
the presence in patients history of depression with anti-
depressant or antipsychotic treatment with selective
serotonin reuptake inhibitors (SSRI), positive markers for
swelling and endothelial dysfunction that may indicated
rapid deterioration of cognitive reserve and invasion of
neurodegenerative elements. Also, the chronic cerebral
ischemia state objectified through hypoperfusion after
TCD or magnetic resonance imaging (MRI) examination
represents an important neuroimaging marker associated
with other markers for thalamic lesions and increase in
Virchow—Robin spaces. We consider that there are sufficient
clinical, biological and neuroimaging arguments to suggest
the importance of such investigations in elderly patients,
post mTBI, in order to identify the risk of rapid cognitive

deterioration. The correct prophylaxis measures with
neurotrophic agents, restoring the GABA/glutamate balance
and fighting the chronic inflammatory process can become
important pharmacological therapeutic targets. There are
limitations in the research and multisystemic interpreta-
tions performed by our team, which we hope to overcome
in future studies, with the support of colleagues involved
in the fundamental and clinical research of this pathology.
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