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Summary (English):

Traumatic brain injury (TBI) is a leading cause of death and long-term neurological deficits world-
wide. It causes primary brain damage, which develops immediately and is irreversible, and sec-
ondary brain damage, which develops over the following hours to years and should therefore in
principle be amenable to treatment. Current purely symptomatic therapeutic options are unable
to treat the chronic consequences of TBI due to limited knowledge of the underlying pathophysi-
ology. This study investigates the complex acute, subacute and chronic pathophysiology of TBI,
focusing on the chronic progression of neuroinflammatory, microvascular, and neurodegenerative
responses following the injury.

Following a controlled cortical impact (CCl) or a sham operation, male C57BL/6N mice were in-
vestigated alongside naive animals for 15 minutes, 24 hours, seven days, one month, three
months, six months, and 12 months after TBI. Immunohistochemistry was used to evaluate his-
topathological alterations. The findings reveal persistent activation of astrocytes up to 12 months
and microglia up to six months post TBI, characterized by elevated GFAP and Iba-1 levels, indi-
cating ongoing neuroinflammation. Notably, astrocyte and microglial activation peaked at seven
days post-injury. Moreover, the Agp4 fluorescence intensity in the ipsilateral hemisphere in-
creased significantly at 24 hours post-TBI, followed by a decline at seven days and normalization
by six months, indicating an early but transient astrocytic response to trauma. CD31 intensity
showed acute microvascular damage with a decrease at 24 hours and recovery by seven days,
while transient reductions in astrocytic end feet coverage of endothelial surfaces peaked at seven
days, highlighting a period of vulnerability in neurovascular unit integrity and potential suscepti-
bility to secondary injury. BBB disruption was evidenced by transient albumin extravasation, peak-
ing at 24 hours, followed by a progressive decline over the next six months without reaching
control levels, suggesting early vascular instability. Chronic neurodegeneration was also ob-
served, as indicated by sustained amyloid-beta accumulation up to 12 months and acute neuronal
loss within the initial week, analyzed by the NeuN cell count, raising concerns about long-term
cognitive impacts of TBI, including increased risks for neurodegenerative diseases.

The study emphasizes the importance of the chronic sequel of TBI pathophysiology in under-
standing TBI outcomes, suggesting that interventions targeting chronic neuroinflammation, neu-
rovascular integrity and neurodegeneration may improve long-term recovery post TBI. These in-
sights present critical implications for developing therapeutic strategies to mitigate TBI-related
long-term consequences and enhance rehabilitation efforts.
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Zusammenfassung (Deutsch):

Das Schadelhirntrauma (SHT) ist weltweit eine der haufigsten Ursachen fir Todesfalle und lang-
fristige neurologische Defizite. In der Pathophysiologie des SHT unterscheidet man den primaren
Hirnschaden, der sich sofort entwickelt und daher irreversibel ist, und den sekundare Hirnscha-
den, der sich in den folgenden Stunden bis Jahren entwickelt und daher prinzipiell einer Therapie
zuganglich sein musste. Die derzeitigen, rein symptomatischen therapeutischen Moglichkeiten
sind aufgrund der begrenzten Kenntnis der zugrunde liegenden Pathophysiologie nicht in der
Lage, die chronischen Folgen eines SHTs zu behandeln. In dieser Studie wird die komplexe
akute, subakute und chronische Pathophysiologie des SHT untersucht, wobei der Schwerpunkt
auf dem chronischen Verlauf der neuroinflammatorischen, mikrovaskularen und neurodegenera-
tiven Reaktionen nach der Verletzung liegt.

Nach einem controlled cortical impact (CCI) oder einer Scheinoperation wurden mannliche
C57BL/6N-Mause neben naiven Tieren 15 Minuten, 24 Stunden, ein Monat, drei Monate, sechs
Monate und 12 Monate nach SHT untersucht. Zur Bewertung der histopathologischen Verande-
rungen wurde die Immunhistochemie eingesetzt. Die Ergebnisse zeigen eine anhaltende Aktivie-
rung von Astrozyten bis zu 12 Monaten und von Mikroglia bis zu sechs Monaten nach SHT, ge-
kennzeichnet durch erhéhte GFAP- und Iba-1-Werte, was auf eine anhaltende Neuroinflamma-
tion hinweist. Bemerkenswert ist, dass die Aktivierung von Astrozyten und Mikroglia sieben Tage
nach der Verletzung ihren Hohepunkt erreichte. Darlber hinaus stieg die Agp4-Fluoreszenzin-
tensitat in der ipsilateralen Hemisphare 24 Stunden nach SHT signifikant an, gefolgt von einem
Riickgang nach sieben Tagen und einer Normalisierung nach sechs Monaten, was auf eine friihe,
aber voriibergehende astrozytare Reaktion auf das Trauma hinweist. Die CD31-Intensitat zeigte
eine akute mikrovaskuldre Schadigung mit einer Abnahme der Intensitat nach 24 Stunden und
einer Erholung nach sieben Tagen, wahrend die voribergehende Verringerung der astrozytaren
Endfullbedeckung der Endotheloberflachen nach sieben Tagen ihren Hohepunkt erreichte, was
auf eine Periode der Anfalligkeit der neurovaskularen Einheit und eine potenzielle Anfalligkeit fir
sekundare Verletzungen hinweist. Die Unterbrechung der Bluthirnschranke wurde durch eine vo-
ribergehende Albumin-Extravasation nachgewiesen, die nach 24 Stunden ihren Héhepunkt er-
reichte, gefolgt von einem progressiven Rickgang Uber die nachsten sechs Monate, ohne die
Kontrollwerte zu erreichen, was auf eine friihe vaskulare Instabilitdt hindeutet. Es wurde auch
eine chronische Neurodegeneration beobachtet, die sich in einer bis zu 12 Monate andauernden
Amyloid-Beta-Akkumulation und einem akuten neuronalen Verlust innerhalb der ersten Woche
zeigte, der anhand der NeuN-Zellzahl analysiert wurde. Dies deutet auf eine langfristige kogniti-
ven Auswirkung eines SHT hin, einschlieR3lich eines erhéhten Risikos fir neurodegenerative Er-
krankungen.

Die Studie unterstreicht die Bedeutung der chronischen Folgen eines SHTs und legt nahe, dass
MaRnahmen, die auf chronische Neuroinflammation, neurovaskulare Integritdt und Neurodege-
neration abzielen, die langfristigen Folgen eines SHTs modulieren kénnten.
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1. Introduction

1.1  Traumatic Brain Injury

Traumatic brain injury (TBI) is defined by the World Health Organization (WHO) as “an acute brain
injury resulting from mechanical energy to the head from external physical forces” [1]. It is a very
common event, with an average of one in two people suffering a TBI in their lifetime [2], and it is
one of the leading causes of death and disability worldwide [3], making it one of the biggest chal-
lenges for medical care, public health, and the economy [4, 5, 6, 7, 8]. In 2017, the first Lancet
Neurology Commission on TBI advocated for a coordinated approach to address the global health
problem posed by TBI [9]. Years after TBI, many serious and permanent neurological disorders
such as dementia and chronic traumatic encephalopathy (CTE) can occur [10], reducing patients’
life expectancy and quality of life and frequently making it impossible for them to return to work
[9, 10, 11, 12]. Recent evidence shows that TBI is not only an acute event, but also as a complex
chronic illness with many long-term effects [9, 10]. The lack of targeted therapeutic options, in-
cluding for long-term sequelae, results from the fact that the exact pathomechanisms of post-
traumatic brain injury are still not fully understood [10, 13, 14].

1.2 Epidemiology and Etiology

With a steady rise in incidence of 3.6% over almost three decades, traumatic brain injury presents
a significant global public health concern [15]. Globally, approximately 70 million new cases of
TBI occur annually with an incidence rate of 369 per 100 000 population worldwide [15, 16]. In
Europe, 2.5 million people suffer from TBI each year, with around 1.5 million hospitalizations,
including 75,000 fatalities [17, 18]. However, these numbers do not reflect patients who have not
received medical care; especially after mild TBI, patients often do not seek medical help or treat-
ment, therefore these cases are often left untreated and, thus, not reported. The WHO estimates
the global incidence and burden of TBI to be much higher than assumed [19]. All age groups are
affected by TBI, but TBI is more likely to result in hospitalization and death in people over the age
of 65 [20, 21]. Most TBI patients are men, who are two to three times more likely to suffer from
TBI than women, and they are mostly under 25 or over 75 years of age [17]. This is due to diffe-
rences in etiology related to age and geography. In low-income and middle-income countries and
in early to middle adulthood, road traffic accidents are the most common cause [9]. In high-income
countries and in young children and elderly, the occurrence of TBI is mainly caused by falls [9].
In 2018, the WHO predicted that the incidence, morbidity, and mortality of TBI will rise sharply
due to increasing motorization in emerging and developing countries and increasing age in indus-
trialized countries, making TBI the third most common cause of death worldwide [22, 23]. Glob-
ally, the estimated yearly financial expenses of TBI are over $400 billion [24]. Tragically, the over-
all mortality of patients with severe TBI remains high, at 30—40% [24, 25]. Within 14 days, 18% of
patients with severe TBI pass away, even after receiving emergency neurosurgery [26]. Up to
30% of survivors—including those with mild to moderate TBl—develop a substantial disability that
can persist long-term [15, 24].
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1.3 Classification of Traumatic Brain Injury

TBI is a very heterogeneous disease and can be categorized by injury mechanism, severity, eti-
ology, and injury pattern. Based on the mechanism of injury, TBI can be classified as a closed
(non-penetrating) or open (penetrating), diffuse or focal, and acceleration or deceleration injury
[27]. If the dura mater is open, it is referred to as an open craniocerebral trauma; if it remains
intact, it is referred to as a closed injury [28]. This distinction is relevant for the initial treatment of
the patient, as a dural injury is associated with an increased risk of infection [29]. Focal injuries
are characterized by neurological deficits that depend on the region affected, whereas closed
head injuries are usually more diffuse in nature and can also affect distant regions of the central
nervous system (CNS) such as the spinal cord [30]. Acceleration-deceleration trauma may be
associated with vascular injury and shear lesions [30]. However, most TBls have a combination
of different injury mechanisms, resulting in a very heterogeneous clinical presentation.

In the clinical assessment, the Glasgow Coma Scale (GCS) is the most common clinical tool used
to assess TBI severity. It was introduced by Teasdale and Jennett in 1974 and is characterized
by high interobserver reproducibility and good prognostic value [31]. It assesses loss of con-
sciousness, which is one of the strongest predictors of unfavorable outcome and a common symp-
tom in TBI and therefore very important for the classification of its severity [32]. The GCS evalu-
ates three functions: eye opening, verbal response, and motor response. An awake, oriented
patient has a maximum score of 15, while a deeply comatose patient has a minimum score of 3
(Table 1).

Behavior Response Score
Eye Opening Response Spontaneous 4
To verbal prompt 3
To pain 2
None 1
Verbal Response Oriented to time, place, person 5
Confused, but able to answer questions 4
Inappropriate words 3
Incomprehensible 2
None 1
Motor Response Obeys commands 6
Purposeful movement to painful stimulus 5
Flexion withdrawal from pain 4
Abnormal flexion 3
Abnormal extension 2

None 1

Total score Mild Brain Injury 13-15
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Moderate Brain Injury 9-12

Severe Brain Injury 3-8

Table 1: Assessment of the state of consciousness using the Glasgow Coma Scale.

TBI severity is most commonly assessed using the GCS score on admission to the hospital. Ap-
proximately 90% of TBls are classified as mild, which is associated with a score of 13—15 [27]. In
mild TBI, loss of consciousness (if present) usually recovers within seconds (< 30 min) and most
patients are asymptomatic with no radiological evidence of morphological damage [27]. Most fully
recover within the first weeks after trauma, however in the acute stage, patients often suffer from
headaches, memory loss, slower reaction times, emotional instability, and irritability and 30%
suffer from long-term symptoms [33] such as long-lasting neurocognitive disorders [34, 35, 36].

Moderate trauma with a GCS of 9—12, indicates a loss of consciousness lasting 20 minutes to 6
hours, whereas a severe TBI with a GCS of < 8 indicates a profound coma or a loss of conscious-
ness lasting more than 6 hours [27]. Here, imaging can identify structural damage to the brain
parenchyma, including contusions, intra- and extracerebral hemorrhages, edema, and ischemia
[30, 37]. When it comes to moderate and severe traumatic brain injury, 60% of patients are pre-
dicted to have an unfavorable functional prognosis that includes severe neurocognitive deficits, a
vegetative state, or death [38]. In addition to mental ilinesses like depression, these neurodegen-
erative diseases include post-traumatic epilepsy, chronic traumatic encephalopathy (CTE), Alz-
heimer's disease (AD), or dementia, and amyotrophic lateral sclerosis [39].

1.4 Pathophysiology

TBI is not a singular occurrence, but rather a highly dynamic process that is initiated by the pri-
mary mechanical impact, i.e. the primary injury, followed by subsequent secondary injury cas-
cades (Figure 1) [40]. In the first stage, primary damage occurs within a few milliseconds after
the trauma due to irreversible cell death, which is not amenable to therapy [39, 41, 42]. The se-
cond phase leads to the development of secondary brain damage, which can evolve over hours
to years and affects brain areas not initially injured. It can exceed the volume of the primary dam-
age several times [43]. The secondary injury refers to a cascade of cellular and molecular events
triggered by damaging mechanisms such as brain edema, ischemia, programmed cell death, and
inflammatory reactions [44]. These processes lead to chronic inflammation and vascular changes,
which may represent targets for specific therapeutic interventions to improve patient outcomes.
Secondary posttraumatic brain damage can be separated into three phases: acute (24 hours after
the injury), subacute (1 day to 3 weeks after the injury), and chronic (more than 3 weeks after the
injury). These time frames, however, are merely estimates and vary depending on a number of
variables, including age, the nature of the injury, and the location [45, 46].



1 Introduction 11

Traumatic brain injury

! !

Acute Blood vessel compromise (endothelial and Tissue damage (excitotoxicity; metabolic
response astrocyte end feet damage) imbalance)

! !

Blood-brain barrier breakdown

v v v
Edema Inflammation Hyperexcitability
v v v
Neurovascularization
Impaired regulation of . -
Delayed cerebral bood flow Dysfur:;r:]t(ljorr:1 izfr :gsltiraocytes Netwdc:';epnlgrsat{%tz and
FeSponse ' compromised blood-brain
barrier
\4 v v
Coma and death Seizures and epilepsy Cognitive decline

Figure 1: Pathophysiological events in traumatic brain injury. Adapted from [47].

1.4.1 Primary Brain Injury

The primary brain injury is defined as parenchymal damage to the brain within a few hundred
milliseconds caused by direct external mechanical forces [48]. It is irreversible and cannot be
influenced therapeutically. The initial impact can result in two types of damage: focal and diffuse
[49]. The focal injury can include cerebral hemorrhage due to ruptured vessels, contusion, coup-
contrecoup injuries and is characterized by necrosis of neurons and glial cells [50]. Brain contu-
sion, which is a bruising of the brain tissue, occurs in around 20-30% of severe TBI patients [37].
This kind of damage may eventually lead to a reduction in psychological function and can cause
cerebral herniation, a potentially fatal condition associated with brain edema [51]. Due to tissue
compression and rebound against the skull or bone protrusions, a second contusion known as a
"contre-coup" may develop opposite to this so-called "coup" [52]. Cerebral hemorrhage is a fre-
quent complication of TBI [53], occurring in 13-35% of cases [54, 55], with hemorrhagic volume
progression observed in 38-59% of patients [56, 57, 58]. Various types of hemorrhages, such as
delayed traumatic intracerebral hematoma [59] and progressive hemorrhage [60, 61], often con-
tribute to worsening outcomes, with secondary hemorrhagic lesions expanding over time in both
epidural and subdural brain regions following injury [60, 62, 63, 64].

Diffuse brain injury occurs when the brain experiences rapid acceleration and deceleration, lead-
ing to shearing, stretching, and tearing of brain tissue in specific axons, that may globally affect
the brain function [65, 66]. This non-contact force damages the cytoskeleton of neurons, astro-
cytes, blood vessels, and oligodendrocytes, causing disruption of the blood-brain barrier (BBB),
ionic imbalances, and axonal damage [67]. The damage primarily affects subcortical and deep
white matter, including the brainstem and corpus callosum, resulting in impaired axonal transport
and neuron connectivity through myelin sheath disruption and degradation but can also affect
many different parts of the brain [68]. Diffuse axonal injury (DAI) is present in nearly all severe
TBI cases and more than half of moderate TBI cases [69, 70]. Histopathologically, it can be di-
vided into three grades: grade 1 involves axonal injury in the parasagittal white matter of the
cerebral hemispheres, grade 2 includes additional lesions in the corpus callosum, and grade 3
involves further damage extending to the cerebral peduncles [71]. The severity and location of
the injury lead to a wide range of symptoms and neurological deficits, often bilateral, reflecting
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the diffuse nature of the damage [72]. For example, the diffuse loss of white matter has been
associated with the development of post-traumatic dementia symptoms [73]. In summary, primary
brain injury encompasses a range of irreversible focal and diffuse damages, each with distinct
pathological mechanisms and clinical implications, contributing to the complex and heterogene-
ous outcomes observed in TBI patients.

1.4.2 Secondary Brain Injury

Secondary brain damage after TBI refers to a cascade of events that occur hours to days and
years following the initial injury, representing a longitudinal disease process rather than a single
event. Various disease processes exacerbate the brain's condition and lead to enlargement of
the primary lesion and neurological impairment; however, the underlying pathophysiology is still
not completely understood. Several delayed but progressive processes that follow the initial in-
jury, such as inflammation, ischemia, oxidative stress, disturbances of the BBB, and neurodegen-
eration have been identified as contributors [39, 74]. These mechanisms result in swelling, axonal
damage, and neuronal cell death which can increase intracranial pressure and reduce cerebral
blood flow, further worsening brain function [39, 41]. Due to its delayed development, secondary
brain injury presents a time-window for therapeutic intervention, with the goal of halting or slowing
down these processes, hence reducing secondary brain damage, thereby improving the long-
term outcomes for TBI patients.

Acute secondary brain injury, which may progress into chronic secondary brain injury, refers to
delayed tissue damage that develops over a period of several days and is triggered by the original
trauma and primary damage [75]. Biochemical factors, including excitatory amino acids [76], such
as glutamate toxicity [76], endogenous opioid peptides [77, 78], extracellular potassium [79], in-
tracellular magnesium [80, 81, 82], oxidative stress [83], cytokine release [84, 85, 86] and mito-
chondrial dysfunction, drive neuroinflammation, cell death, and the formation of cerebral edema
[79, 83, 87]. Cerebral edema, a defining feature of secondary brain injury, manifests in two forms:
vasogenic and cytotoxic [43, 83, 88]. These two forms develop at different time points after trauma
but may also occur simultaneously [89]. Vasogenic edema results from BBB disruption, leading
to plasma protein and fluid leakage into the interstitial space, predominantly affecting white matter
in the first few hours after TBI [90, 91]. In contrast, cytotoxic edema arises from cellular swelling
due to oxidative damage and inflammatory processes, predominantly impacting gray matter and
persisting for up to two weeks [91, 92, 93, 94, 95]. The progression of cerebral edema elevates
intracranial pressure (ICP), as the rigid skull limits compensatory mechanisms like cerebrospinal
fluid and venous blood displacement [96, 97]. This increase in ICP reduces cerebral perfusion
pressure (CPP) [98], impairing blood flow to the penumbra—vulnerable tissue surrounding the
primary injury [99, 100]. Ischemia and hypoxia within the penumbra exacerbate metabolic stress,
further fueling tissue damage and edema [101]. Severe ICP elevation can cause life-threatening
herniation syndromes, while even moderate increases can critically restrict oxygen and nutrient
delivery, amplifying neuronal death and inflammation [88, 102, 103]. The interplay of factors such
as the activation of the kallikrein-kinin system [83, 87, 104, 105, 106, 107], oxidative stress, aqg-
uaporin-4 (Agp4) dysregulation [108, 109, 110], and damage to the BBB further aggravates
edema. Despite advances in understanding, the complex temporal and spatial progression of
these mechanisms, including the role of conditions like hydrocephalus and ischemia [111], re-
mains incompletely understood. Continued research into these processes is essential for devel-
oping strategies to mitigate secondary brain damage and improve patient outcomes.
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Despite advances in understanding and treating acute brain injury, relatively little is known about
long-term mechanisms underlying chronic secondary brain damage, i. e. processes that develop
months and years after the initial trauma.

A growing body of evidence shows that the development of posttraumatic brain damage after a
single TBI can evolve over many years and may lead to progressive neurological decline over
time [112, 113]. For example, TBI has been linked to an elevated risk of developing neurodegen-
erative disorders, such as Parkinson's disease, cognitive decline, and dementia [10]. To effec-
tively address these long-term consequences, it is crucial to deepen our understanding of the
pathophysiological temporal and spatial cellular post-traumatic changes over time. This
knowledge will be essential for developing new therapeutic strategies aimed at mitigating these
delayed, yet devastating, effects of brain injury.

Using histological methods and repetitive small animal magnetic resonance imaging (MRI) in a
mouse model, our research group was recently able to show that experimental TBI leads to a
progressive expansion of secondary brain tissue loss in the long term, i.e. up to one year after
trauma (Figure 2) [64]. This is accompanied by a progressive impairment of learning and memory
performance, depressive behavior, and persistent fine motor skill disorders. These findings from
the study conducted in our lab by Dr. Xiang Mao not only highlight the phenomenon of continued
lesion expansion but also form the foundation for the research question addressed in this thesis.
Observations of lesion volume growth, hippocampal atrophy, and neurocognitive impairments
emphasized the need to identify the cellular processes underlying these histopathological and
MRI findings. We hypothesized that cellular mechanisms such as neuroinflammation, vascular
disruption, and chronic neurodegeneration might be key drivers of the observed pathology. There-
fore, this study was specifically designed to investigate the cellular correlates responsible for pro-
gressive tissue loss and the associated long-term impairments. The major pathophysiological
mechanisms of secondary brain damage that are pertinent to this thesis are covered in the para-
graphs that follow.
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Figure 2: Progressive post traumatic brain damage after CCI. (A) Overview pictures of mice brains of naive and 15
minutes to 12 months after CCI. (B) Histologically determined lesion volume which increases almost linearly over time.
(C) MRI example coronal brain images 15 minutes to 12 months after CCl. (D) MRI quantification analysis of the brain
damage with progression of lesion volume over time. Adapted from [64].

1.4.21 Neuroinflammation

Neuroinflammation plays a crucial role in secondary injury following TBI and can have both harm-
ful and beneficial effects [114, 115]. Animal and human studies suggest that immune modulation
may have a major impact on TBI patients' clinical outcomes [116, 117]. However, before devel-
oping immunomodulatory therapies, it is important to fully understand the timing and complexity
of the immune response triggered by TBI.

Neuroinflammation after TBI involves a dynamic interplay between central nervous system (CNS)
cells and peripheral immune cells, occurring primarily at the site of the injury and in the surround-
ing penumbra. Microglia and astrocytes are key players, with microglia initiating inflammation and
astrocytes contributing through cytokine release and glial scar formation [118, 119, 120]. Periph-
eral neutrophils, monocytes, and macrophages infiltrate the CNS, clearing debris but potentially
exacerbating damage [121]. T and B lymphocytes add adaptive immune responses, while endo-
thelial cells and the BBB modulate immune cell infiltration [122, 123]. Notably, neuroinflammation
can also extend to areas further away from the primary injury site, including remote regions of the
brain, through mechanisms such as the spread of inflammatory mediators, altered neural con-
nectivity, and systemic immune activation [124, 125, 126, 127]. This complex cellular response,
affecting both localized and distant brain regions, evolves over time, contributing to acute and
chronic inflammatory processes.

Immune cell activation and a process known as astrogliosis are key players in the inflammatory
response, brain function, and recovery after TBI [128, 129, 130]. If dysregulated or prolonged,
these processes may contribute to secondary injury and long-term neurological abnormalities
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[119, 131, 132]. Astrogliosis is the growth of astrocytes, that aims to create a glial scar, isolate
injured tissue, and release chemicals such as cytokines, chemokines, reactive oxygen species,
neurotrophic factors, extracellular matrix molecules, glutamate and lipid mediators, which collec-
tively regulate neuroinflammation, tissue repair, and neuronal survival [133, 134, 135]. Microglia,
the brain's resident immune cells, become activated in response to injury, undergoing morpho-
logical changes and proliferating as they engage in phagocytosis and release pro-inflammatory
cytokines. Although microglia are generally thought of as acute injury's short-term responders,
recent studies indicate that their activation may continue for months or even years following the
original trauma [136, 137, 138].

Clinical studies using positron emission tomography (PET) with translocator protein (TSPO) lig-
ands, which likely bind activated microglia, show chronic neuroinflammation occurring up to 17
years in moderate to severe TBI survivors, particularly in areas remote to the trauma including
the thalamus, putamen, and occipital cortex [136]. These findings are supported by an analysis
of autopsy specimens from individuals who survived a TBI for one year or more, and in some
cases for up to 18 years. This analysis showed a notable increase in amoeboid microglia (which
represent the activated, immune-responsive state of microglia) in subcortical white matter path-
ways when compared to control tissue, lasting up to 18 years. Moreover, thinning of the corpus
callosum was also linked to activated microglia, which was seen in 28% of the autopsies [137].

The clinical evidence of a chronic inflammatory state following TBI is supported by experimental
studies. In a controlled cortical impact (CCl) model, microglial activation, analyzed via immuno-
histochemistry of cell surface markers; Major Histocompatibility Complex (MHC) Il, Cluster of Dif-
ferentiation 68 (CD68), and Nicotinamide Adenine Dinucleotide Phosphate Hydrogen (NADPH)
oxidase, is sustained one year following a moderate to severe TBI [41]. Another closed-head
mouse model of TBI revealed a contralateral and large ipsilateral increase in microglia density
one week after the damage, which stayed elevated at intermediate levels in brain regions distant
from the lesion after two to five months and one and a half years [114]. Moreover, these microglia
showed an amoeboid (retracted processes) morphology at chronic stages (one week and one
and a half years) in high-magnification confocal images that was similar to the activated micro-
glia/macrophages observed in the acute stage of TBI. In the same study, it was discovered that
astrogliosis, as measured by the Glial Fibrillary Acidic Protein (GFAP) astrocyte density, was
highly elevated in the ipsilateral and contralateral hemisphere at one week, two to five months
and one and a half years after TBI compared to the naive mice. On the other hand, another
experimental study of a mild-moderate CCI, showed that astrogliosis was first apparent and
peaked at three days post injury in the peri-contusional region and glial scar formation began at
seven days post injury and persisted up until 60 days, without changes in the contralateral hemi-
sphere [139].

The prolonged microglia activation is a defining feature of the chronic phase of TBI, and it can
have both detrimental and protective effects on brain recovery process. The chronic activation of
microglia is characterized by changes in their morphology (for example: a more amoeboid shape),
and continued secretion of pro-inflammatory cytokines, such as Tumor Necrosis Factor-alpha
(TNF-a), Interleukin-1 beta (IL-1B), and Interleukin-6 (IL-6) [120]. Although these cytokines to-
gether with other neurotrophic factors are essential for neuronal survival and repair [140] and for
removing debris and combating infections during the acute stage, prolonged production of these
cytokines can induce a toxic environment that promotes oxidative stress, impairs synaptic func-
tion, and ultimately leads to the death of neurons [120] and promotes neurodegenerative diseases
like Alzheimer’s and Parkinson’s [127, 136, 141]. The balance between the pro-inflammatory and
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anti-inflammatory actions of microglia is critical for determining long-term outcomes after TBI.
Furthermore, it is thought that this persistent neuroinflammatory state also plays a role in the long-
term cognitive and functional deficits frequently seen in TBI survivors [142, 143]. Additionally,
microglia are involved in synaptic pruning, which is the process of eliminating excess synapses
[144]. Aberrant microglial activity can lead to excessive or inappropriate pruning of synapses,
disrupting neural circuits, and impairing cognitive functions such as learning and memory. More-
over, microglia can interact with astrocytes to form glial scars around the site of injury [144]. Mi-
croglia also influence neuroplasticity by modulating the extracellular matrix, secreting growth fac-
tors, and interacting with other glial cells and neurons which makes them key players in brain
recovery and its adaptation to injury [144]. Furthermore, chronically activated microglia have the
potential to transition into dystrophic states, characterized by fragmented processes and reduced
functionality [145]. This makes them less effective at responding to new injuries or infections and
may also contribute to an environment that fosters ongoing neurodegeneration, as this state is
associated with neurodegenerative diseases like Alzheimer's disease [145]. Many studies
showed that long-lasting neuroinflammation is increasingly recognized as a chronic feature
of neurodegenerative disease [114, 141, 146, 147, 148, 149]. However it remains unclear if neu-
roinflammation is the trigger for neurodegenerative disease or if the accumulation of abnormal
proteins such as A initiates the inflammatory response [150]. Understanding the chronic role of
microglia and their role after TBI is crucial for developing interventions that could ameliorate the
chronic effects of TBI.

Astrocytes, a type of glial cell abundant in the central nervous system, also undergo significant
changes after TBI that influence brain recovery. They are vital for maintaining metabolic homeo-
stasis, supporting neuronal function, responding to injury, and become activated through a pro-
cess known as astrogliosis [151]. This involves their proliferation, migration towards lesional or
damaged tissue, hypertrophy, and expression of certain proteins, such as GFAP, leading to the
formation of glial scars [120]. Glial scars isolate the damaged tissue, prevent the spread of in-
flammation and thereby protect healthy tissue from further damage [120]. Nonetheless, they also
create a chemical and physical barrier that prevents neuronal circuit reconnection and axonal
regeneration, which may restrict the brain's capacity to fully recuperate function. Moreover, astro-
cytes can modify the extracellular matrix (ECM), a network of molecules that supports cells struc-
turally and affects their behavior, by producing ECM components like chondroitin sulfate proteo-
glycans, which are known to inhibit axonal growth and thus regeneration. Additionally, they are
also essential for preserving the brain's metabolic homeostasis and synaptic plasticity, which in-
cludes controlling neurotransmitter and glucose levels [151]. Astrocytes may suffer from meta-
bolic dysfunction in the chronic phase following TBI, which contributes to excitotoxicity and further
neuronal damage by altering glucose uptake, decreasing the synthesis of lactate, which neurons
use as fuel, and impairing the recycling of neurotransmitters like glutamate [152] which further
impairs neuronal survival and recovery [120, 128]. Astrocytes are also key regulators of the CNS
immune response and can modulate microglia activity [153]. They can act in a pro-inflammatory
manner, producing cytokines such as TNF-q, IL-18, and IL-6, and chemokines like C-C motif
chemokine ligand 2 (CCL2) and C-X-C motif chemokine ligand 1 (CXCL1), which contribute to
ongoing neurodegeneration; or in an anti-inflammatory manner, producing neurotrophic factors
such as brain-derived neurotrophic factor (BDNF), glial cell-derived neurotrophic factor (GDNF),
and vascular endothelial growth factor (VEGF), which support neuronal survival and repair—high-
lighting their dual role in chronic TBI [120, 154, 155].

GFAP-positive astrocytes in a mouse CCl model were seen to proliferate at one, three, and seven
days after injury, with the number of proliferating astrocytes peaking three days after injury [124].
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These astrocytes were hypertrophic with long processes and were seen close to the lesion, show-
ing that astrocytes have a proliferative response that is most prominent during the acute period
following experimental TBI. Another stab wound model of injury revealed that, seven days after
injury, GFAP-labeled astrocytes had enlarged cell bodies, elongated processes and up-regulated
GFAP expression, which were signs of hypertrophy [156]. Expanding our knowledge of astrocytes
in both acute and subacute phases of TBI as well as the chronic stages is crucial, considering
their pivotal role in TBI pathophysiology.

Despite the recognized importance of these glial cells in TBI, there remains a significant gap in
our understanding of the temporal dynamics of neuroinflammation, particularly concerning the
chronic phases of microglial and astrocytic responses post-injury. Most research has focused on
the acute to subacute phases of TBI, leaving the long-term changes over months and years and
their implications underexplored. Further elucidation of the precise temporal response following
brain injury may reveal potentially critical time points for intervention.

1.4.2.2 Cerebral Microvasculature

After TBI, disruption of the cerebral microvasculature can occur [157, 158]. The neurovascular
unit (NVU) is a structural and functional component of the central nervous system that describes
the close interaction between neurons, glial cells (astrocytes and microglia) and blood vessels
(including endothelial cells and pericytes) [159, 160]. Explicitly, cerebral microvessels adequately
surrounded by astrocyte end-feet are an important part of NVU which have been specifically an-
alyzed in this study [160]. TBI leads to acute and chronic damage of the cerebral microvascula-
ture, which presents a determining factor in the development of secondary brain injury, including
impaired blood flow and oxygen delivery, breakdown of the BBB, edema formation, neuroinflam-
mation and impaired waste clearance [161, 162, 163]. In the early phase after trauma, this cere-
brovascular dysfunction contributes to reduced cerebral perfusion [164], the extent of which sig-
nificantly affects the patient's prognosis [165, 166]. Patients may experience this period of de-
creased or inadequate perfusion for several months [167].

A further indication of damage to cerebral (micro)vessels caused by TBI is the impairment of
cerebral autoregulation. The ability to continuously adapt cerebral blood flow to the current de-
mand (neuronal activation, CO2 concentration) and blood pressure through vasodilation and con-
striction is an important protective mechanism of the brain under physiological conditions [168].
Autoregulation is often disturbed or even cancelled shortly after TBI, which worsens the patient's
prognosis [169, 170, 171, 172, 173]. To date, the long-term development of cerebrovascular injury
and neurovascular coupling following trauma is mostly unknown. However, indirect evidence sug-
gests that it contributes to the long-term persistence of neurocognitive deficits and epilepsy after
trauma [174, 175, 176].

Furthermore, the BBB, a physical barrier that divides the brain parenchyma from the body's cir-
culation, is additionally damaged by brain injury [47, 177]. The BBB is comprised by astrocytes,
pericytes, microglia, neurons, the extracellular matrix, and the cerebral microvascular endothe-
lium, which makes up a NVU that interacts closely to build a functioning CNS [47]. Following
damage, the BBB becomes more permeable, allowing both small (286-10,000 Da) and large (like
albumin - 66.5 kDa) molecules to enter the brain parenchyma [178] and permits infiltration of
blood borne, i. e. peripheral, immune cells, which complicates the neuroinflammatory response
[125, 179]. Chronic neuroinflammation through infiltration of peripheral immune cells contributes
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to secondary injuries, including oxidative stress, neuronal death, and glial scarring, impairing long-
term recovery [127, 174].

Astrocytes contribute to the integrity of the BBB by encircling endothelial cells with astrocytic end
feet [180, 181]. Development and maintenance of the BBB depend heavily on astrocyte interac-
tions with endothelial cells, which include intracellular and intercellular communication [181]. Ag-
uaporin-4 (Aqp4) is a key water channel protein in the brain, predominantly expressed in astrocyte
end feet around blood vessels. It facilitates the passage of water and other small solutes across
membranes and through cells, thus playing a central role in brain edema formation by regulating
water balance. Under physiological conditions, Aqp4 on astrocytic end feet is found covering 98%
of the vascular endothelium and the reduced coverage of astrocytic end feet is associated with
BBB dysfunction after TBI [182]. A rat CCI study demonstrated that Aqp4 is upregulated close to
the TBI lesion and that a downregulation of this molecule occurs adjacent and contralateral to the
site of injury in the acute phase of TBI (up to 24 hours) [183]. Another human study revealed that
while Agp4 expression at the damage site rose from 15 hours and even more after eight days, it
did not change 6—14 hours after brain injury [184]. However, the long-term time dependence of
Aqp4 expression following TBI is still unclear.

Based on controlled cortical impact (CCI) and closed head injury models, it is hypothesized that
BBB breakdown occurs in two stages after damage: an early rise in permeability hours after TBI,
which then declines, and a secondary delayed phase that occurs three to seven days after injury
[120, 185, 186]. Despite this, there are a significant number of discrepancies between the re-
search regarding the second opening's timing [187]. A study on barrier permeability in a mouse
TBI model found that large molecules regain restricted entry within hours, while smaller molecules
can penetrate the brain for up to four days post-injury [178]. Many other results from both exten-
sive clinical data and animal model research indicate that BBB disruption can continue for days,
weeks, or even years following the acute incident [175, 187, 188]. However, there is insufficient
data to determine whether these persistent disruptions are primary processes due to shear injury,
impairments in the regulation of the BBB, cerebral blood flow and metabolic processes or sec-
ondary pathological events after TBI due to aberrant brain activity, metabolic abnormalities, in-
flammation-related mechanisms, and astrocytic dysfunction [47, 177]. Ultimately, the temporal
sequence of the post-traumatic vascular dysfunction underlying pathophysiological mechanisms
is not fully understood and remains the basis of controversial discussions.

1.4.2.3 Neurodegenerative changes after TBI

TBIl is a longitudinal disease process that involves ongoing cellular damage, neuronal cell death,
and an increased long-term risk of neurodegenerative diseases, including Alzheimer's disease
(AD), Parkinson’s disease and chronic traumatic encephalopathy (CTE) [42, 127, 189]. Among
the chronic neurodegenerative disorders that may follow TBI, the association with Alzheimer’s
disease has the strongest support [190]. The biological mechanisms that relate TBI to the devel-
opment of AD are supported by emerging research that suggests a major overlap in the patho-
physiological processes of TBI and AD. Acutely in TBI, axonal injury and disturbed transport im-
pact molecular systems essential for the production of pathogenic proteins such hyperphosphor-
ylated tau and amyloid-B peptide [191]. In the context of TBI, posttraumatic changes trigger the
activation of delta-secretase, which cleaves tau and amyloid precursor proteins, which leads to
changes known from AD, ultimately inducing an AD like pathophysiology [192]. These abnormal
protein deposits have the potential to transform into hyperphosphorylated tau-positive neurofibril-
lary tangles and amyloid-f plaques, leading to the progressive degeneration and loss of neurons,
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particularly in brain areas responsible for memory and cognitive function [191]. This can result in
the classic symptoms of Alzheimer's disease, the most prevalent form of dementia [193].

Reduced levels of amyloid-beta (AB) are the most well-characterized cerebrospinal fluid (CSF)
indicators for AD [194], as amyloid-beta peptides improperly accumulate in the brain and form
plaques that are linked to the pathogenesis of AD [195]. Although extensive research has estab-
lished TBI as a risk factor for Alzheimer’s disease (AD), there is still inconsistency in the findings
on the pathogenic mechanisms and the relationship between these two disorders. This variability
may stem from differences in study designs [196], populations [197], and methodologies [198].
Additionally, cognitive recovery after TBI is influenced by a complex interplay of factors, including
injury severity, time elapsed since the injury, age, gender, genetic predisposition, lifestyle, and
coping mechanisms [199, 200].

The mechanisms of chronic posttraumatic neurodegeneration are poorly understood [201, 202].
In TBI, a necrotic focus rapidly forms at the site of impact due to compromised membrane integrity
in vascular and parenchymal cells [47]. This process is further aggravated by reduced metabolic
supply relative to increasing demand and by excitotoxicity. Later, a delayed wave of apoptosis,
closely linked to inflammation and edema, has been observed in both animal models and humans
[13, 203, 204]. TBI also triggers cell cycle re-entry in both mitotic (astroglia and microglia) and
non-mitotic (neurons) cells, contributing to glial scar formation, amplified neuroinflammation, and
apoptotic signaling pathways leading to cell death [205]. Moreover, according to the limited num-
ber of human post-mortem studies that are currently available, brain atrophy is a hallmark of
chronic traumatic brain injury [206, 207], and it may be linked to neuroinflammation (active micro-
glia) [136, 137]. Cell debris released by dying or injured cells in the brain's peri-lesional and le-
sional zones primes local microglia and astrocytes [120]. For example, a study found persistent
inflammation (examined through microglial density and morphology) together with ongoing white
matter degeneration in the corpus callosum and adjacent parasagittal cortex up to 18 years post-
trauma [137]. Experimental investigations in mice and rats that demonstrate long-term progres-
sive brain atrophy [208, 209] as well as a sustained monocyte invasion and microglia activation
for up to one and a half years following TBI, support these findings [138]. It is yet unknown if this
is the pathophysiological correlate of progressive neurodegeneration and progressive neurocog-
nitive deterioration. There is an urgent need for more thorough and integrative research to eluci-
date the connection between TBI and neurodegenerative diseases such as AD.

1.5 Clinical Management of Traumatic Brain Injury

TBI presents a significant challenge in clinical management due to its complexity, heterogeneity
and our incomplete understanding of its underlying pathophysiology. As a result, current treat-
ment strategies are primarily symptomatic and not neuroprotective, focusing on mitigating sec-
ondary damage rather than addressing specific pathways. Despite advances in medical research,
there are still no causal treatment options available for TBI, making the management of patients
with this condition complex and reliant on carefully monitored supportive care.

Current therapy for TBI focuses on treating symptoms and stabilizing the patient to prevent sec-
ondary brain damage. This is achieved by maintaining optimal blood pressure, ventilation, intra-
cranial pressure, and body temperature to ensure adequate oxygenation and perfusion of the
brain, as hypotension and hypoxemia are known risk factors for poor outcomes [16, 210, 211,
212]. The primary goal of the early (emergency and ICU) management of TBl is to achieve cardi-
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opulmonary stabilization of the patient and acquire baseline neurological and radiological exami-
nation to plan further therapy and estimate the outcome [213]. The spine and cranio-cervical junc-
tion are immobilized until definitive radiological exclusion of an injury. Additionally, the head is
raised to promote venous outflow in patients, which lowers intracranial pressure (ICP), ensures
sufficient brain perfusion, and prevents brain herniation [214]. The German Guidelines for the
Treatment of TBI state that computed tomography should be performed as soon as a patient is
admitted to the hospital and is stable in order to determine the degree and severity of the TBI and
to identify any possible extracranial injuries [215]. The imaging findings can then prompt surgical
intervention in case of localized pathologies such as epidural or subdural hematomas. ICP mon-
itoring should be taken into consideration for individuals who are unconscious and exhibit diffuse
lesion patterns. In the event of increased ICP, staged treatment strategies are recommended by
the Brain Trauma Foundation [213]. These include permissive hypocapnia (pCO2 between 30 and
35 mmHg) attained by hyperventilation, which causes vasoconstriction and subsequently lowers
ICP [216], and hyperosmolar therapy utilizing osmo-diuretics, such as mannitol or hypertonic sa-
line, to reduce brain edema formation [217]. Additionally, benzodiazepines and barbiturates that
cause a medically induced comatose state or therapeutic cooling can be utilized to reduce brain
metabolism/energy demand and protect tissue [97, 218].

Surgical therapy is recommended if intracranial hypertension becomes unmanageable. Second-
ary decompressive craniectomy (DC) performed for late but not for early refractory ICP elevation
is recommended to improve mortality and favorable outcomes [219]. Primary DC occurs when an
intracranial mass lesion is removed early following a head trauma and the bone flap is not re-
placed. When a patient's elevated ICP is unresponsive to previous treatments, secondary DC is
indicated [219]. The effectiveness of decompressive craniectomy in lowering intracranial pressure
in TBI patients is well-documented, but its impact on long-term neurological outcomes is less
clear. The DECRA study, a large randomized controlled trial, found that while DC effectively re-
duced ICP, it did not significantly improve mortality or functional outcomes after 12 months as
compared to standard medical care [220]. In fact, patients in the DECRA study had more unfa-
vorable outcomes six months post-injury [221]. In contrast, the RESCUE ICP study showed that
although DC reduced mortality in patients with refractory intracranial hypertension, it was also
linked to higher rates of adverse outcomes, such as a vegetative state or severe disability com-
pared to conservative treatment [222]. These mixed results suggest that the decision to use DC
in TBI cases must be carefully considered, with attention to the timing and individual patient cir-
cumstances. In the later stages of TBI treatment, patients undergo neurorehabilitation including
physical, occupational, and speech therapies as well as psychological, vocational, and cognitive
counseling [223].

As of yet, no causal treatment strategy has been discovered to stop TBI's long-term effects, re-
sulting in neuroprotection. Comprehending the enduring consequences of TBI is essential for
formulating effective therapy alternatives. Researchers can identify specific molecular and cellular
targets involved in the injury and recovery processes by gaining deeper insights into how trau-
matic brain injury affects the brain over time. With this information, medications that target the
fundamental causes of brain damage as well as its symptoms may be developed, potentially im-
proving patient outcomes and reducing the risk of chronic complications such as neurodegener-
ation and chronic neurological impairment. Although numerous experimental studies have
demonstrated promising approaches, implementation in the clinical domain has not yet proven
successful [224, 225, 226].
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1.6 Significance and Long-Term Symptoms of Traumatic
Brain Injury

1.6.1 Neuroinflammation

The long-term symptoms of neuroinflammation following TBI extend far beyond the acute recov-
ery phase. Chronic neuroinflammation contributes to structural, functional, and cognitive deficits
that can persist for years, impacting survivors' quality of life [12] and increasing their risk of de-
veloping neurodegenerative conditions [12, 127, 227].

The ongoing inflammatory response through chronic microglia and astrocyte activation creates a
toxic microenvironment, damaging neuronal structures and impairing synaptic function which is
critical for learning and memory. This exacerbates neurodegeneration, promoting neurodegener-
ative diseases like Alzheimer’'s and Parkinson’s, as it perpetuates a cycle of inflammation and
neuronal loss [127, 136, 141]. Survivors of TBI often experience problems with attention, execu-
tive functioning, and memory, along with increased susceptibility to anxiety, depression, and im-
pulsivity [191, 228]. Disrupted neural circuitry, caused by prolonged microglial and astrocytic ac-
tivation, plays a central role in these impairments. Chronic neuroinflammation can also result in
visible structural alterations in the brain. Imaging and autopsy studies reveal thinning of critical
structures like the corpus callosum and persistent microglial clusters in subcortical white matter
pathways up to 18 years post-TBI [127, 137, 229, 230]. These changes correlate with functional
impairments, including motor deficits, reduced cognitive flexibility, and memory loss.

1.6.2 Cerebral Microvasculature

The role of cerebral microvascular dysfunction in persistent neuroinflammation, impaired cerebral
blood flow, its effects on the NVU and BBB breakdown makes it a critical focus for understanding
the long-term challenges and consequences of TBI survivors.

After TBI, the cerebral microvasculature remains compromised for extended periods of time, af-
fecting the brain in several ways. The ability to adjust cerebral blood flow (CBF) to neuronal ac-
tivity is impaired, reducing the brain’s capacity to meet metabolic demands during cognitive or
physical activities. This mismatch contributes to persistent cognitive deficits, including difficulties
with memory, attention, and executive function and increases the vulnerability to secondary in-
sults such as stroke due to impaired hypo- or hyperperfusion [174, 231, 232, 233, 234]. Chronic
disruption of the cerebral microvasculature, including impaired neurovascular coupling and ongo-
ing inflammation, has been linked to post-traumatic dementia and epilepsy [10, 208, 235, 236,
237, 238]. Abnormal vascular activity can exacerbate neuronal hyperexcitability, creating condi-
tions conducive to seizures.

The BBB dysfunction leads to prolonged permeability that allows harmful substances, such as
neurotoxic proteins and peripheral immune cells, to enter the brain [185, 187]. This disruption has
several significant consequences. Ongoing BBB dysfunction has been associated with progres-
sive neuronal damage and may accelerate the onset of neurodegenerative conditions like Alz-
heimer’s disease [42, 191, 196, 231]. Moreover, the dysregulation of components of the BBB
such as water channels like aquaporin-4 in astrocytes leads to abnormal fluid accumulation and
edema [160, 181].



1 Introduction 22

Long-term damage to the cerebral microvasculature contributes to observable structural changes,
such as white matter degradation and cortical thinning, as well as functional deficits [68]. Chronic
hypoperfusion and inflammation disrupt axonal integrity and myelination, leading to long-term
connectivity issues between brain regions [68, 127, 161, 233]. This contributes to impairments in
motor coordination, sensory processing, and higher-order cognitive functions, limiting recovery of
function and the effectiveness of rehabilitation therapies [119].

1.6.3 Neurodegeneration

Neurodegeneration following TBI represents a critical and long-lasting consequence of brain in-
jury, with significant implications for cognitive health and quality of life. For example, chronic TBI-
induced brain atrophy, linked to ongoing neuroinflammation, contributes to long-term neurocog-
nitive deterioration [64]. Survivors often face challenges in memory, executive function, and emo-
tional regulation.

Previous studies have demonstrated that a history of a single TBI with loss of consciousness
increases the likelihood of developing later-life dementia [44, 239]. Additionally, it has been ob-
served that decades after the initial injury, tau and amyloid pathology can be detected in the brains
of TBI survivors [240, 241, 242]. A recent experimental TBI study demonstrated accumulation of
AD-related protein variant pathology (including AR and tau) in multiple brain regions as well as
sensorimotor, cognitive and affective deficits (elevated plus maze, forced swim task) up to 28
days post fluid percussion injury. These studies establish a mechanistic link between TBI-induced
protein pathology and early AD hallmarks, highlighting the potential for TBI to contribute to neu-
rodegenerative disease progression.

Though primarily associated with repetitive brain injuries, CTE highlights the broader link between
head trauma and progressive neurodegeneration. CTE is a progressive degenerative brain dis-
ease that affects people who have experienced repeated brain trauma, symptomatic concussions,
or asymptomatic sub-concussive head injuries. CTE is marked by mood disturbances, behavioral
changes, and cognitive impairments, demonstrating the multifaceted consequences of traumatic
brain injuries [243]. First identified by Dr. Harrison Martland in 1928 as "punch-drunk" syndrome,
it was primarily noted in athletes who were frequently subjected to repetitive brain damage, such
as boxers, American football players, and ice hockey players [244, 245]. A study found that its
incidence among National Football League (NFL) players reached 99% [246]. Despite the simi-
larities between AD and CTE, there are still notable differences on an etiological, biochemical and
histopathological level and since it involves repetitive brain damage, it is not further addressed in
this study [247, 248].

Since the precise etiology of chronic posttraumatic neurodegeneration is unknown, there is no
targeted or specialized therapeutic approach to treat or prevent it. To develop effective preventa-
tive strategies for TBI-related neurodegeneration, it is crucial to determine when these processes
begin, how they evolve over time, and the duration of their impact on the brain.
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1.7 TBI Models

To study the pathophysiology of TBI in an experimental context, the use of animal models is
essential for examining the physiological, biomechanical, and molecular processes involved, as
well as for identifying potential therapeutic targets. Because of their manageable size, easier care,
and access to genetically modified versions, rodent models have taken center stage in TBI re-
search, despite the fact that larger animals—Iike primates and pigs—share more physiological
parallels with humans. The complexity and heterogeneity of TBI in humans have led to the devel-
opment of numerous experimental models, each of which has its own advantages and disad-
vantages. The most common models for traumatic brain injury are the controlled cortical impact
(CCI) [249], blast injury [250], fluid percussion injury [251] and weight-drop injury [252, 253]. The
mouse CCIl model was chosen for this study, whereby a craniotomy is carried out above the right
parietal cortex, and trauma is induced using a pneumatic bolt under constant, predetermined pa-
rameters [249]. Typical features of this injury model include cerebral contusion, intraparenchymal
bleeding, axonal damage, and consequent tissue loss. This model's primary benefit is its high
reproducibility since the highly controlled parameters create a consistently sized lesion in all ani-
mals, which can also be adjusted, depending on experimental requirements [254].

1.8 Aim of the Study

As described above, despite the high prevalence of traumatic brain injury and the large number
of patients with long-term consequences, there are still no targeted therapeutic options for this
disease and its consequences. Therefore, it is extremely important to identify pathomechanisms
contributing to chronic post-traumatic brain injury that could aid in the development of therapeutic
strategies. Previous scientific studies have often focused on the acute consequences of TBI, but
little is known about the pathomechanism of the chronic sequelae of TBI. Therefore, the aim of
this study is to analyze the course and role of primary and secondary damage after TBI. Specifi-
cally, this study aims to characterize the temporal sequences of histomorphological inflammatory,
cerebrovascular, and neurodegenerative changes that lead to secondary chronic brain damage
up to 12 months in a mouse model of TBI.
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2. Materials and Methods

2.1 Experimental Animals and Husbandry

The experiments were performed on C57BI/6N mice obtained from Charles River Laboratories in
Kisslegg, Germany. These mice were 8—10 weeks old males, weighing between 18—22 g. They
had free access to water and food and were kept on a 12 hour day-night cycle. Before surgery,
mice were placed in groups of up to five per cage (dimensions: 207 x 140 x 265 mm, Macrolon I,
Ehret Life Science Solutions, Emmendingen, Germany). After surgery, the animals were kept
individually for up to one week and then reunited. Health examinations and hygiene checks were
carried out in accordance with FELASA guidelines and recommendations [255]. All surgical pro-
cedures were performed in accordance with the regulations of the animal welfare facilities of the
University of Munich and were approved by the appropriate authority, the Government of Upper
Bavaria (ROB-55.2-2532.Vet_02-17-44 and ROB-55.2-2532.Vet_02-21-112)

2.2 Experimental Groups

Animals were randomly selected for the experiment and assigned, in a blinded manner, to either
the control group or TBI group with different survival time points after trauma. The control group
included naive non-traumatized animals (young and 12 months old) and sham-operated animals
24 hours and 12 months post-sham operation. The TBI group included the following experimental
cohorts: animals that were sacrificed after 15 minutes, 24 hours, 7, 30, 90, 180 and 360 days after
CCI. Five mice were operated/analyzed per group/time point, unless otherwise stated. For stand-
ardization purposes, either the control group was used to standardize the TBI animals to each
other, or the ipsilateral hemisphere was standardized to the contralateral hemisphere. Figure 3
shows a schematic overview of the experimental groups. Surgical preparation and all immuno-
histochemical analyses were performed in a blinded manner. Surgeries were performed by two
researchers, Dr. Xiang Mao and me, in a blinded fashion.

A
% Male C57/BL6 mice Secondary injury

Primary injury Immunhistology

Figure 3: Schematic overview of the experimental design and experimental groups.

2.3 Anesthesia and Analgesia

The mice were given an intraperitoneal injection of buprenorphine (Temgesic®, Reckitt Benckiser,
Berkshire, UK; 0.1 mg/kg body weight) 30 minutes prior to surgery. Anesthesia was then induced
by 45 seconds of 5% isoflurane (1 mi/ml, 250 ml, CP-Pharma®, Burgdorf, Germany) in a specially
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prepared anesthesia chamber, then continued with 1.5—2% isoflurane in an air/oxygen mixture
(70% / 30%), using a mask in spontaneously breathing mice. To avoid drying of the cornea, the
eyes were protected with dexpanthenol ointment (Bepanthen®, Bayer, Leverkusen, Germany)
during the procedure. During the first three days, buprenorphine was injected every 8 hours to
relieve pain.

2.4 Experimental Traumatic Brain Injury - the Controlled Corti-
cal Impact Model (CCl)

Traumatic brain injury was induced by the Controlled Cortical Impact model (CCI). James W.
Lighthall first described this model in ferrets in 1988 [249] and it was later modified to different
animal species [256]. Our group has more than 20 years of experience with this technique in
mice, CCl is characterized by high reproducibility through highly controlled parameters that create
consistently sized lesions in all mice [257, 258].

A custom-built, pressure-operated CCI device was used to perform the TBI (Mouse-Katjuscha
2000, L. Kopacz, University of Mainz, Germany, Figure 4A). It has a micrometer tip that allows
precise adjustment of the impact depth and a velocity microsensor at the tip of the instrument to
accurately determine the impact velocity and contact time.

Animals were positioned in prone position after induction of anesthesia and their heads were fixed
with a palate plate clamp in a stereotaxic frame (Model 900 Small Animal Stereotaxic Instrument,
David KOPF Instruments®, Tujunga, California, USA). To maintain core body temperature at
37°C, mice were placed on a temperature-controlled heating mat and body temperature was
monitored via a rectal temperature probe. A longitudinal skin incision was made along the sagittal
suture (approximately 2 centimeters long), followed by removal of the galea aponeurotica with a
cotton swab. With the aid of a surgical microscope (Leica M80, Leica, Germany), a 5x5 mm cra-
niotomy was performed above the right parietal cortex using a diamond-coated high-speed drill
(Rewatronik® products, Wald-Michelbach GmbH, Germany; drill head GD890R, diameter 0.6
mm, Aesculap, Tuttlingen, Germany), leaving the bone undissected along the sagittal suture (see
Figure 4B for a schematic drawing). The bone flap was then opened towards the sagittal suture,
exposing the intact dura mater. Drilling was done very carefully so as not to damage the dura
mater. The skull cap was also cooled continuously with physiological saline solution during drilling
to avoid heat damage. After partial removal of the skull bone, the mouse was placed under the
CCl device. The tip of the impact ram was lowered under the microscope to allow accurate vertical
placement of the impact pin on the dura mater in the center of the craniotomy. Trauma induction
was then performed with a penetration depth of 1 mm, an impact duration of 150 ms and an
impact velocity of 8 m/s. Immediately after the impact, the initially displaced bone flap was repo-
sitioned and fixed with tissue glue (No. 1469SB, 3M VetbondTM, USA) and the scalp was sutured
with monofilament sutures (6/0, SERAFIT®, SERAG-WIESSNER GmbH, Naila, Germany). In the
sham group, only a craniotomy was performed, the pressure stamp was placed, but no trauma
was applied. After the wound was closed, the isoflurane supply was stopped, and the animal was
allowed to wake up. The operated mice were given 100% oxygen until they regained conscious-
ness and placed in a heating chamber (MediHEAT TM, Peco Services, United Kingdom) at 34°C
and 55% humidity to avoid postoperative hypothermia.
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Figure 4: (A) Image of the CCI device used in this study. (B) Position of the craniotomy and trauma. Created with Bio-
Render.com.

2.5 Histology for Assessment of Lesion Volume

After surgery and the respective post-trauma survival time points, the animals were euthanized
under deep Isofluran anesthesia by cervical dislocation. Subsequently, the brains were carefully
removed, immediately frozen in powdered dry ice, and stored at -20 °C until further processing.
The brains were then embedded in Tissue-Tek® (Sakura Finetek Europe, Zoeterwoude, NL).
Subsequently, using a cryostat (Cryostar MH 560, Microm, Walldorf), 14 sequential frozen brain
sections (50 um thickness) were cut at intervals of 500 pm, with the first section positioned 1000
um distal to the bulbus olfactorius and then mounted on glass slides (ELKA, Glaswarenfabrik Karl
Hecht GmbH & Co KG, Sondheim, Germany). Next, sections were stained according to Nissl
using cresyl violet (see Figure 5 for a detailed protocol), fixed and covered with a coverslip
(Eukitt®, O. Kindler GmbH & Co, Freiburg, Germany). This staining allows distinction of via-
ble/non-viable neuronal bodies and thus a differentiation of the lesioned versus the healthy brain
tissue [64].

2 min Fix sections with 70% Ethanol

10-15 min Cresyl violet solution
Rinse shortly with water (2 x)

2 min Ethanol 70%
2 min Ethanol 96%
2 min Ethanol 100%
2 min Isopropanol

5 min Rotihistol |

5 min Rotihistol Il

Figure 5: Protocol for Nissl staining.

The stained brain sections were placed under a microscope (Zeiss Axio Imager M2, Carl Zeiss
Microscopy GmbH, Munich, Germany) and photographed at 12.5 X magnification with a digital
camera connected to the computer (Zeiss Axio Imager M2, Carl Zeiss Microscopy GmbH, Mu-
nich, Germany, see Figure 6). The area of the ipsilateral hemisphere, contralateral hemisphere
and lesion, which is the Nissl negative area, was measured with the help of an imaging software
(AxioVision LE 4.8, Carl Zeiss Microscopy GmbH, Munich, Germany). The defect volume was
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then determined using the following formula: V = d*(E1/2 + E2 + E3...+ En/2) with d = 0.5 (0.5
for 500 ym, distance between two sections) and E being the lesion area.

15 min post CCI 24 h post CCI

Figure 6: Histomorphological determination of the lesion volume for sham, 15 min and 24 h post CCl using the Nissl
staining to depict the Nissl* and Nissl™ area.

2.6 Body Weight

Body weight, as a parameter for normal feeding behavior and, thus, overall health of the mice,
was measured directly before induction of anesthesia. In the first 7 days after CCI, weight was
measured daily and thereafter once a month, until the end of the observation period, using a
precision scale with movement correction (OHAUS®, Waagendienst Winkler GmbH, Munich,
Germany).

2.7 Immunohistochemical Assessment of the Parameters for
Traumatic Brain Injury

2.7.1 Tissue Harvesting

Following the induction of deep anesthesia by intraperitoneal injection of medetomidine (0.5
mg/kg body weight; Domitor®, Pfizer, Karlsruhe, Germany), midazolam (5 mg/kg, ratiopharm,
Ulm, Germany), and fentanyl (0.05 mg/kg body weight, Jannsen Cilag, Neuss, Germany), the
animals were sacrificed by transcardial perfusion at the end of each respective observation pe-
riod. After opening the costal arch, a cannula (21G, Safety-Multifly® needle, Sarstedt, Nimbrecht,
Germany) was placed in the left ventricle of the heart and the animal was perfused with 30 ml
physiological saline solution (NaCl 0.9%, B.Braun AG, Melsungen, Germany) for 1 minute, fol-
lowed by 50 ml of 4% paraformaldehyde (PFA) (Morphisto GmbH, Frankfurt am Main, Germany)
for 2 minutes, using a pressure-controlled perfusion system (Perfusion One, Lecia Biosystems,
Richmond, VA, USA). The brain was then carefully removed by cutting the cranial calvaria along
the sagittal sutura (Aesculap AG & Co KG, Tuttlingen, Germany) and severing the nasal bone.
The ossa parietalia were opened laterally with a metal spatula and the brain was removed from
the cranial calvaria by cutting through the medulla oblongata and taking the bulbi olfactorii with it.
The brain was post-fixed in 4% PFA at 4°C over night and then stored in phosphate-buffered
saline (PBS) until it was further processed.
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2.7.2 Preparation and Staining of Brain Sections

Brains were embedded in 4% agarose (PEQLAB, VWR International GmbH, Erlangen, Germany)
and coronal sections were prepared using a vibratome (Leica VT1200S, Nussloch, Germany) set
to the following parameters: 0.8 vibration speed (amplitude) and 0.8 m/s feed speed. Starting
1000 pum behind the olfactory bulb, 12 sequential 50 um thick coronal sections were collected
every 600 um and stored in PBS or cryoprotection solution (0.1 M PBS, glycerin, ethylenglycol)
at -20°C until staining.

For each experimental group, three sections per animal were selected which were located as
close as possible to each other in the center of the contusion. The continuous principle of im-
munohistochemical staining consisted of antigen detection, which was achieved in three steps.
First, the specimen was incubated with an unconjugated primary antibody that binds the specific
antigen to be analyzed. Sequentially, the secondary antibody was used, which is directed against
the Fc/Fab fragment of the primary antibody and contains a fluorescent marker which can be
visualized with a microscope.

All staining’s were performed according to the same scheme, except that the optimum incubation
time and concentration of the antibodies varied, which was individually determined in preliminary
tests. First, blocking was performed for two hours with 0.5% Triton X-100 in 0.01 M PBS. Sections
were then incubated with a primary antibody buffer (consisting of 1% bovine serum albumin, 0.1%
gelatin from cold water fish skin, 0.5% Triton X-100 in 0.01 M PBS) and the primary antibodies of
choice at pH 7.2—7.4, 4°C, and individual incubation times (see Table 2). The sections were then
washed three times for 15 minutes in PBS and incubated with the secondary antibodies of choice
in 0.01 M PBS at pH 7.2—7.4 containing 0.05% Tween 20. Nuclei were stained with 4',6-diamidin-
2-phenylindole (DAPI, Invitrogen, #D1306) 1:10,000 in 0.01 M PBS. Finally, the sections were
washed three times for 15 min in PBS and fixed on glass slides with aqueous mounting medium.

While the majority of these antibodies were validated by our lab members [13, 64, 259, 260] and
others, specificity and validity of new antibodies was confirmed using the appropriate negative
controls. Negative controls serve to check the specificity of the antigen-antibody binding. For this
purpose, a tissue section was stained which certainly did not contain the primary antibody and
incubated only with the secondary antibody. If this preparation showed a positive color reaction,
unspecific protein binding by the secondary antibody reagents could be inferred.

A ZEISS LSM 980 confocal microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) was then
used for imaging.

Name Description Concentration | Incubation time @ Provider
Anti-rabbit Iba-1 019-19,741 1:200 48 hours Wako
Anti-rat CD68 Mca1957 1:200 48 hours Biorad
Anti-mouse 2905 1:500 2 hours Sigma aldrich

GFAP CY3
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Anti-goat CD31/ Af3628 1:100 7 days R&d systems
PECAM-1

Anti-rabbit Aqp4 Ab2218 1:200 48 hours Merck millipore
Anti-guinea pig 266 004 1:200 or 1:100 48 hours or 24 Synaptic sys-
NeuN hours tems
Anti-rabbit lam- L9393 1:100 24 hours Sigma
inin

Anti-goat albu- Af3329 1:100 24 hours Novus
min

Anti-rabbit Tau A0024 1:1000 24 hours Dako
K9JA

Table 2: Primary antibodies.

2.7.21 Astrogliosis and Microglia

As previously mentioned, dysregulated astrogliosis and the inflammatory/immune response that
follow traumatic brain damage have serious long-term effects. For this reason, these processes
were examined using a variety of antibodies both during the acute and chronic phases of the
injury. Microglia, the resident immune cells of the central nervous system [261], were investigated
to visualize the immune response following traumatic brain injury. For this purpose, the primary
antibody Iba-1 (lonized Calcium-binding adapter molecule 1) was utilized. It is thought to be the
superior antibody for evaluating microglia in the brain because of its high specificity and accurate
visualization, which enable analysis of microglial morphology and distribution within the brain
[262]. Secondly, we sought to identify the microglia that are actively involved in immune defense,
tissue regeneration, and restoring homeostasis following brain injury. Since the antibody CD68 is
an effective marker for identifying and characterizing active microglia and macrophages [263], it
was chosen to address this question. In addition, research was done on astrogliosis. The specific
astrogliosis marker GFAP (glial fibrillary acidic protein), which is strongly expressed in activated
astrocytes [264] and is a commonly used antibody by our lab team [13] and others, was utilized
for this purpose.

Thus, the first staining set, which assessed the immune response and the development of scars
following TBI, contained the following primary antibodies: Iba-1 which stains microglia (rabbit,
Wako, #019-19,741, 1:200) and CD68 which stains activated microglia (rat, BioRad, #MCA1957,
1:200). The primary antibodies were incubated for 48 hours. The secondary antibodies: anti-rabbit
coupled to Alexa-fluor 488 (donkey anti-rabbit, Jackson, #711-546-152, 1:150), anti-rat coupled
to Alexa-fluor 647 (donkey anti-rat, Jackson, #712-606-150, 1:150) and GFAP Cy3 594 (mouse,
Sigma Aldrich, #2905, 1:500) which stains for astrogliosis and scarring were incubated for two
hours.
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2.7.2.2 Staining of the Cerebral Microvasculature

After TBI, disruption of the neurovascular unit (NVU) can occur [158] which results in a series of
pathological processes that exacerbate brain injury [161]. Thus, the cerebral microvasculature
integrity was investigated as it provides insights into the complex structural and functional rela-
tionship between neurons, glial cells, and blood vessels that play a crucial role in maintaining the
integrity and function of the brain [160].

Therefore, to visualize the blood vessels, the following antibodies were used: CD31 (also known
as platelet endothelial cell adhesion molecule-1 or PECAM-1) which specifically stains for endo-
thelial cells, lining blood vessels [265] and laminin which stains the basement membrane sur-
rounding blood vessels [266] and thus provides further information about the structural integrity
of blood vessels and their surrounding extracellular matrix. Moreover, the BBB dysfunction is
associated with reduced coverage of the vascular endothelium with astrocytic end feet [182].
Thus, glial cells and their relationship with blood vessels were assessed using the astrocyte end
foot marker Aquaporin-4 (Aqp4) [267]. Additionally, the presence of albumin, a plasma protein, in
the interstitial space was assessed as an indication for BBB permeability to larger molecules [74].

The second staining included the primary antibodies: CD31/PECAM-1 which stains endothelial
cells (goat, R&D Systems, #AF3628, 1:100), Aqp4 which stains astrocyte end feet (rabbit, Merck-
Millipore, #AB2218, 1:200) and NeuN, a neuronal marker (guinea pig, Synaptic Systems, #266
004, 1:200). The primary antibody CD31/PECAM-1 was incubated first for 5 days. After 5 days,
the other two primary antibodies (Aqp4 and NeuN) were added and incubated for further 48 hours.
Subsequently, the following secondary antibodies were used at a concentration of 1:200 for 24
hours: anti-goat coupled to Alexa-fluor 647 (donkey anti-goat, Jackson, #705-606-147), anti-rab-
bit coupled to Alexa-fluor 488 (donkey anti-rabbit, Jackson, #711-546-152), and anti-guinea pig
coupled to Alexa-fluor 594 (donkey anti-guinea pig, Jackson, #706-586-148).

The third staining combination analyzed the presence of blood components in the extravascular
space, thus assessing BBB leakage. The following primary antibodies were incubated at a con-
centration of 1:100 for 24 hours: laminin, a marker of the vascular basement membrane (rabbit,
Sigma, #L9393) and albumin, the largest molecular intravascular component (goat, Novus,
#AF3329). Secondary antibodies incubated at a concentration of 1:100 for two hours included:
anti-rabbit coupled to Alexa-fluor 488 (donkey anti-rabbit, Jackson, #711-546-152) and anti-goat
coupled to Alexa-fluor 647 (donkey anti-goat, Jackson, #705-606-147).

2.7.2.3 Neurodegeneration Staining

TBI represents a risk factor for neurodegenerative disease such as dementia and chronic trau-
matic encephalopathy that have been found in post-mortem studies [10, 191]. Hence, to investi-
gate the impact of TBI on neurodegenerative processes, this study utilized the antibody NeuN
(neuronal-nuclei) to quantify neuronal cell populations affected by TBI-induced neurodegenera-
tion, alongside AR 6E10 to target amyloid-f peptide deposits [268], key factors implicated in the
pathogenesis of AD.

Hence, the fourth staining combination included the primary antibodies: Tau K9JA (rabbit, DAKO
#A0024, 1:1000) and NeuN (guinea pig, Synaptic Systems, #266 004, 1:100) which were incu-
bated for 24 hours. The secondary antibodies: anti-rabbit coupled to Alexa-fluor 647 (donkey anti-
rabbit, Jackson, #711-606-152, 1:500) and anti-guinea pig coupled to Alexa-fluor 488 (donkey
anti-guinea pig, Jackson, #706-546-148, 1:100) were incubated for two hours.
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The fifth staining combination included the following primary antibodies for 24 hours: A 6E10,
which stains amyloid plaques in Alzheimer's development (mouse, BiolLegend, #SI1G-39320,
1:100) and NeuN (rabbit, Abcam, #ab177487, 1:100). The sections were incubated with the fol-
lowing secondary antibodies for two hours: anti-mouse coupled to Alexa-fluor 647 (donkey anti-
mouse, Jackson, # 715-606-150, 1:100) and anti-rabbit coupled to Alexa-fluor 488 (donkey anti-
rabbit, Jackson, #711-546-152, 1:100).

2.7.3 Analysis of the Inmunohistochemical Stainings

2.7.3.1 Astrogliosis Analysis

Analysis of astrogliosis and astrocyte coverage was performed using GFAP stained sections.
GFAP staining was recorded with a 10x objective (EC Plan-Neofluar 10x/0.30 Pol M27), an image
matrix of 1024 x 1024 pixels, a speed of 8, bit depth 16, zoom 0.6, interval 21 ym, range of 63
pm, 10% overlap and bi-directional scanning using a confocal microscope (Zeiss etc.). Whole
brain images were acquired in Z-stacks as tile scans, with a z-step distance of 10 um and a total
range of 63 um.

The Z-stacks were imported into Fiji ImageJ2 (open-source image processing software, version
2.3.0/1.53q, date 2021-09-13) and assessed as maximum intensity projections. GFAP intensity
was then measured using the mean grey value and normalized to the contralateral hemisphere
to assess potential differences in staining intensity. The measured GFAP fluorescence therefore
represents the sum of the grey values of all pixels divided by the number of pixels.

Two different analyses were performed. Firstly, the GFAP fluorescence of the complete ipsilateral
and contralateral hemisphere was measured (see Figure 7A for a schematic representation).
Secondly, seven different regions of interest (ROls) were selected, four of them close to the con-
tusion margin and three further away to analyze the spread of astrogliosis. Each individual ROl is
300 pm x 300 ym. ROI 1 is located ipsilaterally in the center of the striatum directly at the lesion
margin and ROIs 2 and 3 are located 300 um laterally and medially from ROI 1 along the lesion
margin. ROIs 4, 5 and 6 are each located 1000 um vertically downwards from ROIs 1, 2 and 3
and ROI 7 is located in the center of the cortex at the lesion margin (see Figure 7B for a schematic
representation). Three slices per animal were selected in the center of the trauma for the
timepoints 15 minutes, 24 hours, 7 days, 1-, 3-, 6- and 12-months post TBI, as well as three slices
per animal for the control group with the same approximate location in the brain as the TBI animals
and their GFAP fluorescence intensity was averaged.
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Figure 7: (A) GFAP fluorescence analysis 1 of a coronal brain section. (B) GFAP fluorescence analysis 2 of a coronal
brain section. Scale bar = 1 mm.

2.7.3.2 Microglia Density Analysis

Microglia coverage was assessed in sections stained with Iba-1 — a canonical marker for microglia
within the brain parenchyma which may stain perivascular macrophages too [262]. The same
confocal microscope settings were used as in the GFAP analysis described above. After creating
a maximum intensity projection in ImageJ, the intensity of the Iba-1 fluorescence was measured.
The mean grey values for five ROIs (300 ym x 300 ym each) in the ipsilateral hemisphere were
measured and normalized to the respective ROls in the contralateral hemisphere. ROI 1 is located
in the center of the striatum directly at the lesion margin, ROIs 2 and 3 are each located 600 pm
laterally and medially from ROI 1 along the lesion margin, ROI 4 is located 600 um vertically
downwards from ROI 1 and ROI 5 is located in the center of the cortex at the lesion margin (see
Figure 8).

Figure 8: Microglia density analysis of Iba-1 fluorescence staining’s within the 5 ROls in the ipsilateral hemisphere and
the corresponding ROlIs in the contralateral hemisphere of a coronal brain section. Scale bar = 1 mm.
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2.7.3.3 Microglia Morphology Analysis

Microglial morphology was manually assessed in maximum intensity projections of Iba-1 stained
sections using Sholl and Fractal analyses and measured at three different ROIs: ROI 1 ipsilateral
in the center of the striatum directly at the lesion margin, ROI 2 ipsilateral in the center of the
cortex adjacent to the lesion margin and ROI 4 as a mirror-image to ROI 2, contralateral in the
center of the cortex (see Figure 9). The striatum in the contralateral side was not assessed as
the staining was not clear enough/non-uniform. A control group with sham 24 hours after surgery
and TBI animals at seven days and six months after trauma were assessed. The confocal micro-
scope images were acquired with a 40x objective (EC Plan-Neofluar 40x/1.30 Oil DIC M27), an
image matrix of 1024 x 1024 pixels, a pixel size of 0.2 x 0.2 ym and a color depth of 8 bits. The
ROIs were collected in Z-stacks to include the entire slice thickness with a z-step distance of 0.4
pm.

Using a modified protocol from Young and Morrison [269], the total cell size/area, ramifications,
span across hull, and circularity of brain immune cells were analyzed. Z-stack images were con-
verted to a maximum intensity projection, and the microglia that were fully captured in the Z-stack
were individually cut out using the polygon selection tool in ImageJ. After background subtraction
and using the paintbrush tool to trace any disconnected processes and fill gaps, the images were
binarized and resized to 600 x 600 pixels, maintaining the original scale. The paintbrush tool was
also used to remove speckles or debris around the microglia. Sholl analysis was performed using
the Sholl analysis plugin in ImageJ. Concentric circles centered around the soma with an increas-
ing radius of 1 um were drawn, and the number of intersections at each radius were measured.

The fractal analysis was then carried out after converting binary images into outline images using
the FracLac plugin for Imaged. The total number of pixels in the cell image of the filled or outlined
binary image was measured and later converted to um? (pixel area = 0.208 pym?). The cell circu-
larity was calculated as circularity = 4 1T area/perimeter®. The maximum span across the convex
hull represents the maximum distance between two points in the convex hull.

Figure 9: Microglia morphology analysis within ROI 1, 2 and 4 of a coronal brain section. Scale bar = 1 mm.

2.7.3.4 Microglia Activation Analysis

Activation of microglia was assessed using Iba-1 and CD68-stained sections. CD68 is expressed
in the intracellular lysosomes of microglia and its intensity correlates with activation state and
phagocytic activity of activated microglia [74]. The same confocal microscope settings were used
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for the study as in the GFAP analysis described above. After creating a maximum intensity pro-
jection of the Z-stacks, the images were imported into ImageJ to measure the intensity of CD68.
The mean grey values of the same five ROIs were measured as in the microglia density analysis,
also normalized to the contralateral side (see Figure 10). In addition, the CD68 fluorescence
divided by the Iba-1 fluorescence of the previously determined microglia density analysis was
measured.

Figure 10: Microglia activation analysis at ROI 1-5 in the ipsilateral and ROI 6-10 in the contralateral hemisphere of a
coronal brain section. Scale bar = 1 mm.

2.7.3.5 Colocalization of CD68 with Activated Microglia Analysis

A three-dimensional model was used to determine more precisely how many microglia were ac-
tivated, as the two-dimensional measurement of the microglial activation analysis described
above could not indicate which CD68 signal was associated with which individual microglia. The
colocalization of the CD68 signal within the Iba-1 signal was determined in two ROIs (300 pm x
300 um each). ROI 1 was located ipsilateral in the center of the striatum adjacent to the lesion
margin, and ROI 2 ipsilateral in the center of the cortex adjacent to the lesion margin (see Figure
11). Both were normalized to the corresponding ROls in the contralateral hemisphere. The same
confocal settings as in the microglia morphology analysis were used.

The colocalization analysis was carried out using the Imaris x64 software (Oxford Instruments,
version 9.5.1). Using three-dimensional image analysis, the CD68 was masked within the Iba-1
surface and assigned its own surface. The sum of the volume of the CD68 signal masked within
the Iba-1 surface was then divided by the sum of the volume of the Iba-1 surface and normalized
to the contralateral side.
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Figure 11: Colocalization of CD68 with activated microglia analysis at ROl 1 and 2 in the ipsilateral and ROl 3 and 4 in
the contralateral hemisphere. (A) Exemplary Iba-1 (green) and CD68 (magenta) staining with ROI 1 in the striatum and
ROI 2 in the cortex of the ipsilateral hemisphere. (B) Exemplary 3D volume analysis with the Imaris software of Iba-1
(green), CD68 (magenta) and Dapi (blue).

2.7.3.6 Cerebral Microvessel and Blood Brain Barrier Analysis

Mature endothelial cells with CD31 and aquaporin-4 (Agp4) on astrocytic end-feet enwrapping
them, along with pericytes are essential for a fully functioning NVU and BBB. We assessed cere-
bral microvessels using CD31 and Aqp4 as vascular and astrocyte endfeet markers. Furthermore,
the BBB disruption was investigated by the appearance of parenchymal albumin. Albumin is a
plasma protein that is not normally present in the tissue and its extravascular presence indicates
that that the BBB is disrupted [74].

The images were acquired with a 40x objective (EC Plan-Neofluar 40x/1.30 Qil DIC M27), an
image matrix of 1024 x 1024 pixels, a pixel size of 0.2 x 0.2 ym and a color depth of 8 bits. The
ROIs were acquired in Z-stacks with a slice distance of 1 ym.

2.7.3.6.1 Cerebral Microvessel Integrity

To investigate cerebral microvessels, the staining of Aqp4, which stains the astrocyte end feet,
with CD31, which stains the vascular endothelium, was imported into ImageJ as a maximum in-
tensity projection. The CD31 fluorescence and the thresholded Agp4 fluorescence in terms of the
mean grey value was measured. Furthermore, the CD31 fluorescence was thresholded and set
as a mask on top of the Agp4 signal. Within this vascular endothelial mask, the Agp4 fluorescence
was measured to determine the percentage of the endothelial surface covered by astrocyte end
feet (see Figure 12). Only one ROI (300 um x 300 ym) was analyzed ipsilaterally in the middle of
the cortex 300 ym away from the lesion margin (ROI 2), which was normalized to the contralateral
side (ROI 4) (see Figure 13). No analysis could be performed in the striatum as the staining here
was indistinct and there was too much unspecific background staining. We analyzed the control
group, including sham 24 hours after surgery and naive animals, and the following time points
after TBI: 24 hours, 7 days and 6 months.
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Figure 12: Step by step flow diagram of the astrocyte coverage analysis with the CD31 (magenta) and Aqp4 (green)
staining at ROI 1 of a Sham 24 h mouse. Scale bar = 20 ym.

Figure 13: Astrocyte coverage analysis at ROI 1 in the ipsilateral cortex and ROI 2 in the contralateral cortex of a coro-
nal brain section. Scale bar = 1 mm.

2.7.3.6.2 Blood Brain Barrier (BBB) Disruption

To analyze the integrity of the BBB, the presence of parenchymal albumin was assessed; albumin
with its weight of 66.5 kDa cannot cross the intact BBB, therefore the quantity of intraparenchymal
albumin is a surrogate marker for BBB disruption. Images obtained of sections stained with albu-
min (main intravascular component) and laminin (representing the vascular basement membrane)
were imported into ImageJ as a maximum intensity projection of the Z-stack images. The total
albumin and laminin fluorescence was measured using the mean grey value, as well as the albu-
min signal outside the laminin vessel boundaries (see Figure 14). The pure extravascular albumin
fluorescence was then determined more precisely per image using an individually determined
threshold to subtract the unspecific background signal, which was also previously added to the
mean grey value. Two ROIs (each 300 yum x 300 um) were analyzed: ROI 1 ipsilateral in the



2 Materials and Methods 37

center of the striatum 300 ym away from the lesion margin and ROI 2 ipsilateral in the center of
the cortex 300 um away from the lesion margin (see Figure 15). Both ROIs were also normalized
to the contralateral side. The ROIs were purposely selected to have some distance to the lesion
rim, as the directly adjacent vessels were largely severed by the shear forces of the trauma and
therefore could not be assessed. All time points from 24 hours to six months after TBI were ana-
lyzed. Unfortunately, there were not enough brain sections left for an analysis at 12 months after
TBI.

Split the channels Laminin channel Albumin channel

y . b ; )

hreshold the laminin channel reate a mask of the thresholded Place the laminin mask on top of |
aminin channel the albumin channel and calculate
the albumin fluorescence intensity
4 ide the laminin mask
- ‘ - ‘ y s W)
/ / v / / v '

Y -

i\K L' oAl

Figure 14: Step by step flow diagram of the blood brain barrier leakage analysis with the laminin (green), albumin (red)
and dapi (blue) staining at ROI 1 of a 7 d post TBI mouse. Scale bar = 20 ym.

Figure 15: Blood brain barrier leakage analysis at ROl 1 and 2 in the ipsilateral and ROI 3 and 4 in the contralateral
hemisphere of a coronal brain section. Scale bar = 1 mm.
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2.7.3.7 Assessment of Amyloid-3 Plaques

To investigate neurodegenerative processes after TBI, the formation of Amyloid-8 (AB) plaques
after chronic TBI was studied. AB is a characteristic pathological protein in Alzheimer's disease
that aggregates and forms plaques in the brain of individuals with Alzheimer's disease [191]. The
6E10 antibody is designed to specifically recognize a pathological sequence of the AB peptide
without reacting with other proteins or structures in the brain tissue [268]. The following time points
were analyzed: naive young, naive 12 months, Sham 24 hours, Sham 12 months, 7 days and 12
months post TBI.

The AB and NeuN staining was captured with a 10x objective (EC Plan-Neofluar 10x/0.30 Pol
M27), with an image matrix of 1024 x 1024 pixels, 16 bits per pixel, voxel size 2.7621 x 2.7621 x
10 um3. Whole brain images were acquired in Z-stacks as tile scans, imported into Fiji and as-
sessed in maximum intensity projections. Total AR fluorescence was measured in mean grey
values over the complete hemisphere and normalized to naive and sham animals (see Figure
Figure 16).

Figure 16: Amyloid-$ plaque analysis of the whole hemisphere of a coronal brain section: Scale bar = 1 mm.

2.8 Statistical Analysis

Statistical analysis was performed using GraphPad Prism (version 9.0, San Diego, California,
USA). The sample size was calculated using the following parameters: alpha error = 0.05, beta
error = 0.2. Normally distributed data is expressed as mean + standard deviation (SD) and non-
normally distributed data as median + 95% confidence interval (Cl). All data sets were first tested
for normal distribution using the Shapiro-Wilk normality test. To compare two groups, the Student
t-test was used for normally distributed data and the Mann-Whitney Rank Sum test (= Wilcoxon
Rank Sum test) for non-normally distributed data. To compare more than two groups, the One-
Way Anova was used for normally distributed data and the Kruskal-Wallis test (= ANOVA on
ranks) for non-normally distributed data. Several measurements within a group were tested for
significant differences using the analysis of variance for multiple measurements (ANOVA re-
peated measurements). Differences between the groups were considered statistically significant
below a p-value of 0.05.
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3. Results

3.1 Standardization

To assess standard deviation and secondary lesion growth, lesion volume was assessed at 15
minutes after TBI (primary damage) and at 24 hours in 9 6-week-old C57BL/6 mice per group. 15
minutes after CCl, lesion volume amounted to 14 + 4 mm?3 while lesion size increased to 37.0 +
6.0 mm?3 after 24 hours (Figure 17A). Additionally, the CCI caused an ipsilateral hemispheric
swelling of 102.9 £+ 5.2 % which represented a 2.9% increase in volume of the ipsilateral relative
to the contralateral hemisphere in the 15 minute time point and 111.4 + 3.9 %, hence a 11.4%
increase in volume of the ipsilateral in the 24 hour time point (Figure 17B). The larger ipsilateral
hemisphere volume following CCI in comparison to the contralateral hemisphere supports this
(Figure 17C and D). Therefore, it can be concluded that with this CCl model, the surgeon is able
to generate a TBI reliably and reproducibly in mice with a low standard deviation, enabling as-
sessment of dynamic, chronic pathological alterations post TBI.
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Figure 17: Standardization of the controlled cortical impact model. (A) CCI standardization lesion volume at 15 min
and 24 h after CCI. (B) CCI hemispheric swelling at 15 min and 24 h after CCI. (C) Volume of ipsilateral and contralateral
hemispheres 15 min after CCI. (D) Volume of ipsilateral and contralateral hemispheres 24 h after CCl. Data are shown
as Mean + SD; t-test, *=p<0.05 vs. naive/sham, **=p<0.01 vs. naive/sham, ***=p<0.001 vs. naive/sham, ****=p<0.0001
vs. naive/sham, n=1 per naive, n=5 per sham, n=5 per TBI.
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3.2 Assessment of Acute to Chronic Inflammatory Changes

3.2.1 Astrogliosis

Mean GFAP fluorescence intensity was measured at different time points (from 15 minutes to 12
months post TBI) in the complete ipsilateral compared to the contralateral hemisphere (Figure
18A) and in seven specific ROIs in the ipsilateral and the respective ROls in the contralateral
hemisphere (Figure 19A), to observe the spatial distribution and intensity of scar formation after
a head trauma.

Naive and sham animals were examined first to see if there were any significant differences be-
tween them. There were no differences (Figure 18B and Figure 19B), so they were combined
to form the control group.

In the first analysis, the GFAP fluorescence intensity of the whole TBI hemisphere was greater
compared to the contralateral hemisphere at all time points, except for 24 hours post TBI (Figure
18C). Quantification of GFAP expression showed a baseline GFAP fluorescence intensity of 2.9
x 108 + 7.1 x 10° AU in control mice (Figure 18C). The highest GFAP signal was observed in the
ipsilateral hemisphere at seven days post TBI with a mean GFAP fluorescence of 7.1 x 108 + 1.2
x 10% AU (Figure 18C, p<0.0001 vs. control), followed by a decrease after one month and a sec-
ond increase/smaller peak after three months post TBI (Figure 18C, mean GFAP fluorescence:
4.7 x 108 + 7.8 x 10° AU). Even after 12 months, the GFAP fluorescence intensity was still signif-
icantly elevated in the ipsilateral hemisphere as compared to control animals (Figure 18C, mean
GFAP fluorescence: 4.1 x 10° + 1.4 x 106 AU, p<0.05 vs. control). When normalizing the ipsilateral
hemisphere to the contralateral hemisphere to equalize staining differences between groups, the
same trend can be observed (Figure 18D); a GFAP intensity peak occurred at seven days after
CCI (Figure 18D, mean GFAP fluorescence 168.4 + 34.8% of contralateral, p<0.0001), a second
smaller peak after three months (Figure 18D, mean GFAP fluorescence 152.2 + 16.7% of con-
tralateral, p<0.0001 compared to control). Even at 12 months after TBI, GFAP fluorescence in-
tensity was significantly elevated compared to the control group (Figure 18D, mean GFAP fluo-
rescence 108.2 + 16.6% of contralateral, p=0.201 compared to naive/sham). This indicates that
once the scar is formed after a head trauma, astrocytes settle into a state of astrogliosis and
maintain the scar long after TBI, without returning to the baseline GFAP fluorescence intensities
of the control animals even at 12 months after TBI.
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Figure 18: GFAP fluorescence intensity analysis of complete ipsilateral vs. contralateral hemisphere of control
and time points 15 min, 24 h, 7 d, 1 mo, 3 mo, 6 mo and 12 mo post TBI. (A) Exemplary GFAP fluorescence intensity
stainings of coronal brain sections of sham 24 h, 3 mo and 6 mo post TBI mice, scale bar = 1 mm. (B) GFAP fluorescence
intensity in naive and sham mice in the ipsilateral and contralateral hemisphere. (C) GFAP fluorescence intensity of the
ipsilateral vs. the contralateral hemisphere for control and all time points. (D) GFAP fluorescence intensity ipsilateral
normalized to contralateral hemisphere for control and all time points. Data are shown as Mean + SD; t-test, *=p<0.05 vs.
control, **=p<0.01 vs. control, ***=p<0.001 vs. control, ****=p<0.0001 vs. control, n=1 per naive, n=5 per sham, n=5 per
TBI.

In the second analysis, the GFAP fluorescence intensity was measured in seven different ROIs
in the ipsilateral hemisphere and the corresponding ROIs in the contralateral hemisphere (see
locations in Figure 19A) to analyze the spatial distribution of astrogliosis. To do so, ROIs 1-3
were chosen directly at the lesion margin in the striatum, ROIs 4-6 1000 ym away from the le-
sion margin and ROI 7 directly at the lesion margin in the cortex and corresponding contrala-
teral ROIs (ROIs 8-14). GFAP fluorescence intensity reached its peak in the striatum at the le-
sion margin (ROIs 1-3). Remarkably, ROI 7 — which was also close to the lesion margin but in
the cortex — did not exhibit as high GFAP signals and, in turn had fluorescence intensities com-
parable to ROIs 4-6 which were located 1000 um away from the lesion margin in the striatum
(Figure 19C). GFAP fluorescence intensity in the ROIs assessed showed two similar peaks as
the global assessment: at seven days and three months post TBI in the ipsilateral hemisphere
with the highest peak at three months in ROI 2 (Figure 19C). In ROIs 1-3, GFAP intensity per-
sisted to be high even a year after TBI, although there was no significant difference to control
animals. Overall, GFAP fluorescence in the more distal regions (ROls 4-7) in the ipsilateral
hemisphere and all ROls in the contralateral hemisphere, resembled a GFAP fluorescence
found in controls (Figure 19C and D). Thus, overall, no increased astrogliosis was observed in
the cortex, 1000 yum away from the lesion margin or anywhere in the contralateral hemisphere
(Figure 19C and D). The same trend is observed when normalizing the ipsilateral to the contra-
lateral hemisphere to adjust for staining differences (Figure 19E). To compare the ROIs with
the highest scar formation more precisely, ROl 1 and 3 were plotted separately (Figure 19F
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and G). There was an astrogliosis peak at seven days and three months and a continuously el-
evated GFAP fluorescence up until 12 months after TBI. In total, the data suggest that astro-
gliosis remains persistently increased for up to 12 months following TBI and that the scar for-
mation is most pronounced close to the lesion.
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Figure 19: GFAP fluorescence intensity analysis in different ROIs of control and time points 15 min, 24 h, 7 d, 1
mo, 3 mo, 6 mo and 12 mo post. (A) Exemplary GFAP fluorescence intensity staining’s of coronal brain sections with
seven different ROIs in the ipsilateral and the corresponding ROls in the contralateral hemisphere of sham 24 h, 3 mo
and 6 mo post TBI mice, scale bar = 1 mm. (B) GFAP fluorescence intensity in naive and sham mice across seven ROls
in the ipsilateral vs. the respective ROls in the contralateral hemisphere. (C) GFAP fluorescence intensity in the ipsilateral
hemisphere across the seven ROIs. (D) GFAP fluorescence intensity in the contralateral hemisphere. (E) GFAP fluores-
cence intensity of the ipsilateral normalized to contralateral hemisphere across seven ROIs. (F) GFAP fluorescence in-
tensity of the ipsilateral normalized to the contralateral hemisphere at ROl 1. (G) GFAP fluorescence intensity of the
ipsilateral normalized to the contralateral hemisphere at ROI 3. Data are shown as Mean + SD; t-test, *=p<0.05 vs. control,
**=p<0.01 vs. control, ***=p<0.001 vs. control, ****=p<0.0001 vs. control, n=1 per naive, n=5 per sham, n=5 per TBI.
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3.2.2 Microglia Density

Examining inflammatory changes in relation to microglia density over time following TBI was one
of the study's other objectives. Thus, the antibody Iba-1 (ionized calcium-binding adapter mole-
cule 1) was used to stain and identify microglia, the resident immune cells of the central nervous
system [270]. The mean fluorescence intensity of Iba-1 was measured in five ROlIs in the ipsilat-
eral hemisphere and the mirror-inverted ROls in the contralateral hemisphere in naive and sham
animals and at time points 15 minutes, 24 hours, 7 days, 1 month, 3 months, 6 months, and 12
months after TBI (Figure 20A). This approach facilitated the assessment of temporal changes in
microglial distribution across various post-TBI time points, providing insights into the dynamic
nature of neuroinflammatory processes in the injured brain.

As can be seen in Figure 20B, the quantification of microglia density by Iba-1 pixel based analysis
yielded no significant difference between naive and sham animals; before TBI, the mean Iba-1
fluorescence intensity in the control animals was 2.8 x 10% + 2.4 x 10% AU in all ROls in both
hemispheres.

In the ipsilateral hemisphere, an acute increase in microglia density is observed acutely after TBI,
at 15 minutes, followed by a fast decrease with the minimum microglia density across all ROls at
24 hours post TBI (Figure 20C). The maximum microglia density in the ipsilateral hemisphere is
observed at seven days and one month post TBI, followed by a steady decrease until six months
and a slight increase again at 12 months post TBI (Figure 20C). The density of Iba-1 staining in
the contralateral hemisphere is not significantly elevated compared to control animals at any time
point after TBI, except for significant elevations at 15 minutes, one month and 12 months after
TBI (Figure 20D).

Overall, when compared to the contralateral, the density of microglia peaks seven days after TBI
and starts to quickly decline after one month (Figure 20E). It reaches a plateau between six and
12 months, at which point there are no longer any significant differences between the injured
animals and the control group (Figure 20E). The ROIs with the highest Iba-1 density compared
to the contralateral hemisphere are ROls 1 (Figure 20E and F) and 3 (Figure 20E and G) at the
lesion margin in the striatum. Also here, a microglia density peak at seven days post TBI occurred,
with a 176.4 + 29.8% (ROI 1, p<0.0001 vs. control, Figure 20F) and a 103.9 + 27.2% increase
in microglia density (ROI 3, p=0.0022 vs. control, Figure 20G) when compared to control animals.
At later time points, microglia density steadily decreases but remains elevated compared to con-
trol animals even at six months post TBI (ROI 1: 23.6 + 12.2% increase, p=0.08 vs. control, Figure
20F and ROI 3: 2.8 + 17.2% increase, p=0.87 vs. control, Figure 20G), until it reaches baseline
levels at 12 months post TBI (ROI 1: p=0.43 vs. control, Figure 20F and ROI 3: p=0.07 vs. control,
Figure 20G). All these investigations point towards an increased microglia activation with a max-
imum at seven days post TBI and a decrease over time; however, it takes 12 months TBI until
baseline levels are reached.
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Figure 20: Iba-1 fluorescence intensity analysis in different ROIs of control and time points 15 min, 24 h, 7 d, 1
mo, 3 mo, 6 mo and 12 mo post TBI. (A) Exemplary Iba-1 fluorescence intensity staining’s of coronal brain sections with
five ROIs in the ipsilateral and the respective ROIs in the contralateral hemisphere of sham 24 h, 3 months, and 6 months
post TBI mice, scale bar = 1 mm. (B) Iba-1 fluorescence intensity in naive and sham mice in the five ROIs in the ipsilateral
vs. the five respective ROls in the contralateral hemisphere. (C) Iba-1 fluorescence intensity of the ipsilateral hemisphere.
(D) Iba-1 fluorescence intensity of the contralateral hemisphere. (E) Iba-1 fluorescence intensity of the ipsilateral normal-
ized to the contralateral hemisphere. (F) Iba-1 fluorescence intensity of the ipsilateral normalized to the contralateral
hemisphere at ROI 1. (G) Iba-1 fluorescence intensity of the ipsilateral normalized to the contralateral hemisphere at ROI
3. Data are shown as Mean + SD; t-test, *=p<0.05 vs. control, **=p<0.01 vs. control, ***=p<0.001 vs. control,
****=p<0.0001 vs. control, n=1 per naive, n=5 per sham, n=5 per TBI.

3.2.3 Microglia Morphology

3.2.3.1  Maximum Span Across Hull, Microglia Circularity, and Microglia Area

The evaluation of microglial morphology was carried out after microglia were identified using Iba-
1 labeling to clarify any possible relationships between inflammatory modifications and changes
in microglial phenotype in response to TBI. In order to measure the activation of microglia after
TBI, we used fractal analysis to evaluate the maximum span across hull, circularity and cell area
at the lesion margin in the striatum (ROI 1) and cortex (ROI 2), as well as in the contralateral
hemisphere in the cortex (ROI 4), at seven days and six months following injury and in sham 24-
hour animals.

Fractal analysis revealed that the cell area and maximum span of microglia decreased over time
(Figure 21B and D), indicating a significant activation of microglia near the borders of the lesion
and in the contralateral hemisphere in the cortex. The cell area and the maximum span across
hull decreased in all ROIs from sham 24 hours to seven days post TBI and remained comparably
low around those values up to six months post TBI without returning to baseline values. The
greatest decrease in the maximum span across hull was observed in ROI 2 with a percentage
decrease of 36.7% at seven days (mean: 239.6 + 32.9, p<0.0001) and 33.6% at six months
(mean: 252.5 + 87.8, p<0.0001) post TBI, when compared to the sham 24 hours group (mean:
378.3 + 61.5) (Figure 21B). The greatest decrease in microglia cell area compared to the sham
24 hours group (median: 3,710.3 (3316, 5351)) was observed in ROI 1 with a percentage de-
crease of 66.1% at seven days (median: 1,480.0 (1115, 1775), p=0.0163) and 55.5% at 6 months
(median: 1,650.5 (1213, 1734), p=0.0053) post TBI (Figure 21D). Remarkably, even the microglia
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in the contralateral cortex (ROI 4) displayed a reduction in maximum span across hull and cell
area; however, in comparison to ROls surrounding the ipsilateral hemisphere contusion, this loss
was less noticeable but still significantly decreased (Figure 21B and D).

In case of activation, microglia contract, therefore circularity increases [230, 271]. In our TBI co-
hort, there was a significant increase in circularity in ROI 2, six months after TBI (p=0.0449, Fig-
ure 21C), but not at other time points or ROIs. Overall, microglia in proximity to the lesion are
smaller, have a decreased span across the hull at seven days and six months post TBI, and are
more circular six months after TBI; microglia in the contralateral hemisphere exhibit a comparable
but less pronounced alteration in comparison to sham.
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Figure 21: Microglia morphology fractal analysis in ROl 1, 2 and 4 at time points sham 24 h, 7 d and 6 months
post TBI. (A) Exemplary Iba-1 stainings at ROI 1 of the sham 24 h, the 7 d and the 6 months post TBI mice, scale bar =
20 ym. (B) Maximum span across hull at ROl 1 and 2 in the ipsilateral and ROI 4 in the contralateral hemisphere at time
points in the sham 24 h, 7 d, and 6 mo post TBI groups. (C) Microglia circularity at ROl 1 and 2 in the ipsilateral and ROI
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4 in the contralateral hemisphere at time points sham 24 h, 7 d and 6 mo post TBI. (D) Microglia cell area at ROl 1 and 2
in the ipsilateral and ROI 4 in the contralateral hemisphere at time points sham 24 h, 7 d and 6 mo post TBI. Data for
graphs B and C are shown as Mean + SD; t-test, and for graph D as Median + 95% CI; Wilcoxon Rank Rum Test, *=p<0.05
vs. sham, **=p<0.01 vs. sham, ***=p<0.001 vs. sham, ****=p<0.0001 vs. sham, n=5 per sham, n=5 per TBI. Microglia
images created with BioRender.com.

3.2.3.2 Microglia Ramifications

Microglia ramifications or the number of intersections of their processes serve as important indi-
cators for the duration and timing of microglia activation and their involvement in the immune
response after TBI [272]. Microglia ramifications were therefore quantified using sholl analysis in
the identical ROIs and time points as in the fractal analysis mentioned previously. In comparison
to sham 24 hours, the number of microglia branch points was reduced at almost all distances
from the soma at seven days and six months post-TBI (Figure 22A-C), suggesting microglia ac-
tivation. At a distance of 20 um from the soma, ROIs 1, 2, and 4 were specifically analyzed be-
cause, as compared to sham, they appeared to have the largest reduction in microglia ramifica-
tions at this distance (Figure 22D-F). The number of microglia intersections decreased the most
in ROI 1, from a median of 17.0 intersections in sham 24 hours to a minimum of 8.7 at seven days
post-TBI (p<0.0001) and a modest increase to 10.4 intersections at six months post TBI
(p=0.0002) (Figure 22D). A similar but less pronounced decrease of microglia intersection points
was seen in ROI 2 and 4 (Figure 22E and F).
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post TBI. Data are shown as Median + 95% CI; Wilcoxon Rank Rum Test, *=p<0.05 vs. sham, **=p<0.01 vs. sham,
***=p<0.001 vs. sham, ****=p<0.0001 vs. sham, n=5 per sham, n=5 per TBI. Microglia image created with BioRender.com.

3.2.4 Microglia Activation

To examine how the immune system reacts to tissue damage following an injury, CD68, a marker
of microglia and macrophage activation, was used. This is a damage associated microglial marker
involved in phagocytosis and implies microglia are actively engulfing cellular debris caused by a
pathology [74]. Consequently, we examined the CD68 fluorescence intensity in five ROls in the
ipsilateral and the corresponding ROIs in the contralateral hemisphere: ROIs 1-3 were situated
along the striatal lesion margin, ROI 4 was 600 um distant from the lesion in the striatum and ROI
5 was along the lesion margin in the cortex (Figure 23A). Next, we carried out a 2D (at the same
5 ROls, Figure 10) and 3D (at 2 ROIs along the lesion margin in the striatum and cortex, Figure
11) colocalization study of CD68 with activated microglia to determine which microglia were acti-
vated and where,.

3.2.4.1 Assessment of Microglia Activation by CD68 Fluorescence Intensity
and 2D CD68/Iba-1 Colocalization

The CD68 fluorescence intensity analysis was conducted following the observation of no signifi-
cant differences between the sham-operated and naive animals, prompting their combination as
control in the subsequent study (Figure 23B). During the acute phase of a traumatic brain injury
(15 minutes and 24 hours), the CD68 fluorescence intensity in the ipsilateral hemisphere re-
mained at control levels (mean of all ROls at 15 minutes: 2.3 x 108 AU, at 24 hours: 2.9 x 108 AU,
control: 2.3 x 10% AU, Figure 23C). Following this, there was an increase at seven days after the
injury (mean of all ROls 6.4 x 10° AU, Figure 23C), a decrease that occurred one month later (4.0
x 10° AU, Figure 23C), and then a continuous reduction at later time points where CD68 remained
just above baseline levels in all ROIs (Figure 23C). CD68 fluorescence intensity in the contrala-
teral hemisphere did not differ from control mice (Figure 23D).

When the ipsilateral CD68 fluorescence intensity is reported as percent of the contralateral hem-
isphere, a similar pattern with a peak at seven days is observed (mean CD68 fluorescence inten-
sity of all ROIs at 7 days: 235.7% of contralateral, Figure 23E). ROIs 1 and 3 (Figure 23F and
G), the two ROls closest to the striatal lesion, displayed the strongest CD68 signals compared to
control. In ROI 1 (Figure 23F) and ROI 3 (Figure 23G), ipsilateral CD68 levels were nearly iden-
tical to the contralateral side’s signal in the control group as well as 15 minutes and 24h after TBI;
later after TBI, there is a significant increase with a maximum at seven days (ROI 1: 7 days post-
TBI: 370.0 + 257.4% of the contralateral, p=0.0053, 1 month: 196.2 + 50.7%, p=0.0001, ROI 3:
seven days post-TBI: 251.0 + 98.4% of the contralateral, p=0.0066, 1 month: 172.0 + 53.0%,
p=0.1777, Figure 23F and G). 12 months post-TBI, C68 fluorescence intensity levels returned to
baseline values to 98.0 + 27.6%, p=0.3838 in ROI 1 and 92.9 + 21.5%, p=0.3838 in ROI 3.
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Figure 23: CD68 fluorescence intensity analysis in different ROls for control and time points 15 min, 24 h, 7 d, 1
mo, 3 mo, 6 mo and 12 mo post TBI. (A) Exemplary CD68 fluorescence intensity staining’s of coronal brain sections
with five ROls in the ipsilateral and the respective ROls in the contralateral hemisphere of sham 24 h, 3 mo and 6 mo post
TBI mice, scale bar = 1 mm. (B) CD68 fluorescence intensity in naive and sham mice at the five ROlIs in the ipsilateral vs.
the five respective ROIs in the contralateral hemisphere. (C) CD68 fluorescence intensity of the ipsilateral hemisphere
across five ROIs. (D) CD68 fluorescence intensity of the contralateral hemisphere across five ROls. (E) CD68 fluores-
cence intensity of the ipsilateral normalized to the contralateral hemisphere across five ROls. (F) CD68 fluorescence
intensity of the ipsilateral normalized to the contralateral hemisphere at ROl 1. (G) CD68 fluorescence intensity of the
ipsilateral normalized to the contralateral hemisphere at ROI 3. Data are shown as Mean + SD; t-test, *=p<0.05 vs. control,
**=p<0.01 vs. control, ***=p<0.001 vs. control, ****=p<0.0001 vs. control, n=1 per naive, n=5 per sham, n=5 per TBI.

To analyze microglia activation, a 2D colocalization of CD68 and Iba-1 stained sections was per-
formed in five ROIs in the ipsilateral and the corresponding ROls in the contralateral hemisphere
(see Figure 10 and Figure 24A). Again, naive and sham groups were merged as a control group
as no significant difference in the CD68/Iba-1 ratio was seen between them (mean CD68/Iba-1
ratio for ROIs 1-5 for control: 90.3 + 35.5 AU Figure 24B). In the ipsilateral hemisphere, the
CD68/Iba-1 ratio reaches its maximum at seven days after TBI in ROl 1 (137.8 + 19.0 AU
p=0.0097 vs. control) and 2 (148.6 + 36. 9 AU p=0.0074 vs. control) and then returns to base-
line/control values in the following time points at one month, three months six months and 12
months (Figure 24C). In the contralateral hemisphere, no ROI showed a significant higher micro-
glia activation than the control group at any time point after TBI (Figure 24D).
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Figure 24: CD68/Iba-1 fluorescence intensity analysis in different ROIs for control and time points 15 min, 24 h, 7
d, 1 mo, 3 mo, 6 mo and 12 mo post TBI. (A) Exemplary CD68 (magenta) and Iba-1 (green) fluorescence intensity
staining’s in ROI 1 of sham 24 h, 3 mo and 6 mo post TBI mice, scale bar = 20 um. (B) CD68/Iba-1 fluorescence intensity
in naive and sham mice at the five ROIs in the ipsilateral vs. the five respective ROlIs in the contralateral hemisphere. (C)
CD68/Iba-1 fluorescence intensity of the ipsilateral hemisphere. (D) CD68/Iba-1 fluorescence intensity of the contralateral
hemisphere.. Data are shown as Mean + SD; t-test, *=p<0.05 vs. control, **=p<0.01 vs. control, ***=p<0.001 vs. control,
****=p<0.0001 vs. control, n=1 per naive, n=5 per sham, n=5 per TBI.

3.24.2 Assessment of Microglia Activation by 3D CD68/Iba-1 Colocalization

To further characterize the spatial pattern of microglia activation, a 3D analysis of CD68 and Iba-
1 colocalization was carried out. Figure 25A illustrates the 3D analysis for sham 24-hours and
time points 24 hours and six months after TBI. The analysis was performed in ROl 1 and 2 at the
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lesion margin in the striatum and cortex and the counterparts in the contralateral hemisphere (ROI
3 and 4) (see Figure 11) for a control group (naive and sham animals, Figure 25B) and the
following time points after TBI: 24 hours, seven days, and six months. Ipsilaterally, the CD68 and
Iba-1 positive signal peaks in ROI 1 at 24 hours after TBI (21.6 £ 8.1 mm?, p=0.0005, Figure
25C), followed by a slight decrease at seven days (18.4 + 10.5 mm?, p=0.0076) and six months
(16.6 £ 5.6 mm?, p=0.0005); however, at six months there is still a consistently higher microglia
activation compared to control animals (3.5 + 2.14 mm?). Also, the contralateral hemisphere re-
veals a significant increase in activated microglia compared to controls (for ROI 3 - control group:
2.5 = 1.0 mm?; 24 hours: 8.4 + 4.4 mm3, p=0.0102, seven days: 9.5 = 7.4 mm?, p=0.0470, six
months: 10.4 £ 2.9 mm3, p<0.0001, for ROI 4 - control group: 2.6 = 1.8 mm3; 24 hours: 9.0 + 2.9
mm?3, p=0.0015, seven days: 16.3 + 17.9 mm?, p=0.0924, six months: 10.4 + 3.1 mm?3, p=0.0006).

Overall, the 3D colocalization of CD68 with microglia indicates that microglia activation peaks in
the ipsilateral hemisphere 24 hours to seven days after a traumatic brain injury (TBI) and remains
elevated for up to six months after the injury without declining to pre-trauma levels. There is also
a significant, albeit lower activation in the contralateral hemisphere, which peaks at 6 months after

the injury.
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Figure 25: CD68/Iba-1 volume analysis in ROI 1, 2, 3 and 4 for control and time points 24 h, 7 d, and 6 months
post TBI. (A) Sample pictures of the Imaris analysis showing different 3D images of CD68 (magenta), Iba-1 (green) and
Dapi (blue) stainings in sham 24 h, 24 h and 6 months post TBI mice, scale bar = 20 um (B) CD68/Iba-1 volume in naive
and sham mice at the two ROls in the ipsilateral vs. the two respective ROlIs in the contralateral hemisphere. (C) CD68/Iba-
1 volume at the two ROIs in the ipsilateral and the two respective ROls in the contralateral hemisphere for control and
time points 24 h, 7 d and 6 mo post TBI. (D) CD68/Iba-1 volume of the ipsilateral normalized to the contralateral hemi-
sphere at the two ROls for control and time points 24 h, 7 d and 6 mo post TBI. Data are shown as Mean + SD; t-test,
*=p<0.05 vs. control, **=p<0.01 vs. control, ***=p<0.001 vs. control, ****=p<0.0001 vs. control, n=1 per naive, n=5 per
sham, n=5 per TBI.

3.3 Assessment of the Cerebral Microvasculature

3.3.1 Astrocyte Coverage of Micro Vessels

The neurovascular unit (NVU) is a structural and functional component of the central nervous
system that describes the close interaction between neurons, glial cells (astrocytes and micro-
glia), and blood vessels [159]. Dysfunction in this unit has been linked to a number of neurological
conditions, including traumatic brain injury [157]. A central part of the NVU is an adequate cover-
age of cerebral micro vessels with astrocytic end feet. This was examined using the CD31, an
endothelial cell marker that lines the inner surface of blood vessels [273] and Aqp4, a water chan-
nel protein that is primarily expressed in astrocytic end feet [267]. These markers were examined
in the cortex at the lesion margin (ROI 2) and in the mirror-inverted ROl in the contralateral hem-
isphere (ROI 4) (see Figure 13).

Firstly, the Aqp4 fluorescence intensity was measured (Figure 26A to C). The Aqp4 fluorescence
intensity in the ipsilateral hemisphere (ROI 2) increased minimally but still significantly from a
baseline of 1.0 x 10" + 1.8 x 10% AU in control animals to 1.3 x 107 + 9.4 x 10° AU at 24 hours
after trauma (p=0.0146 vs. control, Figure 26C). Seven days after the TBI, it fellto 1.2 x 107 £ 2.5
x 10% AU (p=0.3839), about the same as pre-trauma levels. Six months after TBI (1.3 x 107 £ 3.6
x 108 AU, p=0.1161 vs. control), there was no difference compared to the control group (Figure
26C). The contralateral hemisphere did not show any significant increase or decrease of Aqp4
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fluorescence intensity at any time point,

animals (Figure 26C).
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Figure 26: Agqp4 analysis in ROI 2 and 4 in the cortex for control and time points 24 h, 7 d and 6 mo post TBI. (A)
Exemplary Agp4 fluorescence intensity staining’s at ROI 2 in the ipsilateral cortex in sham 24 h, 7 d and 6 mo post TBI
mice, scale bar = 20 um. (B) Aqp4 fluorescence intensity in naive and sham mice at ROI 2 in the ipsilateral vs. the
respective ROI 4 in the contralateral hemisphere. (C) Agp4 fluorescence intensity at ROI 2 in the ipsilateral and ROI 4 in
the contralateral hemisphere for control and time points 24 h, 7 d and 6 mo post TBI. (Data are shown as Mean + SD; t-
test, *=p<0.05 vs. control, **=p<0.01 vs. control, ***=p<0.001 vs. control, ****=p<0.0001 vs. control, n=1 per naive, n=5

per sham, n=5 per TBI.
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Next, the intensity of CD31 fluorescence was measured. Once more, there was no discernible
difference between naive and sham animals (Figure 27B), hence they were combined as a con-
trol group. The endothelial cell marker, CD31, demonstrated a significant decline in the ipsilateral
hemisphere (ROI 2), with a minimum at 24 hours post TBI of 7.0 x 10° + 1.6 x 10° AU, p=0.0103
vs. control, compared to the pre-trauma baseline of 9.8 x 10° + 1.2 x 10° AU (Figure 27C). After
that, CD31 fluorescence intensity increased to pretrauma levels (8.7 x 10° + 3.7 x 10° AU at
seven days, p=0.5122; 10.6 x 10 + 2.1 x 10% AU at 6 months, p=0.4969). In the contralateral
hemisphere there were no significant variations from control animals at any of the time points
(Figure 27C).
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Figure 27: CD31 analysis in ROI 2 and 4 in the cortex for control and time points 24 h, 7 d and 6 mo post TBI. (A)
Exemplary CD31 fluorescence intensity staining’s at ROI 2 in the ipsilateral cortex in sham 24 h, 7 d and 6 mo post TBI
mice, scale bar = 20 um. (B) CD31 fluorescence intensity in naive and sham mice at ROI 2 in the ipsilateral vs. the
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respective ROI 4 in the contralateral hemisphere. (C) CD31 fluorescence intensity at ROI 2 in the ipsilateral and ROI 4 in
the contralateral hemisphere for control and time points 24 h, 7 d and 6 mo post TBI. Data are shown as Mean + SD; t-
test, *=p<0.05 vs. control, **=p<0.01 vs. control, ***=p<0.001 vs. control, ****=p<0.0001 vs. control, n=1 per naive, n=5
per sham, n=5 per TBI.

Using the CD31 and Agp4 markers, the proportion of the endothelial cell surface that was covered
by astrocytes was examined to assess the astrocyte coverage of microvessels. In healthy brains,
98% of the endothelial surface is covered by Aqp4 astrocytic endfeet [182, 274], thus the cover-
age analysis serves as a surrogate marker to evaluate the NVU integrity. Based on the ipsilateral
hemisphere (ROI 2), the mean baseline coverage in the control was 65.8 + 8.1% (Figure 28C)
with no difference in the percentage of CD31 covered by Agp4 between naive and sham mice
(Figure 28B). 24 hours after TBI, there was no significant difference (67.6 + 15.7%, p=0.8089) to
the baseline coverage, but after seven days, there was a tendency toward a decreased vascular
coverage of 56.3 + 7.2%, p=0.0729 but there was still no significant difference to the control (Fig-
ure 28C). Six months after the TBI, values returned to baseline levels (p=0.5311). However, the
percentage coverage after half a year remained lower than it was in the absence of a TBI when
comparing the same ROIs with each other (Figure 28C). The result was comparable in the con-
tralateral hemisphere (ROI 4), showing a significant decline, seven days following TBI (52.5 +
9.3%, p=0.0007, Figure 28C). Overall, in both the ipsilateral and contralateral hemisphere, the
astrocyte coverage of endothelial cells decreased at 7 days after TBI; over a course of six months
after TBI, this decrease recovered back to baseline.
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Figure 28: Percentage of CD31 covered by Aqp4 analysis in ROl 2 and 4 in the cortex for control and time points
24 h, 7 d and 6 mo post TBI. (A) Exemplary thresholded CD31 (black) with a masked Aqp4 (yellow) channel at ROI 2 in
the ipsilateral cortex in sham 24 h, 7 d and 6 mo post TBI mice, scale bar = 20 um. (B) Percentage of CD31 covered by
Aqgp4 fluorescence in naive and sham mice at ROI 2 in the ipsilateral vs. the respective ROI 4 in the contralateral hemi-
sphere. (C) Percentage of CD31 covered by Agp4 fluorescence at ROI 2 in the ipsilateral and ROI 4 in the contralateral
hemisphere for control and time points 24 h, 7 d and 6 mo post TBI. Data are shown as Mean + SD; t-test, *=p<0.05 vs.
control, **=p<0.01 vs. control, ***=p<0.001 vs. control, ****=p<0.0001 vs. control, n=1 per naive, n=5 per sham, n=5 per
TBI.

3.3.2 Blood-Brain Barrier Disruption

BBB dysfunction is a thought to play a major role in the pathophysiology of posttraumatic brain
damage [74]. Therefore, we assessed BBB integrity by Laminin staining, which is part of the basal
membrane of brain blood vessels [275] that provides structural support to the endothelial cells
and aids in regulating the permeability of the BBB. To further demonstrate BBB leakage following
traumatic brain injury, albumin, the biggest intravascular molecule that can only cross into the
perivascular space when the BBB is compromised, was utilized as a marker [74]. Two separate
ROIs were used to determine the albumin that was discovered to be outside of the laminin-marked
vessels: ROI 1 in the striatum at the lesion border and ROI 2 in the cortex at the lesion border,
with the matching ROls 3 and 4 in the contralateral hemisphere (see Figure 15).

Extravascular albumin fluorescence intensity in the sham and the naive groups did not differ,
therefore they were combined as the control group in the subsequent analyses (Figure 29B). In
the ipsilateral hemisphere, extravascular albumin in ROI 1 (Figure 29C) significantly increased at
24 hours (maximum albumin fluorescence intensity: 5.3 + 2.3 x 106 AU, p=0.0021); in the following
six months after TBI, albumin fluorescence intensity declined. ROI 2 in the cortex displays two
minor peaks of extravascular albumin at 24 hours and seven days after traumatic brain injury
(highest albumin fluorescence intensity: 2.4 + 1.4 x 10° AU and 2.5 + 1.4 x 10° AU, respectively,
Figure 29C), after which there is a sharp decline to baseline values from one month to six months
after trauma.
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Figure 29: Extravascular albumin analysis in ROI 1, 2, 3 and 4 for control and time points 24 h, 7 d, 1 mo, 3 mo
and 6 mo post TBLI. (A) Exemplary albumin fluorescence intensity staining’s at ROI 2 in the ipsilateral cortex in sham 24
h, 7 d and 6 mo post TBI mice, scale bar = 20 um. (B) Extravascular albumin fluorescence intensity in naive and sham
mice at the two ROlIs in the ipsilateral vs. the two respective ROls in the contralateral hemisphere. (C) Extravascular
albumin fluorescence intensity at ROl 1 and 2 in the ipsilateral and the respective ROI 3 and 4 in the contralateral hemi-
sphere for control and time points 24 h, 7 d 1 mo, 3 mo and 6 mo post TBI. Data are shown as Mean + SD; t-test, *=p<0.05
vs. control, **=p<0.01 vs. control, ***=p<0.001 vs. control, ****=p<0.0001 vs. control, n=1 per naive, n=5 per sham, n=5
per TBI.
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3.4 Neurodegeneration

Dementia and persistent neurodegeneration have been linked to traumatic brain injury [42].
Among the chronic neurodegenerative disorders that may follow TBI, the association with Alz-
heimer disease (AD) has the strongest support [190]. We investigated the anti-beta-amyloid pre-
cursor protein (betaAPP) monoclonal antibody 6E10, which is normally elevated in AD models
[276], at 24 hours and 12 months post TBI across the whole brain. The fluorescence intensity of
the amyloid beta-peptide in the naive and sham groups did not differ significantly (Figure 30B).
As shown in Figure 24C, acutely after TBI, at 24 hours, there was already a 138% increase in
amyloid beta-peptide fluorescence intensity when normalized to the control (p<0.0001) and 12
months after a 40% increase (p<0.0001). However, due to lack of tissue in the 12-month groups,
only three animals could be assessed for this analysis, therefore the results need to be interpreted
cautiously.
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Figure 30: AB fluorescence analysis for control and time points 24 h and 12 months post TBI. (A) Exemplary Ap
fluorescence intensity stainings of coronal brain sections of sham 12 months and 12 months post TBI mice, scale bar = 1
mm. (B) AB fluorescence intensity in naive and sham mice of the whole brain section. (C) Ap fluorescence intensity of the
whole brain section normalized to control at time points 24 h and 12 months post TBI. Data are shown as Mean + SD; t-
test, *=p<0.05 vs. control, **=p<0.01 vs. control, ***=p<0.001 vs. control, ****=p<0.0001 vs. control, n=3 per naive/sham
24 h, n=9 per sham 12 months, n=3 per TBI 24 h, n=9 per TBI 12 mo.

Traumatic brain injury also causes neuronal loss [277]. Thus, NeuN was used as a neuronal cell
body marker and counted in the ipsilateral cortex next to the lesion margin (ROl 2) and in the
corresponding area of the contralateral cortex (ROI 4), to asses neuronal cell loss after TBI. There
were no variations in the NeuN cell count between sham and naive mice (Figure 31B). 24 hours
post TBI, neuronal cell count decreased, reaching a minimum at seven days, and then returning
to baseline levels at six months after TBI (Figure 31C). TBI results in both acute and subacute
neuronal loss up to seven days after the injury, with recovery occurring six months later.
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Figure 31: NeuN analysis at ROl 2 and 4 in the cortex for control and time points 24 h, 7 d and 6 mo post TBI. (A)
Exemplary NeuN stainings in sham 24 h, 7 d and 6 mo post TBI mice, scale bar = 20 um. (B) NeuN cell count in naive
and sham mice at ROI 2 in the ipsilateral vs. the respective ROI 4 in the contralateral hemisphere. (C) NeuN cell count at
ROI 2 in the ipsilateral and the respective ROI 4 in the contralateral hemisphere for control and time points 24 h, 7 d and
6 mo post TBI. Data are shown as Mean + SD; t-test, *=p<0.05 vs. control, **=p<0.01 vs. control, ***=p<0.001 vs. control,
****=p<0.0001 vs. control, n=1 per naive, n=5 per sham, n=5 per TBI.
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4. Discussion

4.1 Discussion of the Methods

4.1.1 Selection of the Experimental Animal Species

The current study utilized male C57BI/6 mice as the experimental model. Mice are most com-
monly chosen for TBI research due to several advantages over rats: they reproduce quickly and
cost-effectively, and their genetic makeup can be modified to create specific strains. Additionally,
our lab has extensive experience conducting CCl experiments in mice, allowing for comparisons
with previous studies [256, 257, 258, 278, 279, 280, 281, 282, 283, 284, 285, 286, 287, 288, 289,
290, 291, 292].

Young adult male mice were selected to avoid the potential influence of female hormones like
estrogen and progesterone, which can affect secondary brain injury and outcomes in TBI models
[293, 294, 295]. Since this study is the first of its kind, the main goal was to focus on understanding
the long-term alterations and timeline after TBI, however future research will need to include fe-
male and older mice as well as humans for broader validation. Furthermore, it will be crucial to
explore the relevance of these findings in larger animal models, such as those in gyrencephalic
brains, as opposed to the lissencephalic brains of mice. This will provide critical insights into the
potential translational value of the results for humans. The mouse model also raises some con-
cerns, such as the animal's small size, which makes surgical preparation and manipulation more
difficult. Nonetheless, this can be addressed with the intraoperative application of surgical micro-
scopes, microsurgical methods, and sufficient surgical training. Moreover, although drug metab-
olism in mice differs significantly from humans, this was not a concern in this purely observational
study without pharmacological interventions [296, 297]. Overall, considering the advantages and
drawbacks, the mouse model was deemed appropriate and well-suited to meet the objectives of
this study.

4.1.2 Selection of the Traumatic Brain Injury Model and Survival Times

Traumatic brain injury presents a complex and multifaceted pathology influenced by numerous
cerebral and extracerebral factors, making it impossible for any single experimental model to fully
replicate all aspects of its pathophysiology. Over the decades, several animal models have been
developed to study TBI mechanisms, each with distinct strengths and limitations [298, 299, 300].
Importantly, the choice of model must consider not only the specific research objectives but also
the model's ability to replicate relevant aspects of human TBI. A model of isolated head damage
was chosen because the goal of the current investigation was to assess the impact of a single
brain trauma, even though some individuals experience TBI in the context of multiple/multi-organ
injuries.

One of the significant challenges with animal models is their inherent specificity: each model re-
flects a particular pathoanatomic type of injury and is influenced by factors such as the species'
age, sex, and genetic background [117, 301]. These variables limit the ability of any single model
to capture the full spectrum of primary and secondary damage observed in human TBI. The di-
versity of injury mechanisms and the multitude of factors contributing to individual outcomes in
patients further underscore this limitation.
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For the present study, the controlled cortical impact (CCI) model was selected. This model, es-
tablished by Lighthall and refined for rodents, provides a high degree of reproducibility, inter- and
intra-observer stability and experimental control by allowing precise adjustments to all parameters
determining contusion size, such as impact depth, velocity, and duration [249, 300]. An impact
depth of 1 mm, an impact velocity of 8 m/s, and a dwelling time of 150 m/s was chosen for the
current study. These parameters produce a midsized to large contusion with a well-quantifiable
secondary lesion expansion of roughly 60% of the initial tissue lesion [64, 256, 257] which is
present in over 2/3 of severe human TBI cases [37]. Furthermore, the CCI mainly leads to contu-
sional brain damage, which is a crucial aspect of the pathophysiology of human TBI [75]. On the
other hand, diffuse axonal injury and other damage patterns are not the main characteristics of
the CCI model. Moreover, this model also replicates secondary injury processes, including intra-
cranial hypertension [256, 257, 284] cerebral ischemia [281], progressive neuronal death, neu-
roinflammation, and brain edema [257, 302], aligning well with data from human clinical observa-
tions. Likewise, this model produces consistent neurological deficits with low mortality, facilitating
behavioral assessments and longitudinal studies [256, 292]. In addition to rodents such as rats
[303, 304, 305], mice [306, 307], and ferrets [249, 308], the CCI has been effectively applied in
large animal models like swine [309, 310, 311] and non-human primates [312], where the patho-
physiology was equivalent to that of small animal studies, making it the ideal model for this study.

On the other hand, the free weight-drop model developed by Marmarou and colleagues induces
diffuse axonal injury, hippocampal cell death, parenchymal rupture, and subarachnoid hemor-
rhages but no contusions [252, 313]. This model, commonly used in larger rodents like rats, in-
volves dropping a defined weight, enclosed in a Plexiglas tube, vertically onto the closed skull. A
steel "helmet" or metal plate is affixed to the skull bone where the weight strikes to prevent bone
fractures (open TBI). While it allows adjustments in severity by altering drop height and weight,
limitations include potential re-hits [314] and lack of fixation [315]. Similarly, the fluid percussion
injury (FPI) model generates TBI through a fluid pressure wave delivered via a pendulum that
impacts a fluid-filled tube placed over the epidural space after craniotomy [316, 317]. FPI is com-
monly used in experimental TBI research because it mimics clinical contusion without skull frac-
tures and leads to neuronal damage, vascular disruption, and hemorrhages. However, it offers
limited biomechanical control and fails to capture the full complexity of human TBI. This led to the
pursuit of alternate models of TBI [318].

Considering all the previously discussed factors, we chose to use the CCI model due to our inter-
est in the pathophysiology of contusions, the model's excellent repeatability, the extensive expe-
rience with this model in our lab for more than 20 years, and the fact that it adequately models
the bulk of pathophysiological factors associated with TBI in humans. While limitations exist—
such as the inability to consistently induce diffuse axonal injury or model multiorgan trauma—the
CCI model captures critical aspects of TBI relevant to the study's aims. By focusing on a well-
defined injury type and secondary processes, the CCl model provides a robust platform for un-
derstanding pathophysiological mechanisms and evaluating potential therapeutic interventions,
while acknowledging the broader complexity and heterogeneity of human TBI.

Building on the strengths of the CCI model, this study is unique in its investigation of the acute,
subacute, and chronic phase of TBI. Time points for histochemical analyses were selected at 15
minutes, 24 hours, 1 month, 3 months, 6 months, and 12 months post-injury. While larger groups
and additional time points could be selected, this is not always feasible due to budgetary limita-
tions and ethical concerns about animal welfare. Notably, no other animal study to date in this
research field includes this many time points, particularly in the chronic phase, as most research
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focuses predominantly on acute changes following TBI. By expanding the analysis to long-term
time points, this study aims to elucidate how the effects of TBI evolve over time, providing novel
insights into the trajectory of long-term consequences and mechanisms of injury. This compre-
hensive approach underscores the importance of chronic-phase research to fully understand and
address the prolonged impact of TBI on affected individuals.

4.1.3 Possible Confounding Factors Affecting Traumatic Brain Injury Out-
come in Experiments

Aside from the type of TBI model, other aspects that are crucial for the long-term outcome after
TBI must be considered, including age and sex of laboratory animals, chemicals used for anes-
thesia, and the frequency of TBI.

4.1.3.1  Age and the Impact of Aging on Traumatic Brain Injury

The age of experimental animals significantly influences the outcomes of TBI studies. Older brains
show higher susceptibility to tissue damage and impaired recovery post-TBI, with increased neu-
ronal loss and larger lesion volumes compared to younger brains [130, 319]. Moreover, aging
leads to elevated protein expression levels involved in tissue response and morphological
changes in the brain [320, 321]. For example, RNA sequencing revealed that astrocytes alter their
transcriptome and become reactive in a region-dependent way during ageing [322]. Microglia also
change morphologically and functionally over time, leading to senescence or dystrophic condi-
tions [323]. These findings highlight the age-dependent nature of TBI pathology. However, com-
monly used animal models often fail to replicate the complexities of aging, including comorbidities
and hormonal fluctuations [324], which are common in elderly populations and significantly impact
TBI outcomes [325]. The inclusion of naive and sham young and old mice as controls in this study
highlights the effort to identify and decipher age-related alterations in the research. Despite these
limitations, experimental research underscores the importance of age as a critical factor in under-
standing TBI pathophysiology and tailoring therapeutic interventions for aging populations. There-
fore, this study must be elaborated in aging mice as well as this study only used young mice.

4.1.3.2 Sex Differences

Sex differences significantly influence the outcomes and progression of TBI, making them a criti-
cal consideration in experimental research and clinical studies. Epidemiological studies indicate
that TBI is more common in men than in women [17, 27], but the unequal distribution of sexes in
research samples can lead to biased interpretations [326, 327, 328]. Hormonal differences, par-
ticularly the effects of progesterone and estrogens like estradiol, play a significant role in TBI
outcomes, influencing inflammation and injury response [329, 330, 331]. Males often exhibit
heightened inflammatory responses, including elevated levels of pro-inflammatory cytokines and
a more robust activation of microglia and astrocytes, which can exacerbate secondary damage
[332]. In contrast, females tend to show a more balanced or even protective inflammatory re-
sponse, likely due to the neuroprotective effects of estrogens, which have been shown to reduce
oxidative stress, limit blood-brain barrier disruption, and modulate immune cell activity [332]. Ex-
perimental studies also report sex-based variations in lesion size [332] and behavioral outcomes
post-TBIl. Males frequently display larger lesions and greater neuronal loss, while females may
experience greater sensitivity to sensory stimuli and different recovery trajectories [332, 333, 334].
These findings emphasize the importance of considering sex differences in TBI research to im-
prove the accuracy and applicability of experimental results. A significant limitation of this study
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is the exclusive use of male mice, which excludes potential insights into sex-specific differences
and limits the generalizability of the findings to both sexes. The decision to use only male mice
was based on proof-of-principle considerations, as well as ethical and financial constraints, in-
cluding efforts to reduce the total number of animals used in accordance with animal welfare
guidelines. Male mice were chosen to establish a clear timeline and understanding of the pro-
gression of TBI in a controlled setting. Now that the trajectory of TBI has been characterized in
younger male mice, future studies should focus on investigating female mice to elucidate sex-
specific differences. Such research will be critical to highlighting how sex influences TBI pathol-
ogy, inflammation, and recovery, ultimately improving the relevance of experimental results to
diverse patient populations.

4.1.3.3 Anesthesia

The choice of drugs used for anesthesia is an important consideration in experimental TBI re-
search, as there are many substances that have been proven to directly influence brain physiol-
ogy and therefore may potentially confound results. Prolonged exposure to isoflurane or sevoflu-
rane has been shown to induce brain damage by triggering mechanisms like mitochondrial apop-
tosis, neuroinflammation, and neuronal death [335, 336]. Isoflurane, which was used in this study,
disrupts ion homeostasis, decreases the activity of neural enzymes, alters cellular morphology
and can increase intracranial pressure [337, 338, 339]. Microglial processes were noticeably
longer in both acute (one to two days post-surgery) and chronic studies (four months post-sur-
gery) when isoflurane was utilized [340]. In this study, the operation times for inducing TBI were
not precisely the same across all animals, as variations in the difficulty of performing the craniot-
omy occasionally extended the procedure. Efforts were made to standardize and closely match
operation durations through training and protocol refinement. However, differences in operation
and anesthesia duration could still influence long-term TBI outcomes, introducing a potential lim-
itation to the study.

Additionally, it is noteworthy that while sham mice displayed some elevated histochemical staining
compared to naive mice in certain analyses, these increases were never statistically significant.
This subtle elevation could potentially be attributed to the effects of anesthesia or the craniotomy
procedure itself. The craniotomy may induce some degree of indirect injury to the brain, particu-
larly as the drilling process might occasionally minimally touch the dura, potentially influencing
the brain's response. Other studies have already shown that the sham injury procedure can result
in mild neuroinflammation, especially if a craniotomy is performed [341, 342]. Such factors under-
score the importance of including sham and naive mice, meticulous surgical technique and careful
interpretation of sham controls in experimental TBI models.

4.1.3.4 Frequency of Traumatic Brain Injury

While this study focused on a single severe TBI, it is crucial to emphasize that the mechanisms
and outcomes of a single severe TBI are distinct from those of mild or repetitive mild traumatic
brain injuries (rmTBI). Chronic traumatic encephalopathy (CTE), which is often associated with
repetitive mild TBIs, represents a fundamentally different pathological process than the chronic
trauma consequences studied here. In cases of rmTBI, research has demonstrated a strong as-
sociation with long-term neurodegenerative conditions such as CTE, dementia, and Alzheimer’s
disease, particularly in individuals exposed to repeated head impacts, such as athletes and mili-
tary personnel [245, 343]. Additionally, an increased density of CD68+ cells and a changed mi-
croglial phenotype was found in post-mortem brains of American football players [344]. Overall,
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research has shown that cumulative damage from rmTBI leads to exacerbated brain injury, with
amplified inflammatory responses and neurodegeneration compared to single-impact injuries
[344]. Timing between injuries also plays a crucial role; repeated impacts within 24 hours signifi-
cantly worsen outcomes, whereas intervals of 48 hours or more result in damage similar to single
injuries [345, 346]. These complexities and the clinical significance of rmTBI underline the need
to expand this single TBI study on rmTBI.

4.1.4 Immunohistological Analysis

4141 Strengths and Limitations of the Neuroinflammation Analysis

The use of GFAP, Iba-1, and CD68 antibodies in this study provided valuable insights into neu-
roinflammation and glial activation following TBI, enabling a detailed analysis of both acute and
chronic phases. Each antibody offered distinct advantages that aligned with the study’s goals.
GFAP was instrumental in identifying and quantifying astrogliosis, providing clear visualization of
astrocyte activation and distribution patterns [264]. Iba-1 allowed for comprehensive evaluation
of microglial density, morphology, and spatial distribution [262], while CD68 served as a reliable
marker for identifying activated microglia and macrophages, correlating with their phagocytic ac-
tivity and immune response [263]. The combination of these markers offered a multidimensional
perspective on neuroinflammation, encompassing both structural and functional changes in glial
cells.

However, there are some restrictions on these immunohistochemical markers. For instance, while
GFAP is a widely used and specific marker for detecting reactive astrocytes [130], its reliability as
an indicator of astrogliosis severity has been questioned. Various studies have highlighted varia-
bility and unreliability in GFAP expression across astrocytic populations [347, 348, 349] including
the identification of “GFAP-negative” astrocytes [350, 351, 352]. This designation may stem from
GFAP expression levels being below detection thresholds or from technical factors such as par-
aformaldehyde fixation masking GFAP, particularly in gray matter regions [353]. Despite these
limitations, GFAP remains valuable for investigating injury-induced astrogliosis, though findings
should ideally be corroborated with additional markers to account for astrocyte heterogeneity and
ensure a comprehensive analysis.

Similarly, Iba-1, while considered a gold standard for visualizing microglia, presents challenges
that may complicate interpretation. One limitation is its lack of specificity, as Iba-1 also stains
perivascular macrophages, which can lead to difficulty distinguishing between these cells and
microglia in certain contexts [354, 355]. This overlap can obscure the precise characterization of
microglial-specific responses, particularly in regions where perivascular macrophages are abun-
dant or have been recruited during an immune response. Additionally, Iba-1 staining does not
provide direct information about the functional state of microglia, such as their cytokine production
or antigen-presenting capabilities, limiting its utility in fully characterizing the spectrum of micro-
glial activation states [354, 356].

CD68 is a well-established marker for identifying activated microglia and macrophages due to its
association with lysosomal activity [263]. However, this specificity also narrows its scope, as
CD68 primarily highlights phagocytic activity and does not adequately capture other activation
states of microglia and macrophages, such as those involving inflammatory signaling or neuro-
protective roles [357, 358]. This limitation means that CD68 alone cannot fully depict the functional
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diversity of microglial responses to TBI. Furthermore, reliance on CD68 may underrepresent pop-
ulations of microglia or macrophages that are metabolically active but not engaged in phagocyto-
sis.

The imaging protocol itself, while robust, introduced certain limitations. Most of the analysis fo-
cused on pre-determined regions of interest (ROIs) that were normalized to contralateral areas,
but this approach may overlook systemic TBI effects that influence both hemispheres. This limi-
tation applies not only to the current analysis but extends to all subsequent analyses where spe-
cific ROIs were chosen, potentially missing nuanced or localized effects in other brain regions.
Additionally, another limitation of this study applying to all immunohistochemical analyses was
that while the normalization of fluorescence intensity to the contralateral hemisphere helped ad-
dress variability, it cannot entirely eliminate the influence of systemic TBI effects that might impact
both hemispheres.

Ultimately, while GFAP, Iba-1, and CD68 successfully captured key aspects of the neuroinflam-
matory response, their inherent limitations underscore the need for complementary approaches.
Methods such as single-cell sequencing or multiplex imaging could enhance our understanding
of the complex and dynamic glial responses following TBI, offering deeper insights into the nu-
anced roles of glial cells in the context of both injury and recovery.

4.1.4.2 Strengths and Limitations of Cerebral Microvessel and BBB Analysis

This study utilized advanced techniques to investigate the integrity of cerebral microvessels and
blood-brain barrier (BBB) functionality following TBI, providing critical insights into the structural
and functional changes that occur in these systems over time. By employing markers such as
CD31, laminin, and aquaporin-4 (Agp4), the analysis successfully captured detailed information
about vascular endothelial integrity [265] and astrocytic end-foot coverage [182], while parenchy-
mal albumin staining served as a reliable surrogate marker for BBB disruption [74]. Together,
these approaches highlighted key aspects of neurovascular unit (NVU) disruption and chronic
BBB impairment, shedding light on their roles in prolonged neuroinflammation, disrupted cerebral
blood flow (CBF), and cognitive decline.

The strengths of this analysis lay in its ability to assess microvascular and astrocytic components
of the NVU simultaneously, offering a comprehensive view of the structural interplay between
astrocytes and endothelial cells. The use of high-resolution imaging and quantitative fluorescence
analysis provided precise metrics for evaluating endothelial coverage by astrocyte end-feet and
the extent of BBB permeability. Normalizing these measures to the contralateral hemisphere
helped to account for individual variability of TBI. The time-course approach, spanning acute to
chronic phases post-injury, further enhanced the study's capacity to track the progression of cer-
ebral microvessel and BBB disruption, providing valuable temporal insights into the mechanisms
underlying long-term brain vulnerability.

However, there are limitations inherent to the methodology and markers employed. CD31 is an
effective marker for endothelial cells, yet it does not capture other critical components of the NVU,
such as pericytes, which play a pivotal role in BBB maintenance and neurovascular coupling [359,
360]. Similarly, while Agp4 effectively highlights astrocytic end-feet, its expression may be influ-
enced by regional variability or technical factors such as non-specific staining, particularly in areas
with high background fluorescence, as evident in this study. Notably, the Agp4 staining in this
study demonstrated suboptimal coverage, as astrocytic end-feet typically cover approximately
98% of blood vessels in a healthy brain [182]. In contrast, our control group only demonstrated
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66% coverage, indicating that a significant portion of Aqp4 coverage was missed. This discrep-
ancy underscores potential limitations in the staining protocol or tissue preparation, which may
have affected the reliability of the Aqp4 signal and reduced its ability to accurately reflect astrocytic
coverage of the vasculature. Moreover, the exclusion of striatal regions due to staining challenges
represents another limitation, as the striatum is known to be particularly susceptible to TBI-in-
duced changes. This gap may have limited the study's ability to fully characterize the spatial het-
erogeneity of microvascular responses.

The reliance on albumin as a marker of BBB disruption also has its constraints. While albumin
leakage into the parenchyma is a clear indicator of BBB permeability, it does not provide detailed
information on the specific mechanisms driving the disruption, such as endothelial cell damage,
tight junction protein degradation, or astrocytic dysfunction [361]. Moreover, the analysis at later
time points (e.g., 12 months post-TBI) would have enhanced the understanding of the chronic
progression of BBB dysfunction and its potential recovery.

In summary, while the analysis of cerebral microvessels, astrocytic end-feet, and BBB integrity
provided valuable insights into the pathophysiology of TBI, its limitations underscore the need for
complementary methods. Incorporating additional markers, such as those for tight junction pro-
teins or pericytes, and employing broader imaging techniques like whole-brain analyses or single-
cell sequencing, could yield a more comprehensive understanding of cerebral microvessels, as-
trocytic end-feet and BBB dynamics. Future studies addressing these gaps could enhance our
ability to identify therapeutic targets for mitigating long-term vascular and BBB dysfunction in TBI
survivors.

4.1.4.3 Strengths and Limitations of the Neurodegeneration Analysis

The analysis of neurodegenerative changes in this study highlighted both strengths and limita-
tions in the methodology, particularly regarding the use of the 6E10 antibody to investigate amy-
loid-beta (AB) accumulation. This antibody, which targets a fragment of the amyloid precursor
protein (APP) [268], was chosen for its ability to identify A pathology, a hallmark of Alzheimer’s
disease (AD) and a potential consequence of TBI [191, 194]. However, the use of the 6E10 anti-
body also posed certain limitations. While it effectively stained AR deposits, it did not capture all
aspects of the pathology. AB plaques and diffuse accumulations may vary in their binding affinity
to this antibody, and the analysis may have missed some forms of AB, such as oligomers or
truncated variants, which are also relevant in TBI associated AD pathology [362, 363]. Addition-
ally, variability in the staining quality, as evidenced by uneven fluorescence intensity and potential
background interference, could have affected the accuracy and consistency of the results. This
was particularly notable in areas with high autofluorescence or damaged tissue, where distin-
guishing specific antibody binding from nonspecific signals proved challenging.

Despite these limitations, the inclusion of the 6E10 antibody in this study allowed for a focused
exploration of AR dynamics in the context of TBI. While it may not encompass the full spectrum
of AB-related neurodegenerative changes, its findings contribute to the growing body of evidence
linking TBI to AD pathology. Future studies could complement this approach by using additional
antibodies targeting different AR species or by integrating other markers of neurodegeneration
[364], such as tau pathology [365, 366], to provide a more comprehensive picture of the chronic
impacts of TBI on brain health.

Furthermore, the analysis of neuronal cell count using NeuN staining provided insights into the
extent and temporal progression of neuronal loss following TBI. However, this analysis also had
its imitations. NeuN staining is restricted to neuronal cell bodies, potentially overlooking other
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critical neuronal components such as dendrites and axons, which are also susceptible to TBI
[367, 368]. Additionally, the focus on specific ROIs near the lesion may not fully capture the
broader spatial heterogeneity of neuronal damage throughout the brain [369]. Despite these con-
straints, the findings provide an important foundation for understanding neuronal dynamics post-
TBI and underscore the need for complementary methods to assess more comprehensive neu-
ronal and network-level changes.

4.2 Discussion of the Results

4.2.1 Neuroinflammation

42.1.1 Astrogliosis

The results of this study highlight the persistent and dynamic nature of astrogliosis following TBI,
evidenced by increased GFAP fluorescence intensity in the ipsilateral hemisphere over a period
of up to 12 months. Two distinct peaks in GFAP intensity were observed, one at seven days and
another at three months post-injury, suggesting an ongoing and phased astrocytic response. El-
evated GFAP levels were most pronounced near the lesion margin, particularly in the striatum,
whereas regions further away from the lesion and within the contralateral hemisphere showed
GFAP levels comparable to controls. Notably, GFAP fluorescence intensity did not return to base-
line levels even at 12 months, indicating that astrogliosis persists long-term following TBI and
contributes to sustained scar formation.

Comparing these findings with previous studies, several consistencies and distinctions emerge.
Consistent with earlier research, this study confirms that astrogliosis is an early and sustained
response to TBI, with astrocytes playing a central role in glial scar formation [120, 133, 134, 135].
The observed peak in astrocytic activity at seven days aligns with other studies documenting early
hypertrophy and proliferation of astrocytes post-injury [114, 124, 139, 156]. However, the persis-
tence of elevated GFAP levels at 12 months contrasts with studies suggesting resolution of as-
trogliosis within months [139], highlighting the importance of lesion severity, methodological dif-
ferences, and regional specificity in interpreting these outcomes.

The persistent elevation in GFAP and spatially localized scar formation underscore the potential
for chronic astrocytic dysfunction to influence long-term neurological outcomes. It is generally
believed that one of the factors preventing full recovery of the damaged tissue is the barrier cre-
ated by astrocytes that prevents axonal regrowth. Alternatively, Anderson et al. [370] showed that
by preventing astroglia scar formation axonal growth was inhibited in the injured spinal cord. How-
ever, as astrocytes modulate the extracellular matrix and inflammatory environment, their pro-
longed activation could hinder axonal regeneration, synaptic repair, and overall neural recovery
[120, 151, 152, 154, 155]. This aligns with evidence suggesting that dysregulated glial responses
may contribute to neurodegeneration and cognitive deficits in TBI survivors [114, 141, 146, 147,
148, 149]. These findings highlight the need for additional research to further understand the
precise processes by which glial cells influence post-injury recovery and to address the contra-
dictory findings in this area.

These results reinforce the need for therapeutic strategies targeting the chronic phase of TBI. By
modulating astrocytic activity and addressing the sustained inflammatory state, there may be po-
tential to improve structural and functional recovery post-TBI. Strategies to address astrocytic
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ECM alterations could promote axonal regeneration and improve recovery. Future research
should further elucidate the interplay between astrocytic and microglial responses over time, with
a focus on identifying windows for intervention that can mitigate the long-term impact of neuroin-
flammation on brain health.

4.21.2 Microglia

The study comprehensively assesses microglial density, morphology, and activation following TBI
over various time points, revealing dynamic neuroinflammatory responses. Iba-1 fluorescence
intensity quantification revealed microglial density in the ipsilateral hemisphere, reaching a peak
along the lesion border seven days after TBI and progressively reverting to baseline by 12
months. Contralateral hemisphere changes were minimal, however with significant increases at
15 minutes, one month, three months, and 12 months after TBI. Morphological analyses revealed
a reduction in microglial cell area and maximum span across hull, indicative of activation, with
similar values at both seven days and six months post-injury near the lesion borders and in the
contralateral cortex. The increased circularity of microglia in the cortex near the lesion border at
six months and the Sholl analysis, which verified decreased microglial ramifications at seven days
and six months, especially in the striatum and cortex near lesion borders, are additional indicators
of microglial activation. CD68 analysis, a marker of microglial activation, corroborated these find-
ings, showing a peak in immune activation at seven days post-TBI in the ipsilateral hemisphere,
followed by a gradual decline to baseline at 12 months. CD68/Iba-1 colocalization in 2D and 3D
analyses provided spatial insights, with the 3D approach highlighting a peak in activation at 24
hours, followed by sustained yet diminishing activity at seven days and six months post-TBI, which
was most pronounced in the ipsilateral but still significantly increased in the contralateral hemi-
sphere. Overall, the results underscore a distinct temporal and spatial pattern of microglial acti-
vation, peaking within the first week, persisting until 6 months and resolving over the course of 12
months.

The findings from this study align with and expand upon the body of existing research on chronic
neuroinflammation following TBI. Previous studies have demonstrated that microglial activation
persists in the chronic phase, characterized by sustained amoeboid morphology and prolonged
secretion of pro-inflammatory cytokines [120, 136, 137, 138]. Additionally, microglial activation
has been observed in human studies to last for several years, in some cases even up to 18 years
following the initial brain trauma, especially in cases of moderate-to-severe traumatic brain injury
[136, 137, 371]. Thus, temporal dynamics of neuroinflammation following TBI have been exten-
sively studied, yet gaps remain in our understanding of how microglial activation evolves across
specific time points after TBI. Various studies suggest that microglial density and activation typi-
cally peak within the first week post-injury, coinciding with the subacute inflammatory response
[114, 372], a finding that is consistent with our study results. Over the following weeks to months,
a gradual decline in microglial activation is generally observed, although the extent of this decline
varies based on injury severity, species, and the specific brain regions analyzed. For example,
an experimental closed-head TBI study highlighted that microglial activation and density remain
elevated compared to baseline levels even at 6 to 12 months post-injury throughout the entire
brain [114], suggesting that neuroinflammation may persist well into the chronic phase, maintain-
ing a state of low-grade inflammation that promotes neurodegenerative processes [12, 127, 227].
Another single moderate-level CCI study demonstrated microglial activation throughout 1-year
post-injury, expressed by major histocompatibility complex class Il, CD68, and NADPH oxidase
histological assessment at the margins of the expanding lesion [41]. The persistent microglial
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activation was also associated with progressive hippocampal neurodegeneration, lesion expan-
sion, and loss of myelin. These findings coincide with this study, but in contrast, we observed that
microglial density and activation had already reached control levels by 12 months.

One area of divergence in different studies is the involvement of the contralateral hemisphere.
While some studies did not investigate the contralateral hemisphere [41], other studies reported
variable changes in distant and contralateral brain regions from the TBI [114, 126, 136, 373]. This
study provides further evidence that both ipsilateral and contralateral regions exhibit prolonged
neuroinflammation, suggesting a more widespread systemic response than previously suspected.
However, this study also shows that the ipsilateral hemisphere is impacted much more signifi-
cantly than the contralateral, reinforcing the notion that TBI-induced damage is more pronounced
in the hemisphere directly affected by the injury. This finding may have important implications for
understanding the extent and nature of neuroinflammatory processes following traumatic brain
injury.

Importantly, no prior study has systematically examined microglial activation across this compre-
hensive range of time points, from 15 minutes, 24 hours, seven days, one month, three months,
six months, to 12 months post-TBI, making this investigation unique in its ability to elucidate the
temporal progression of neuroinflammation from the acute to chronic phases. This enhanced un-
derstanding of the inflammatory timeline has significant implications for therapeutic interventions,
as it provides critical insights into when and how anti-inflammatory strategies might be most ef-
fective in modulating the neuroinflammatory response to optimize recovery and minimize long-
term damage.

The persistence of microglial activation underscores the need for future research to identify opti-
mal windows for intervention and uncover critical pathways for therapeutic targeting, focusing on
modulating the balance between pro-inflammatory and anti-inflammatory responses and under-
standing the mechanisms driving the transition of glial cells from protective to detrimental roles.
Moreover, the chronic nature of these changes highlights the importance of long-term monitoring
and individualized rehabilitation for TBI survivors, addressing not only acute recovery but also the
lasting cognitive and structural deficits associated with prolonged neuroinflammation [114, 141,
142, 143, 146, 147]. Additionally, the development of biomarkers to monitor chronic neuroinflam-
mation in vivo could enhance early detection and intervention. The parallels between chronic
neuroinflammation in TBI and neurodegenerative diseases like Alzheimer’s and Parkinson’s [148,
149, 150] further underscore the broader implications of these findings, suggesting shared path-
ways that might be targeted for dual benefit. By bridging gaps in our understanding of chronic
neuroinflammation, this research provides a foundation for developing therapies aimed at mitigat-
ing the long-term effects of TBI and improving patient outcomes.

4.2.2 Cerebral Microvasculature

This study investigated the integrity and dynamics of the cerebral microvasculature, astrocytic
coverage of microvessels, and BBB disruption in both the ipsilateral and contralateral hemi-
spheres at acute and chronic time points post-TBI.

The assessment of Agp4 fluorescence intensity revealed subtle temporal changes in astrocytic
end feet coverage following TBI. In the ipsilateral hemisphere, Agp4 intensity increased signifi-
cantly at 24 hours, suggesting a rapid astrocytic response to trauma. However, this was followed
by a decline at seven days and a return to baseline levels by six months. These findings indicate
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an early upregulation of astrocytic water channels as a compensatory mechanism which normal-
izes over time, potentially supporting homeostasis and tissue repair, stabilizing the extracellular
environment and mitigating edema. Interestingly, the contralateral hemisphere showed no signif-
icant changes, highlighting the localized nature of astrocytic responses to focal injury. CD31 flu-
orescence intensity, a marker of endothelial cells, showed a significant decrease at 24 hours post-
TBI in the ipsilateral hemisphere, consistent with acute microvascular damage. The recovery to
baseline levels by seven days and six months suggests a partial restoration of endothelial integ-
rity. However, the transient reduction in astrocytic coverage of endothelial surfaces, peaking at
seven days post-TBI, particularly significant in the contralateral hemisphere, underscores a period
of vulnerability in NVU integrity, that may render the brain particularly susceptible to secondary
injury, such as inflammation, oxidative stress, or ischemia. This study's findings align with previ-
ous research indicating acute disruptions in cerebral microvasculature and subacute disruptions
of astrocytic end feet coverage following TBI [161, 162, 163, 183, 184]. However, our results
extend the existing body of knowledge by providing a more granular temporal analysis.

The study's examination of extravascular albumin fluorescence intensity provided compelling ev-
idence for BBB disruption following TBI. In the ipsilateral hemisphere, albumin fluorescence in-
tensity peaked at 24 hours in the striatum and showed minor but still significant elevations in the
cortex, followed by a progressive decline over the next six months without reaching control levels
in the striatum. The contralateral hemisphere did not show increased extravascular albumin fluo-
rescence intensity compared to the control. These results align with the known acute breakdown
of the BBB post-TBI and its gradual repair over time [175, 178, 188, 187]. However the two stages
of BBB breakdown with one peak after a few hours, followed by a decline and secondary delayed
peak after three to seven days, as described in various studies, has not been found [120, 185,
186]. It is likely that albumin leaks acutely during the first few days post-injury and subsequently
remains within the tissue, rather than continuing to extravasate, as a persistently open BBB over
the long term cannot be definitively demonstrated based on the available data. This interpretation
warrants caution, as while the observed fluorescence intensity indicates the presence of albumin
in the tissue over an extended period, this does not necessarily imply ongoing BBB leakage.
Instead, the data support the notion that extravasated plasma components, such as albumin, may
persist in the tissue and contribute to prolonged pathological mechanisms, including inflammation
and secondary injury processes. Moreover, there is insufficient data to determine whether the
persistent extravascular albumin in this study is a primary processes due to shear injury, impair-
ments in the regulation of the BBB, cerebral blood flow and metabolic processes, or a secondary
pathological event after TBI due to aberrant brain activity, metabolic abnormalities, inflammation-
related mechanisms, and astrocytic dysfunction [47, 177].

These findings have several important implications. First, the identification of a vascular and as-
trocytic vulnerability window highlights a potential timeframe for therapeutic interventions aimed
at stabilizing NVU integrity. Strategies to enhance astrocyte-endothelial interactions during this
phase could mitigate secondary injury and promote recovery. For example, therapies targeting
the upregulation of Agp4 through gene or protein therapy could enhance water regulation and
support vascular stability. Additionally, interventions aimed at reducing endothelial stress or pro-
moting angiogenesis, such as the vascular endothelial growth factor (VEGF) or anti-oxidative
compounds, could enhance microvascular repair [161, 374, 375].

The observed dynamics of BBB disruption, with early albumin leakage followed by delayed sec-
ondary leakage up to six months post-TBI, open new questions about the mechanisms driving
prolonged BBB dysfunction. This pattern may reflect ongoing inflammation, delayed endothelial
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repair, or cyclical vascular stress. Understanding these mechanisms could help refine therapeutic
windows and develop more effective interventions. Pharmacological agents such as matrix met-
alloproteinase inhibitors, which are known to protect BBB integrity [376, 377, 378] or targeted
delivery of neuroprotective agents [379, 380, 381] during this delayed phase, could represent
promising avenues for future research.

Despite advances in knowledge about cerebral microvasculature from this study, several ques-
tions remain unanswered. For instance: which molecular pathways drive the delayed reduction in
astrocytic coverage and prolonged BBB leakage, which role does systemic inflammation play in
NVU and BBB changes and how does NVU disruption affect long-term neurofunctional out-
comes? By addressing these unanswered questions and leveraging the therapeutic opportunities
identified, future research could significantly advance our understanding of TBI pathology and
improve patient outcomes.

4.2.3 Neurodegeneration

This study comprehensively evaluated the relationship between TBI and subsequent risks of neu-
ronal loss and amyloid-beta pathology. The results suggest that a single severe TBI is associated
with acute and chronic neuronal loss and increased amyloid-beta fluorescence intensity in the
brain, key hallmarks of neurodegenerative processes [191, 194].

Acutely, at 24 hours post-injury, there was a dramatic increase in AR fluorescence intensity, indi-
cating a rapid pathological response to trauma. This early surge may reflect an acute disruption
in amyloid precursor protein processing or clearance mechanisms, potentially exacerbated by
inflammation and oxidative stress. At the chronic time point of 12 months, AB fluorescence inten-
sity remained elevated, suggesting that TBI initiates long-lasting disruptions in amyloid metabo-
lism. These findings align with prior studies that associate TBI with increased vulnerability to AD
[42, 127, 189, 190]. However, the results of this study extend beyond the time frames typically
examined in prior experimental studies. While earlier experimental investigations often focused
on short-term outcomes (e.g., up to 28 days [242]), this study underscores the chronic nature of
TBIl-induced amyloid pathology, consistent with evidence from human postmortem studies show-
ing persistent AB and tau pathology decades post-injury [240, 241, 242]. It is worth noting, how-
ever, that the limited sample size for the 12-month group (n=3) necessitates cautious interpreta-
tion of these findings and warrants further replication in larger cohorts to confirm these results.

Acute neuronal loss, analyzed by the NeuN cell count, was evident as early as 24 hours post-
injury and peaked at seven days, marking a critical subacute phase of neuronal vulnerability.
Interestingly, neuronal cell counts returned to baseline levels by six months post-TBI, suggesting
a degree of neuroplastic recovery or compensatory mechanisms in the chronic phase. This bi-
phasic pattern of neuronal loss and recovery is consistent with prior observations of TBI-induced
neurodegeneration and highlights the dynamic nature of neuronal survival and repair processes
[13, 203, 204, 205]. The temporal alignment of peak AR accumulation with acute neuronal loss
raises questions about the interplay between amyloid pathology and neuronal degeneration in the
aftermath of TBI.

Moreover, the experiments conducted in our lab by Dr. Xiang Mao showed that gradual neurocog-
nitive changes were closely linked to significant histopathological alterations, specifically progres-
sive brain atrophy and hippocampal damage in mice [64] (see Figure 2). The CCI resulted in
notable and progressive impairments across several domains, including body weight reduction,
motor deficits, memory decline, and depressive-like behavior [64]. Over time, the extent of tissue
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loss increased steadily, peaking at 360 days post-injury. Histological analysis revealed significant
atrophy in the ipsilateral hemisphere, ipsilateral white matter tracts, and both the ipsilateral and
contralateral lateral hippocampus [64].

These findings carry significant implications for understanding the long-term consequences of
TBI. The sustained elevation of AR peptide fluorescence intensity up to 12 months post-injury
reinforces the idea that TBI could predispose individuals to AD-like pathology. This opens ave-
nues for early therapeutic interventions targeting amyloid processing pathways to mitigate the risk
of chronic neurodegeneration after TBI. The transient neuronal loss observed within the first week
post-injury suggests a window of heightened vulnerability that may benefit from neuroprotective
strategies. Therapies aimed at reducing excitotoxicity, oxidative stress, or inflammation during
this critical period could enhance neuronal survival and potentially prevent long-term deficits.

Future research should address several open questions: what molecular pathways drive the sus-
tained elevation of A levels post-TBI, and how do these interact with neuronal loss and recovery
mechanisms? How do AR accumulation and neuronal loss vary across different brain regions,
and how do these patterns correlate with functional impairments?

Potential explanations for the positive correlation between TBI and dementia/AD risk have been
put forth. The pathophysiology of dementia has been thought to be significantly influenced by
blood-brain barrier disruption [231]. The disruption of the blood-brain barrier caused by TBI may
result in leukocyte infiltration and microglial activation. In addition, neurodegenerative disease
has been linked to B-amyloid pathology, tau deposition, vascular injury, chronic neuroinflamma-
tion, mitochondrial function, and white-matter degeneration in TBI patients [148, 190, 208, 382,
383, 384, 385]. Understanding how these factors interact over time will be crucial for delineating
the mechanistic link between TBI and neurodegeneration, ultimately guiding future therapeutic
strategies.

Building on these findings, potential therapeutic strategies to mitigate the long-term neurodegen-
erative consequences of TBI are emerging as critical areas of focus. Targeting chronic neuroin-
flammation with anti-inflammatory therapies, such as microglial modulators and cytokine inhibi-
tors, offers promise for slowing the progression of post-TBI neurodegeneration [121]. Interven-
tions aimed at reducing protein pathology, including clearing toxic aggregates like amyloid-beta
(AB) and tau or preventing their formation, may delay the onset of neurodegenerative diseases.
For example, anti-amyloid therapies, such as B-secretase inhibitors or monoclonal antibodies,
could be explored for their potential to prevent chronic AR accumulation [386, 387]. Similarly,
neuroprotective agents and rehabilitation strategies during the acute phase might limit neuronal
loss and enhance recovery [196, 388]. Furthermore, leveraging biomarkers such as reduced AR
levels in cerebrospinal fluid or imaging evidence of tau deposition after TBI can enable earlier
diagnosis and intervention, potentially improving outcomes for TBI survivors.

The overlapping pathophysiology between TBI and disorders like Alzheimer’'s disease under-
scores the urgent need for comprehensive research into these therapeutic strategies. By address-
ing neuroinflammation, protein aggregation, and vascular dysfunction, we may alter the trajectory
of post-TBI neurodegeneration and significantly improve long-term outcomes for affected individ-
uals. In conclusion, this study underscores the intricate and evolving nature of neurodegeneration
following TBI, providing a foundation for future investigations into the mechanisms linking TBI to
chronic neurodegenerative diseases.
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4.3 Conclusion

In conclusion, this study highlights the complex and prolonged neuroinflammatory, vascular, and
neurodegenerative responses following TBI (see Figure 32). The persistent activation of glial
cells, particularly astrocytes and microglia, coupled with ongoing disruptions to the blood-brain
barrier and cerebral microvasculature, suggests that TBI triggers a series of chronic pathological
processes over many months that may contribute to long-term cognitive deficits and increased
susceptibility to neurodegenerative diseases such as Alzheimer's. The findings underscore the
need for targeted therapeutic strategies that address these prolonged inflammatory and patho-
logical changes to mitigate the long-term impact of TBI. Further research is essential to refine our
understanding of the molecular mechanisms involved, and to identify effective intervention win-
dows that can ultimately reduce the risk of chronic neurodegeneration and improve the quality of
life for TBI survivors.

The histopathological and MRI findings from Dr. Xiang Mao provide crucial insights into the pro-
gressive nature of tissue damage following TBI and were the foundation for the research question
addressed in this study. Specifically, Dr. Xiang Mao’s study, conducted in our lab, identified the
phenomenon of lesion expansion after experimental TBI that progressed almost linearly over
time, prompting us to investigate the cellular pathological processes driving this pathology [64]. It
was observed that the defect volume in the traumatized hemisphere significantly increased over
time, with the lesion expanding from 7 days up to 12 months post-injury (see Figure 2) [64].
Alongside this, progressive hemispheric atrophy, white matter injury (e.g., thinning of the corpus
callosum), hydrocephalus characterized by ventricle enlargement, and hippocampal damage
were noted [64]. The hippocampus, a structure critical for memory and cognitive function, exhib-
ited significant substantial and progressive tissue loss, starting as early as 7 days post-TBI and
worsening up to 12 months [64]. Notably, even the hippocampus in the non-traumatized hemi-
sphere showed changes over time, indicating that TBI-induced neurodegeneration might extend
beyond the direct impact site. A key question arising from these findings is: why does the defect
volume continue to expand in a near-linear fashion over time? To address this, we sought to
identify the cellular mechanisms and reactivity correlates contributing to this lesion expansion,
focusing on neuroinflammation, vascular disruption, and neurodegeneration.

Our findings highlight that neuroinflammation, primarily characterized by microglial and astrocyte
activation, reaches a peak at 7 days post-TBI. While microglial activation gradually declines by 6
months, astrocytic activation persists up to 12 months, suggesting their prolonged involvement in
the chronic injury response. Interestingly, the astrocytic marker Aqp4 showed an early but transi-
ent increase in fluorescence intensity within the ipsilateral hemisphere at 24 hours post-TBI, de-
clining by 7 days and normalizing by 6 months. Conversely, vascular disruption appeared more
sustained, with CD31 intensity showing acute microvascular damage at 24 hours, recovering by
7 days. Astrocytic end-feet coverage of endothelial surfaces exhibited transient reductions peak-
ing at 7 days. BBB disruption, evidenced by albumin extravasation, peaked acutely at 24 hours
and persisted with a progressive decline over 6 months without fully returning to control levels.
This finding underscores the prolonged vascular instability and incomplete recovery of the BBB.
Chronic neurodegeneration, marked by sustained amyloid-beta accumulation in the traumatized
hemisphere, was also observed up to 12 months post-TBI, indicating persistent neuronal damage.

This neurodegeneration, may play a significant role in lesion expansion, potentially contributing
to the progressive tissue loss observed histopathologically. Given that the hippocampus is partic-
ularly vulnerable to trauma, as evidenced by Dr. Xiang Mao’s findings of substantial hippocampal
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atrophy in the traumatized hemisphere, it is plausible that the neurodegenerative processes con-
tribute not only to the structural damage but also to the progressive neurocognitive deficits re-
ported. The hippocampus, critical for memory and learning, undergoes significant tissue loss that
parallels the sustained A3 accumulation, suggesting a connection between these findings. Among
the various mechanisms identified, the progressive nature of BBB disruption emerges as a par-
ticularly compelling cellular correlate for the continued lesion expansion observed histopatholog-
ically (see Figure 32). While microglia and astrocytes likely contribute to lesion expansion during
the acute and subacute phases , their subsequent decline suggests they may not be the primary
drivers of ongoing tissue loss (see Figure 32). Instead, the combination of persistent BBB disrup-
tion and chronic neurodegeneration, potentially exacerbated by hippocampal vulnerability, ap-
pears central to the near-linear expansion of the lesion volume up to 12 months post-TBI (see
Figure 32). The BBB plays a vital role in maintaining homeostasis in the central nervous system,
and its integrity is essential to protect neural tissue from blood-derived toxins, immune cells, and
inflammatory mediators. Persistent BBB disruption, as observed in this study, likely contributes
to a toxic microenvironment in the injured brain, which may drive ongoing lesion expansion after
TBI. This emphasizes the need for future studies to further investigate the molecular and cellular
pathways underlying these processes, as targeting both vascular instability and neurodegenera-
tive pathways may offer promising therapeutic strategies to mitigate chronic lesion progression
and its cognitive consequences.

Lesion Volume

Neurodegeneration
Microvessels

Aquaporin-4
Astrocytes

Control 15min 24h 7d 1 mo 3 mo 6 mo 12 mo

Time after TBI

Figure 32: Acute and chronic cellular and histomorphological changes after TBI.
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