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2. Introduction

Traumatic brain injury (TBI) is one of the major challenges for medical care, public health, and
the economy [1-3]. Cases occur across all ages, and the scarcity of therapeutic interventions
makes TBI a major health problem worldwide. Amongst its survivors, TBI is a major cause of
long-term disabilities and neurological disorders such as various forms of dementia and chronic
traumatic encephalopathy, leading to a decrease in life expectancy and quality [4, 5]. The short-
age of targeted therapeutic options stems from the fact that the exact pathomechanisms of
posttraumatic brain injury are still not fully understood. Damage occurs in two different stages.
The acute phase is marked by quickly evolving and irreversible cell death, causing the so-called
primary injury, inaccessible to therapy. Thereafter, however, ongoing inflammation and vascular
changes lead to potentiation of the initial injury [6]. This secondary injury is subject to numerous
studies and caused by a variety of pathomechanisms initiated by the primary impact. Given the
fact that secondary lesion progression occurs with a delay, this injury — which can be significantly
larger than the initial lesion —is potentially amenable for therapeutic intervention and improve-

ment of cognitive outcome of patients.

2.1 Epidemiology

In 2016, more than 27 million new cases of TBI were reported worldwide, marking a global in-
crease of 3.6 % since 1990 [7]. These numbers, however, are thought to significantly underesti-
mate the burden of TBI, since they do not take into account patients who did not seek or receive
medical care. TBI has therefore been termed the ‘silent’ epidemic, since the actual impact of TBI
on a global scale is probably much larger than assumed [8]. Moreover, TBI affects all age groups
and represents the leading cause of death and disability in children and young adults [7]. How-
ever, a second peak can be observed in people aged 65 and older, as most trauma-related hos-
pitalizations and deaths occur in patients of this subpopulation [9, 10]. With growing population
density, aging and frequency in motorization, case numbers are expected to increase signifi-
cantly in the coming decades [11]. Typical causes of TBI include falls, especially in the older pop-
ulation, road traffic accidents, assaults, and sporting accidents, the latter predominantly in
younger patients [12]. The incidence of TBI is subject to considerable geographical and socioec-
onomic variation [7, 11]. Highest incidences for TBI are reported in countries with a higher soci-
odemographic index (SDI) such as central Europe with 857 cases per 100.000 inhabitants/year,
whereas lower rates were observed in regions with a lower SDI such as Sub-Saharan Africa at
326 cases in 100.000 inhabitants/year [7]. However, these variations can be largely explained by
reporting bias, since limited access to healthcare resources is expected to occur in less devel-

oped countries [7].



2.2 Classification and Clinical Outcome

TBIl is a very heterogeneous disease. In general, it is a form of acquired brain injury characterized
by an external mechanical impact to the head, leading to a disruption of normal brain function
[13]. It can result from a blow to the head or by an object piercing the skull and entering brain
tissue. Depending on whether the dura mater is disrupted or not, TBI can be classified as closed
(dura is intact) or open (dura is torn) [14]. This distinction is primarily relevant for the initial care
of the patient, because of the increased risk of infection in case of dural injury, but can also be
important for the subsequent pattern of neurological deficits. Brain trauma can also be classified
depending on areas affected by the impact, namely in a focal or diffuse manner. Focal injuries

Points Eye opening Verbal response Motor response
1 None None None
2 To pressure Sounds Extension
3 To sound Words Abnormal flexion
4 Spontaneous Confused Normal Flexion
5 QOriented Localizing
6 Obey commands

Total score =3—-15

Table 1: Overview of the Glasgow Coma Scale.

are characterized by neurological deficits that depend on the affected region, while closed head
injuries usually are of a more diffuse nature, also affecting remote regions of the central nervous
system such as the spinal cord [15]. However, most TBIs show a mixture of both injury patterns,
resulting in very heterogeneous clinical and neuropsychological presentations, depending on the
intensity of the impact and the regions affected [16]. For example, it has previously been reported
that loss of consciousness is one of the strongest predictors for adverse outcome and is a com-
mon symptom of most TBIs [17]. It is therefore very important to determine the severity of the
injury in order to draw conclusions on outcome. The Glasgow Coma Scale (GCS) which was
introduced in 1974 by Teasdale and Jennett is still the most common clinical scale used to assess
TBI severity in adults, especially in an emergency setting, because of its high inter-observer re-

producibility and good prognostic value [18].

TBI severity is most commonly assessed and classified according to the patient’'s GCS score at
admission: mild TBI if the GCS score is 13-15, moderate TBI for GCS scores from 9-12, and
severe TBI if initial GCS scores range from 3-8. However, this scoring system is also subject to
an array of different confounders such as intoxication, sedation, intubation, and (previously exist-
ing) paralysis, restricting its application [19]. A number of alternative scores have been proposed
to improve clinical assessment, e. g. the Brussells Coma Grades, Grady Coma Grades, Innsbruck
Coma Scale, and the Full Outline of Unresponsiveness (FOUR) score. However some of these

are quite complicated to perform and therefore not used as widely as the GCS [20].
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Clinical characteristics and outcome of TBI may vary largely depending on injury mechanism and
severity. In the acute stage, patients with mild TBI typically show physical, cognitive and behav-
ioral symptoms, such as loss of consciousness, amnesia, slowed reaction times, headaches,
emotional liability and irritability [21]. However, most subjects fully recover within the first weeks
after trauma. Only around 15% of cases are associated with ongoing cognitive and behavioral
deficits such as progressive memory loss and mood disorders [21]. In moderate and severe TBI,
however, patients often present with impaired consciousness or coma, and up to 60% are ex-
pected to show a poor functional outcome, such as severe neurocognitive deficits, vegetative
state, or death [22]. Typical long-term consequences of TBI include an increased risk for dementia
and neurodegenerative syndromes (e. g. Alzheimer’s disease, Parkinson’s disease, amyotrophic
lateral sclerosis), chronic traumatic encephalopathy, as well as psychiatric disorders such as de-

pression [23].

2.3 Clinical Management

2.3.1 Emergency and ICU Treatment

Given the complexity and heterogeneity of its presentation and the incomplete knowledge of TBI
pathophysiology (see 2.4), there are to date no causal treatment options in TBI. Current therapy
mainly aims at treating symptoms, stabilizing the patient and preventing secondary events. Pri-
mary focus of the early (emergency and ICU) management of TBI is cardiopulmonary stabilization
of the patient in order to obtain radiological as well as neurological baseline evaluation to plan
further treatment and estimate outcome [24]. These measures aim at providing adequate oxy-
genation and perfusion of the brain by securing the airway/ventilation and stabilizing blood pres-
sure, as (preclinical) hypotension and hypoxemia are known risk factors for adverse outcome [25-
27]. Furthermore, patients are positioned with head elevation to promote venous outflow [28] in
order to lower intracranial pressure (ICP), secure adequate brain perfusion and avoid herniation
(transtentorial or transforaminal). According to the German Guidelines for the Treatment of TBI,
as soon as patients have been admitted to a hospital and are cardiopulmonally stable, computed
tomography should be performed to ascertain TBI extent and severity as well as to diagnose
possible associated extracranial injuries [29]. Once the diagnosis of (severe) TBI has been es-
tablished further steps depend on imaging findings. In case of localized pathologies such as epi-
dural or subdural hematomas, prompt surgical evacuation is warranted. In case of diffuse lesion
patterns and unconscious patients, ICP monitoring should be considered. In the presence of in-
creased intracranial pressure, the Brain Trauma Foundations recommends staged therapeutic
measures [30]. These include hyperosmolar therapy using osmodiuretics, such mannitol or hy-
pertonic saline, to improve blood rheology [31], as well as permissive hypocapnia (pCO: between
30 and 35 mmHg) achieved by hyperventilation, which results in vasoconstriction and thus lowers
ICP [32, 33]. Furthermore, the brains energy demand can be lowered in order to preserve tissue

[34]. One way is to place the patient into a medically induced comatose state through the use of
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benzodiazepines such as midazolam or barbiturates such as phenobarbital [34]. Another option

is therapeutic cooling, which also reduces brain metabolism [35].

In case of intractable intracranial hypertension, surgical therapy may be necessary. The standard
tool to surgically alleviate intracranial pressure is decompressive craniectomy (DC). However, the
effects of DC with regard to long-term patient outcome have to be viewed critically. In the DECRA
study, the first randomized controlled trial (RCT) investigating the effects of bifrontotemporopari-
etal DC in patients with moderately increased ICP and no mass lesion, a lowering of ICP values
during ICU stay was observed, however, DC was also associated with a more unfavorable out-
come 6 months after TBI [36]. In a follow up study, no differences between DC and standard
medical care could be observed after 12 months [37]. In contrast, the RESCUE ICP study found
that DC was associated with a lower 6-month mortality, but also resulted in higher rates of vege-
tative state and severe disability compared to conservative medical treatment [38]. Due to these

ambivalent findings, the indication and timing for DC has to be critically evaluated [39].

To date, no causal therapeutic strategies have been established to prevent the long-term conse-
quences, e. g. ongoing neurodegeneration and chronic neurological impairment, after TBI, which
will be critically discussed below. While many studies have shown promising approaches in a
preclinical setting, translation into the clinical field has, so far, failed [40, 41].

2.3.2 Imaging

Following TBI early diagnosis of factors associated with adverse outcome is crucial for proper
management and assessment of prognosis. Imaging is the most important tool to quickly and
comprehensively investigate and assess TBI sequelae and thus to potentially improving patient
morbidity and mortality. Different imaging tools are available in the clinical setting to determine
severity of injury, possibly treatable complications as well as serve as indicator for further treat-
ment. In addition, it has also become indispensable for surgical planning, since it provides precise

non-invasive information on anatomical structures [42].

Conventional computed tomography (CT) is the imaging modality of choice in the acute setting
because of its broad availability, short imaging time and cost effectiveness [43]. In addition, bone
structures and hemorrhagic formations can be better evaluated using CT scans [44]. Within the
first 24 hours after TBI, CT can be used to evaluate acute complications [45]. However, it also
has its limitations: CT scanning at early stages (within 3 hours) after injury has been shown to
underestimate contusion size [46]. In addition, repetitive CT scans to evaluate progression in
absence of neurological changes are heavily under debate, not least because every CT scan

means exposure to radiation [47-49].

Magnetic resonance imaging (MRI) is considered to be generally more sensitive for anatomical
imaging of the brain tissue and provides better accuracy for diagnosis [50]. Especially in the sub-
acute timeframe after TBI, namely 48 to 72 hours after TBI, ability of blood detection increases
for MRI while it decreases for CT. As blood composition changes and permanent iron deposits,
also called hemosiderin, start forming, MRI proves to be superior in detecting smaller hemorrhagic
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foci[42]. In addition, MRI can also show diffuse axonal injury through alteration of the white matter
signal [45]. Finally, anatomical structures such as the basal ganglia, thalamus and brain stem can
be assessed better by MR imaging [51]. However, long acquisition times, low availability, and
high costs are disadvantageous in the acute setting. The duration of the procedure also requires
a long horizontal positioning of the patient, which can be detrimental in case of increased intra-
cranial pressure.

2.4 Pathophysiology

Brain damage associated with TBI can be classified into two groups according to the timing of
their emergence. The first is the primary injury, which represents the initial insult caused by out-
side mechanical forces. It occurs within seconds upon impact, is irreversible and as such cannot
be influenced therapeutically. Following this initial damage, the so-called secondary injury devel-
ops and represents a delayed but progressive further tissue loss in response to primary injury;
actively expanding secondary tissue loss has been described to occur for years and even dec-
ades after TBI [52-54]. Because of its deferred emergence, secondary brain injury offers a time-
window to therapeutically intervene and thereby to potentially slow down or even stop further

damage.

2.4.1 Primary Brain Damage

Depending on TBI severity and mechanism, the initial impact can result in two types of primary
brain damage: focal or diffuse injuries. In response to concussion and compression forces, the
area directly impacted by the mechanical force often exhibits a focal lesion characterized by
necrosis of neurons and glial cells, as well as hematoma and potentially epidural, subdural or
intracerebral hemorrhages [55]. Diametrally opposite of this so-called ‘coup’, another contusion
may develop, called “contre-coup”, due to compression and rebound of the tissue against the
skull or bony protruberances [34]. Depending on their localization, these focal injuries can lead
to changes in behavior, sensomotoric dysfunction and/or cognitive deficits [56]. In contrast, dif-
fuse brain injury is a result of shearing and stretching of tissue due to rapid acceleration and
deceleration [57]. These strong non-contact forces induce damage of the cytoskeleton of astro-
cytes, blood vessels, and oligodendrocytes, resulting in disruption of the blood-brain-barrier,
ionic imbalance, osmotic changes [58], as well as axonal damage. This results in myelin sheath
disruption and degradation, leading to severe malfunction of axonal transport and neuron in-
terconnection, primarily affecting subcortical and deep white matter tissue such as the brain
stem and corpus callosum [59]. The resulting damage leads to very heterogeneous symptoms
depending on the severity of the impact and manifests in wider regions of the brain as well as

bilateral neurological deficits [60].
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2.4.2 Secondary Brain Damage

Following the primary injury, a number of downstream processes occur, leading to a deterioration
and enlargement of the initial lesion, the so-called secondary damage. The pathophysiology be-
hind this lesion expansion is still not completely understood; however, several factors have been
identified as contributors. In general, edema formation and intracranial hypertension reduce brain
perfusion, thus increasing ischemic and hypoxic stress, which in turn promotes further brain swell-
ing. This vicious circle leads to ischemia-induced dysregulation of the tissue surrounding the ne-
crotic area, resulting in ionic dysbalance, long-lasting chronic neuroinflammation and cell death
[61]. These chronic processes cause progressive neuronal death and worsen functional outcome
in return. The following paragraphs discusses major pathomechanisms of secondary brain dam-
age relevant for the present thesis (see figure 1).
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Figure 1: Visual representation of pathomechanisms in secondary brain damage after TBI. Cre-
ated with BioRender.com.

2.4.2.1 Excitotoxicity

Several studies have defined excitotoxicity as one of the main promotors of secondary neuronal
loss after brain injury [62, 63]. This process is mediated by an increased sodium and calcium
influx into cells through the following pathomechanisms: due to injury and energy failure, a sud-
den simultaneous burst of depolarizing neurons leads to a release of large amounts of aspartate
and glutamate into the extracellular space and a subsequent activation of glutamate N-Methyl-
D-Aspartate (NMDA) or a-Amino-3-hydroxy-5-methyl-4-isoxazol-Propionic Acid (AMPA) recep-
tors , which in return induce sodium and calcium influx into neurons [64, 65]. This intracellular

calcium-overload then leads to cell damage via caspase activation and induction of apoptosis
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[66]. Previously, astrocytes have been shown to take up the excessive glutamate, convert it to
glutamine and redistribute it amongst neighboring astrocytes [67]. However, TBI has been asso-
ciated with cessation of this clearing mechanism [68] or even reversed efflux into surrounding
tissue [69]; astrocytes may thus exacerbate excitotoxic injury. Additionally, a decrease in pH lev-
els due to lactate production can also directly activate specific proton-gated ion channels and
increase calcium conductivity through the so-called acid sensing ion channels (ASIC) [70]. Ac-

cordingly, calcium influx leads to cell damage and, eventually, cell death.

2.4.2.2 Neuroinflammation

TBI has been shown to induce a wide variety of different inflammatory responses, which can
either promote regeneration or exacerbate injury [71]. For instance, tissue damage leads to the
release of an array of different inflammatory mediators, such as prostaglandins, cytokines, com-
plement factors or free radicals [72]. In return, those lead to the mobilization of immune cells
and innate glial cells through stimulation of other chemokines and upregulation of adhesion
molecules [73]. For example, studies have shown the accumulation of CD8-positive phagocytes
on the border of pan-necrotic tissue and infiltration into surrounding tissue, on the one hand
clearing necrotic material and helping scar formation, on the other hand increasing inflamma-
tory cytokines such as the inducible nitric oxide synthase (iNOS), nitric oxide (NO), tumor necro-
sis factor-a (TNF- a), and interleukin-1pB (IL-1B) [71, 74]. Their infiltration is facilitated by upreg-
ulation of specific adhesion molecules, such as intracellular adhesion molecules (ICAM-1), vas-
cular adhesion molecules (VCAM-1) and P-selectin [75]. Furthermore, secretion of vasoconstric-
tors, such as leukotrienes and prostaglandins, promote ischemic injury and lead to microvascu-
lature damage, thus promoting blood-brain-barrier (BBB) disruption [74]. This vicious cycle of
constant reorganization promotes chronic inflammation and leads to lesion progression. In ad-
dition, microglia activation can also benefit recovery through phagocytosis, but also promotes
injury through increased cytokine secretion and thus extend inflammatory response [76]. Stud-
ies in the past have shown the regenerative role of microglia through targeted distribution of
growth factors to damaged neurons and removal of excitatory input to protect cells of over-
excitation and promote regeneration [77, 78]. However, prolonged microglial activation and
chronic cytokine release also exacerbates inflammation, as described above [71]. Through all
these processes, necrotic and adjacent tissue is eliminated and astrocytes finally start producing

neurotrophins and microfilaments to initiate scar formation [79].

2.4.2.3 Cell death

Cell death may play a pathological as well as physiological role in the living organism. During the
aging process, various cell death pathways are required for regulating cell turnover and maintain
homeostasis [80]. In a pathological context however, cell death occurs as a result of disturbances
in cell homeostasis [81]. Previously, cell death processes following TBI have been dichotomized
into necrosis as an immediate response to mechanical damage, and into apoptosis as a pro-
grammed and delayed mechanism [82]. Necrosis results in ionic imbalance, thus morphologi-

cally leading to cell swelling and membrane rupture [83]. Subsequently, the excessive release of
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amino acid neuro-transmitters and metabolic dysfunction activates caspases and apoptosis in
neighboring cells as well as an inflammatory response [84]. In contrast to necrosis, apoptosis is
characterized by condensation and fragmentation of the cell, eventual phagocytosis by neigh-
boring cells and lack of inflammation [85]. In recent years however, studies have shown that
necrosis can also be regulated, meaning the morphological processes of necrosis can be trig-
gered by different molecules that lead to membrane disruption. In the ensuing years, many
more cell death pathways have been described to occur following TBI. One of these new path-
ways is necroptosis, a caspase independent regulated form of necrosis [86]. Necroptosis is the
best described form of regulated apoptosis. It is triggered by activation of several death recep-
tors, such as the TNF receptor superfamily, which leads to the deubiquitylation of the receptor
interacting protein (RIP) 1 by the ubiquitin carboxyl-terminal hydrolase CYLD and the subse-
guent necrosome complex formation, consisting of RIP1 and RIP3. This complex then induces
phosphorylation of the mixed lineage kinase domain like pseudokinase (MLKL), which in return
results in membrane damage and loss of cell integrity [87]. An inhibitor of RIP1, necrostatin-1,
has previously been described to attenuate tissue loss and improve cognitive outcome in mice
[88]. Similarly, ferrostatin-1 has shown similar effects and thus, ferroptosis, an iron-linked form
of cell death, has also been shown to play a role in the development of posttraumatic secondary
brain injury [89]. Due to vessel rupture after mechanical impact, as well as disruption of the
blood-brain-barrier, iron in a heme and non-heme form is known to extravasate into the tissue
and accumulate there, triggering neuronal loss. However, this type of cell death does differ
greatly from the previously described mechanisms, both in terms of induction and of morphol-
ogy. The underlying mechanism of ferroptosis is an accumulation of iron in the cell and the sub-
sequent production of reactive oxygen species (ROS). These are normally reduced via the Fenton
reaction or by various other mechanisms , such as the cystine-glutamate antiporter (Xc-), the
glutathione peroxidase (GPX) 4 or mitochondrial voltage-dependent anion channels (VDAC) [90].
However, in the event of oversaturation of these mechanisms, ROS can accumulate and induce
cell death. Morphologically, the only distinguishable characteristics are shrunken mitochondria
and increased membrane density [91]. However, even though these various mechanisms have
been described and characterized previously, still much is unknown about their role in TBI.
Therefore, elucidating their role in the development of posttraumatic brain damage and how
they are interconnected on a molecular scale may help to better understand the mechanisms of
secondary brain injury after TBl and may facilitate the development of causal treatment strate-

gies.

2.5 Animal Models

2.5.1 TBI models

In order to be able to study TBI pathophysiology in an experimental setting, animal models are
required for investigating the underlying physiological, biomechanical, and cellular mechanisms

and find potential therapeutic targets. Even though larger animals, such as primates and swine,
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are more closely related to humans in terms of physiology, rodent species have long dominated
the field of research given their small size, relatively low maintenance costs, as well as the pos-
sibility for generating genetically modified specimens. In order to be able to replicate the hetero-
geneous nature of TBI in humans, several different models have been established. Among the
most common TBI paradigms are the controlled cortical impact (CCI) model [92], weight-drop
injury [93, 94], fluid percussion injury [95] and blast injury [96].
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Figure 2: Schematic image of CCI setup (left) and surgical site (right). Created with BioRen-
der.com.

For the CCI model, a craniotomy is performed over the right parietal cortex and trauma induced
via a pneumatic bolt at constant, predetermined parameters (see figure 2). Typical characteristics
of this model of injury are therefore cortical contusion, intraparenchymal hemorrhage, axonal in-
jury and subsequent tissue loss [97]. The main advantage of this model is its high reproducibility,
since the highly controlled parameters create a consistently sized lesion in all animals. In addition,
the severity of injury can very reliably be adjusted by increasing or decreasing any of the given
parameters, depending on experimental requirements. Due to positioning of the piston over the
right parietal cortex, damage can be seen depending on severity of the injury in several regions
of the brain, including cortex, hippocampus, thalamus, and corpus callosum [98], thus allowing to
not only assess biochemical but also behavioral changes in animals. However, this high con-
sistency also has the disadvantage of only representing one small part of the heterogeneous
spectrum of TBI induced pathology. Several factors, including damage to the skull, diffuse spinal
injury as a result of whiplash forces and multifocal injuries cannot be adequately simulated in CCI.
Mouse studies themselves also have limitations which need to be considered. Starting on a mac-
roscopic level, brain anatomy differs between humans and rodents in terms of brain geometry,
craniospinal axis, and gyral complexity, largely determining structural and functional outcome
[99]. Furthermore, differences can also be found on a microscopic level, namely alterations in

brain cell proportions, laminar distributions, gene expression and morphology [100].
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2.5.2 Structural analysis

In order to evaluate TBI severity and draw conclusions as to how these changes on the micro-
scopic level relate to behavioral deficits, anatomical and histological characterizations of the le-
sion are necessary. Firstly, the extent of tissue damage via lesion volume needs to be established.
Previously, brain damage has been routinely assessed by histology, more specifically in Nissl
stained sections [101-103]. This method established by Franz Nissl in 1894 [104] is used to mark
the endoplasmic reticulum and nucleus of neuronal cells. After brain injury, dying neurons lose
their structural integrity and the basic dyes cannot bind to DNA and RNA [105], therefore deline-
ating the lesion site. However, this method has limitations, since lesion volume analysis can only
be done post-mortem. Therefore, a separate group of animals needs to be bred and prepared for
each individual time point at which lesion size is assessed. This encompasses a large number of
animals, time and substantial costs for long-term studies of chronic TBI. In addition, correlation of
structural changes and behavioral deficits is rendered more difficult, since different groups of an-
imals are to be compared. New imaging techniques such as MRI offer a solution to these limita-
tions. Since it is a non-invasive imaging modality, anatomical structures can be evaluated repeat-
edly in the live animal, reducing the number of animals needed for assessment, especially in
chronic experiments. Moreover, the same group of mice can be used for behavioral analysis,
allowing researchers to relate structural changes with neuropsychiatric performance. However,
repetitive MR imaging also comes with its own set of disadvantages and limitations. While the
repeated exposure to magnetic fields was shown to have no adverse effects on locomotion,
memory or fetal development, it still requires multiple exposures to anesthesia which can cause
mild distress and impairment of well-being in the animals as well as have adverse effects on the
immune response, which in turn might influence important healing processes [106, 107]. In addi-
tion, the relatively low resolution of MRI compared to other imaging modalities can be a hindrance
for detailed anatomical evaluation, however, in the context of lesion assessment in TBI, we could
show with correlative analysis of light microscopy and MRI that the resolution of the latter is fully

sufficient [108]. Therefore, the advantages of MRI outweigh the limitations by far.

2.5.3 Behavioral assessment

TBI is associated with a number of neurobehavioral sequelae in humans, which are crucial for the
long-term quality of life [109, 110]. Therefore, translating these pathologies into animal research
is crucial for a better understanding of pathology and evaluation of potential therapeutic options.
However, planning and execution of such experiments needs to be highly standardized and vali-
dated across laboratories in order to acquire interpretable and reliable data. Several internal as
well as external factors contribute to behavioral responses in mice, classified as “trait, state and
technical factors” [111]. Trait factors describe genetic and developmental effects such as maternal
behavior, stress, handling, housing, and social interaction. State factors relate to the timing of the

experiments, the experience of the researcher, animal characteristics like health, hormonal sta-
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tus, pharmacological treatment, as well as the testing environment. Finally, technical factors char-
acterize the process of data acquisition and analysis [111]. This part is especially challenging to
standardize and represents the main reason for poor reproducibility across different laboratories
[112]. It is therefore crucial to establish standard operating procedures within laboratories and

insure strict adherence and exact reporting for unbiased, reproducible data [113].

Primarily, behavioral testing has to be relevant with regard to outcome in humans. The most com-
mon long-term residual impairments include deficits in motor function, cognitive ability such as
memory loss, as well as mood disturbances and depression-like behavior [114]. However, trans-
lation of these deficits and monitoring of specifically higher cognitive functions in rodent models
can be challenging. For the CCI model specifically, careful considerations must be made as to
which behavioral deficits have to be expected from the brain injury produced. In case of a right
parietal lesion (at 3 mm from bregma), affection of the motor cortex resulting in motor deficits of
the left hind limb are therefore to be expected. Below the cortical surface, the hippocampus is
located in this area of the mouse brain. Damage to this area leads to impairment of spatial and
memory function. Finally, through expansion of the lesion due to previously described secondary
processes, progression towards the neighboring frontal cortex can lead to mood disorders similar

to the depression-like behavior reported in humans.

2.6 Aims of the Present Thesis

As described above, the current lack of causal therapeutic options for the treatment of TBI is still
a hurdle to overcome. Therefore, deciphering the underlying pathophysiological mechanisms may
help to develop new and improved therapeutic approaches. Previous research on TBI focuses on
the acute effects of TBI, but very little is known about the pathomechanisms of chronic sequelae.
The present studies aim to characterize the role and mechanisms of secondary brain damage
following traumatic brain injury, its long-term effects on functional outcome and investigate possi-
ble therapeutic targets. First, in a proof-of-principle study, chronic neuropathological and behav-
ioral sequelae were characterized in C57BI/6 mice to establish a baseline for future reference.
For this, the animals were subjected to either a highly standardized and widely used model of
TBI, the controlled cortical impact model or to sham surgery and followed up to 12 months after
injury. Behavioral tests measuring motor deficits, depression-like behavior and neurocognitive
impairment were performed to evaluate functional outcome after TBI, and histomorphological
analysis of the lesion was done to assess neuropathological changes such as chronic inflamma-
tion and ongoing neurodegeneration. These findings provide comprehensive data on time course
and extent of long-term/chronic posttraumatic brain damage in the murine CCIl model (see Publi-
cation 1, p. 25) [115]. The author of this thesis was involved in performing experiments, data ac-

quisition and analysis for subsets of this study.

After functional, radiological, and histomorphological characterization of long-term outcome after

CCI -TBI, the mechanisms mediating chronic posttraumatic brain damage were evaluated in order
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to identify relevant pathomechanisms and thus potential therapeutic strategies. In a first study,
we investigated the role of necroptosis, a form of regulated cell death described above (see 2.4.2),
on the development of secondary brain damage. We used two different knockout mouse lines
lacking either RIP1 or RIP3, the key effectors of this pathway, and subjected these mice as well
as their wild type littermates to the CCl model. These animals were then followed up to three
months after TBI and neuro-behavioral as well as histopathological outcomes were assessed.
Sham-operated as well as naive animals were simultaneously assessed to normalize for pheno-
typic changes. The results of this study were published in Publication Il (see p. 46) [108]. The
author of this dissertation was responsible for all data acquisition and was constantly involved in

the planning, data analysis and writing of the paper.

In a second study, we assessed the role of an intracellular mechanism of cell death via the acid-
sensing ion channel (ASIC) 1a. Again, knockout animals lacking ASIC1a as well as heterozygous
and wild type littermates were subjected to the described CCI protocol and chronic outcome was
evaluated up to 18 months after injury. These results were published in Publications Il (see p.
71) [70]. The author of the dissertation was involved in the data acquisition and analysis of certain

aspects of this study.
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3. Summary

Traumatic brain injury represents the leading cause of death and long-term disability in children
and young adults worldwide and is associated with a wide range of posttraumatic complications
including neurocognitive, behavioral and psychosocial deficits. As such, it continues to impose a
heavy burden on the individual as well as the healthcare system due to high health care expend-
itures. So far, causal therapies to treat and reduce posttraumatic brain damage are at want. TBI
related brain damage develops in two stages: the primary injury, representing the damage caused
by the initial impact on the head, is irreversible and cannot be influenced therapeutically. The
secondary injury however, which develops months to years after the initial impact due to vascular
changes, chronic inflammation, and ongoing neurodegeneration provides a therapeutic window
for intervention. However, the mechanisms underlying these changes are still not fully under-
stood. The aim of the present study was to characterize chronic functional and neuropathological
outcome of TBI in mice and investigate molecular mechanisms underlying the development of

secondary brain damage following TBI in order to identify potential therapeutic targets.

First, male C57BL/6N mice (n=10 per group) were subjected to either TBI using the highly stand-
ardized control cortical impact model (CCI) or sham surgery. Motor function using the beam walk,
depression-like behavior using the tail suspension test and memory function via Barnes maze
were then assessed together with naive animals 30, 90, 180, and 360 days after TBI. TBI animals
presented a significant decrease in motor and memory function as well as progressive depressive
behavior compared to the sham-operated and naive groups. Histopathological changes were
evaluated through immunohistochemistry and showed continuous enlargement of the lesion as
well as progressive atrophy of the white matter and hippocampus area, indicating chronic neuro-

degeneration (see Publication I, p. 25).

Next, potential pathophysiological mechanisms underlying this chronic secondary brain damage
were investigated. We firstly focused on a form of regulated cell death, necroptosis, which is
mediated by the necrosome, a complex formed by the receptor interacting proteins (RIP) 1 and
3. Transgenic RIP3 and RIP1 neuronal transgenic male mice (n=8-10 per group) as well as wild
type controls were subjected to CCI trauma or sham surgery and observed together with naive
animals (n= 4-5/group) at 15 minutes, 1, 7, 30, 60 and 90 days after injury. Serial MR imaging
was used to characterize posttraumatic brain damage and motor function, depression-like behav-
ior and memory function were assessed using the same paradigms detailed in Publication I. At
90 days after TBI, brains were harvested for histopathological evaluation. RIP1 and RIP3 deficient
animals had significantly smaller lesion volumes compared to their wild type littermates, as well
as less hippocampal atrophy. This translated into significant improvement of memory and learning
function, however not into better motor function or motivational behavior. Immunohistochemical
analysis revealed a reduction of reactive astrogliosis and less activation of microglia in knockout
animals, suggesting an attenuation of chronic inflammation. There were hints that this neuropro-

tection is due to a reduction of blood-related toxicity (see Publication I, p. 46).
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Finally, we looked at an intracellular mechanism of cell death mediated by the acid sensing ion
channel (ASIC) la. After TBI, the pH in the brain tissue drops due to hypoxia and electrolyte
dysbalance; this leads to a calcium influx into adjacent neuronal cells via ASICla and causes
further cell death. We used male ASICla knockout mice as well as heterozygous and wildtype
littermates (n=10 per group) to investigate chronic outcome after TBI. Animals were subjected to
CCI and serial MR imaging was performed at 1, 7, 30, 60, 90 and 180 days after TBI to assess
posttraumatic damage. Again, functional outcome was evaluated and histopathological analysis
was performed. We found a significant reduction in posttraumatic brain damage as well as im-
proved neurocognitive and motor outcome. This was associated with a reduction of chronic in-

flammatory processes in the brain (see Publication IIl, p. 71).

In conclusion, we established a standardized protocol for morphological, neurobehavioral and
histopathological evaluation of chronic outcome after experimental TBI and investigated two mo-
lecular pathways in the context of secondary brain injury that could serve as potential therapeutic
targets.
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4. Zusammmenfassung

Das Schéadel-Hirn-Trauma (SHT) ist weltweit die Hauptursache fiir Tod und Langzeitbehinderung
bei Kindern und jungen Erwachsenen und ist mit einem breiten Spektrum posttraumatischer Kom-
plikationen verbunden, darunter neurokognitiven, motorischen und psychosozialen Defiziten. So-
mit stellt es nach wie vor eine schwere Belastung, sowohl fiir den Einzelnen als auch fur das
Gesundheitssystem dar, zum einen aufgrund der hohen Behandlungskosten in der akuten, aber
auch der chronischen Erkrankungsphase. Ein schwerwiegendes Problem stellt der Mangel an
kausalen Therapien dar, inshesondere die chronischen klinischen Verschlechterungen kénnen
derzeit nicht behandelt werden. Der posttraumatische Hirnschaden entwickelt sich in zwei Sta-
dien: Der Primarschaden, der durch den mechanischen Schaden innerhalb von wenigen Sekun-
den bis Minuten entsteht, ist irreversibel und kann dementsprechend therapeutisch nicht beein-
flusst werden. Der Sekundéarschaden hingegen, der als Reaktion auf die Priméarverletzung auf-
grund vaskularer Veranderungen, chronischer Entziindung und fortschreitender Neurodegenera-
tion entsteht, entwickelt sich Giber Monate bis Jahre nach dem eigentlichen SHT. Diese zeitliche
Verzdgerung bietet prinzipiell ein therapeutisches Fenster fir Interventionen, um diesen zu redu-
zieren. Die Mechanismen, die der Entstehung des Sekundarschadens zugrunde liegen, sind je-
doch immer noch nicht vollstandig geklart. Ziel der vorliegenden Arbeit ist es, den langfristigen
funktionellen und neuropathologischen Verlauf des SHT in M&usen zu charakterisieren und die
molekularen Mechanismen zu untersuchen, die der Entstehung von sekundarem Hirnschaden
nach SHT zugrunde liegen. Ziel ist einerseits die Charakterisierung der Pathophysiologie, ande-

rerseits die ldentifikation potenzieller therapeutischer Angriffspunkte.

Zunachst wurden mannliche C57BL/6N-Méause (n=10 pro Gruppe) entweder einem SHT unter
Verwendung des hoch standardisierten Controlled Cortical Impact Models (CCI) oder einer
Schein-Operation (Kraniotomie ohne Trauma) unterzogen. AnschlieRend wurde die Feinmotorik
mittels des Beam-Walk-Tests, depressives Verhalten mit dem Tail-Suspension-Test und die Ge-
dachtnisfunktion anhand des Barnes Maze gemessen. Die SHT-Mause wurden zusammen mit
schein- und nicht-operierten Tieren zu den Zeitpunkten 30, 90, 180 und 360 Tage nach SHT
untersucht. Die SHT Tiere zeigten im Vergleich zu den scheinoperierten und nichtoperierten Tie-
ren eine signifikante Abnahme der Motorik und der Gedéachtnisfunktion sowie ein progressiv de-
pressives Verhalten. Histopathologische Veranderungen wurden immunhistochemisch ausge-
wertet und zeigten eine kontinuierliche Zunahme der Lasionsgrol3e sowie eine fortschreitende
Atrophie der weiRen Substanz und des Hippocampuses, was auf eine durch das Trauma indu-

zierte und langfristig aktive chronische Neurodegeneration hinweist (siehe Publikation I, S. 25).

Des Weiteren wurden mdgliche pathophysiologische Mechanismen untersucht, welche diesem
sekundéaren Hirnschaden zugrunde liegen kénnten. Zunachst konzentrierten wir uns auf die Nek-
roptose, eine Form des regulierten Zelltods, die durch das sogenannte Nekrosom vermittelt wird,
einem Eiweil3-Komplex der von den Rezeptor-Interaktionsproteinen (RIP) 1 und 3 gebildet wird.
Ménnliche transgene RIP3, sowie RIP1 neuronale transgene Mause (n=8-10 pro Gruppe) und
ihre entsprechenden Wildtyp-Kontrollen wurden einer CCI Trauma- oder Scheinoperation unter-

zogen und zusammen mit naiven Tieren zu den Zeitpunkten 15 Minuten, 1, 7, 30, 60 und 90 Tage
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nach der Verletzung beobachtet. Zur Charakterisierung der posttraumatischen Hirnschadigung
wurden repetitive serielle MRTs durchgefihrt. Auf funktioneller Ebene wurden motorische Defizite
mit dem Beam Walk Test untersucht, zudem wurden depressives Verhalten und die Gedachtnis-
funktion wie zuvor beschrieben mehrfach im Verlauf beurteilt. Nach 90 Tagen wurden die Gehirne
fur die histopathologische Auswertung entnommen. Wir konnten zeigen, dass RIP1- und RIP3-
defiziente Tiere im Vergleich zu ihren Wildtyp-Geschwistern signifikant geringere Lasionsvolu-
mina sowie weniger Atrophie im Bereich des Hippocampus aufwiesen. Dies flhrte zu einer signi-
fikanten Verbesserung der Gedachtnis- und Lernfunktion, hatte jedoch keinen Einfluss auf moto-
rische Defizite oder das Motivationsverhaltens. Auf mikroskopischer Ebene zeigte sich eine Ver-
ringerung von reaktiver Astrogliose und Mikroglia-Aktivierung bei Knockout-Tieren, was darauf
hindeutet, dass die beobachtete Protektion auf eine Abschwéachung der chronischen Entziindung
durch die RIP-Elimination zurlickzufuihren ist. Zusétzlich bot die Studie Hinweise darauf, dass die
beobachteten Effekte mit einer geringeren Empfindlichkeit gegeniiber blut-induzierter bedingter

Toxizitat zusammenhangen kdnnte (siehe Publikation 11, S. 46).

In einem weiteren Projekt wurde ein intrazellulare Zelltod-Mechanismus untersucht, der durch
den acid sensing ion channel (ASIC) 1a vermittelt wird. Nach SHT kommt es aufgrund von Hypo-
xie und Elektrolyt-Stérungen zu einer Absenkung des pH-Wertes im Hirnparenchym; dies wieder-
rum aktiviert ASIC1a, was zum Kalziumeinstrom in neuronale Zellen fuhrt und letztlich zuséatzliche
Zelltod-Mechanismen in Gang setzt. Mannliche ASICla-Knockout-Mause sowie heterozygote
und Wildtyp Geschwistertiere (n=10 pro Gruppe) wurden einem CCI Trauma unterzogen; 1, 7,
30, 60, 90 und 180 Tage nach SHT wurden MRT-Bildgebungen durchgefiihrt zur Beurteilung der
posttraumatischen Schadigung. Auch hier wurde der funktionelle Status der Tiere mittels der
oben genannten Test-Paradigmen bewertet und am Ende des Beobachtungszeitraums eine his-
topathologische Analyse der Gehirne durchgefiihrt. Wir konnten hier eine signifikante Reduktion
der posttraumatischen Hirnschadigung sowie ein verbessertes funktionelles Ergebnis zeigen.
Dies war ebenfalls mit einer Reduktion der chronisch entziindlichen Prozesse im Gehirn verbun-
den (siehe Publikation IIl, S. 71).

Zusammenfassend konnte einerseits ein standardisiertes Protokoll fiir die Untersuchung des
langfristigen funktionellen, neurokognitiven, MR-morphologischen und histologischen Verlaufs
nach experimentellem SHT etabliert werden. In zwei Folgeuntersuchungen wurden - basierend
auf den so gewonnenen Erkenntnissen — zwei Pathomechanismen in Bezug auf ihnre Wirkung auf
den langfristigen Hirnschaden nach SHT untersucht. Diese Daten tragen zum besseren Verstand-
nis der Pathophysiologie des posttraumatischen Hirnschadens bei und konnten in Zukunft helfen,
die Schadigungsmechanismen besser zu verstehen und Molekile oder Reaktionswege fir zu-

kunftige Therapien aufzudecken.
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Abstract

Increasing clinical and experimental evidence suggests that traumatic brain injury (TBI) is asso-
ciated with progressive histopathological damage. The aim of the current study was to character-
ize the time course of motor function, memory performance, and depression-like behavior up to
1 year after experimental TBI, and to correlate these changes to histopathological outcome. Male
C57BL/6N mice underwent controlled cortical impact (CCI) or sham operation, and histopatho-
logical outcome was evaluated 15 min, 24 h, 1 week, or 1, 3, 6, or 12 months thereafter (n = 12
animals per time point). Motor function, depression-like behavior, and memory function were eval-
uated concomitantly, and magnetic resonance imaging (MRI) was repeatedly performed. Naive
mice (n = 12) served as an unhandled control group. Injury volume almost doubled within 1 year
after CCl (p = 0.008) and the ipsilateral hemisphere became increasingly atrophic (p < 0.0001).
Progressive tissue loss was observed in the corpus callosum (p = 0.007) and the hippocampus
(p = 0.004) together with hydrocephalus formation (p < 0.0001). Motor function recovered partially
after TBI, but 6 months after injury progressive depression-like behavior (p < 0.0001) and loss of
memory function (p < 0.0001) were observed. The present study demonstrates that delayed his-
topathological damage that occurs over months after brain injury is followed by progressive de-
pression and memory loss, changes also observed after TBI in humans. Hence, experimental TBI
models in mice replicate long-term sequelae of brain injury such as post-traumatic dementia and
depression.

Keywords: CCI; cognitive function; degeneration; head trauma; TBI
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Introduction

Traumatic brain injury (TBI) is a major cause of death and permanent disability worldwide, espe-
cially in children and young adults.1? According to a World Health Organization (WHO) forecast,
the incidence of severe TBI will significantly increase until 2030, further aggravating the huge
socioeconomic burden caused by TBI.2

Because of improved emergency and critical care medicine, mortality after severe TBI is con-
stantly declining in industrialized countries.*-6 However, it is increasingly recognized that TBI does
not only acutely damage the brain, but has also long-term neuro- logical and neuropsychiatric
sequelae that sustainably affect the quality of life of TBI survivors.”8 Symptom onset may occur
years after the initial trauma, making correct diagnosis challenging and sometimes impeding pa-
tients from getting adequate medical support.? Common symptoms are impaired fine motor skills,
cognitive decline, and mood disorders.1%11 Further, it has been suggested that TBI predisposes
patients to cognitive decline or even dementia.’>-1> Mechanisms underlying these functional def-
icits in TBI patients may be progressive brain atrophy!61” and hydrocephalus formation®-2! as a
consequence of ongoing neuroinflammation.?223 Post-mortem studies in athletes who sustained
repetitive TBIs during their careers suggest that also extensive microfibrillary tangle formation
caused by tau-protein aggregates and amyloid beta de- posits may be involved in this process.
So far, it has been established that inflammatory changes are one important factor for the devel-
opment of chronic post-traumatic changes?4-26, The exact cellular and molecular mechanisms of
chronic TBI are, however, not fully understood.

In contrast to research on humans, animal models of TBI are particularly suited for studying the
mechanisms of chronic Injury severity can be tightly controlled, and injury progression can be
studied not only in autopsy material, but also during the time course of the disease, thereby al-
lowing mechanistic insight into the underlying pathophysiology. In fact, progressive neurodegen-
eration and tissue loss were elegantly demonstrated by magnetic resonance imaging (MRI) and
by histopathology after controlled cortical injury (CCI), one of the most widely used TBI models.26
However, compared with the extensively studied pathophysiological changes in the early post-
traumatic period, comparatively little is known about the long-term functional consequences fol-
lowing experimental TBI. Therefore, the aim of the current study was to investigate whether func-
tional deficits frequently observed in TBI patients months and years after injury, such as motor
dysfunction, memory loss, or mood disorders, also occur after experimental TBI in mice.

Methods

All surgical procedures were performed in accordance with the guidelines of the animal care in-
stitutions of the University of Munich, and approved by the Bavarian government (protocol number
55.2-1-2532-44-2017). Results are reported according to the Animal Research: Reporting of In
Vivo Experiments (ARRIVE) guidelines.?” Animal care, husbandry, and health checks were per-
formed according to the Federation for Laboratory Animal Science Associations (FELASA) rec-
ommendations.?8 Mice were randomly assigned to experimental groups. Surgical preparation,
trauma, neurological testing, MRI scanning, and data analysis were performed by investigators
blinded to the treatment of the animals. The following experimental groups and time points were
examined: naive animals (non-traumatized; n = 12), sham surgery (n = 12), and post-traumatic
groups evaluated at 15 min, 1, 7, 30, 90, 180, or 360 days after CCl (n = 12 each). Figure 1A
shows a graphic summary of the experimental groups.
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FIG. 1. Methodology. (A) Experi-
mental design. (B) Position and size
of craniotomy and controlled cortical
impact (CCI). (C) Calculation of de-
fect volume. (D) Exemplary section
used for quantification of corpus cal-
Primaly injury losum thickness. (E) Exemplary slide
used for hippocampal volume deter-
mination.

A Secondary injury
@ Male C57/BL6 l
&3

craniotomy

CClimpact

CCl

TBI was induced by the previously described CCl method.??-3! Anesthesia was induced after in-
jection of buprenorphine (100 mg/kg i.p., 30 min prior to surgery) by 1.2% isoflurane in 30% oxy-
gen/70% air in spontaneously breathing animals. Briefly, after right parietal craniotomy (4 x 5
mm), the impact (tip size 3 mm) of our custom made CCI device (L. Kopacz, University of Mainz,
Germany) was directly applied to the dura with 8 m/sec velocity, 1 mm impact depth, and 150 ms
contact time (see Fig. 1B for schematic drawing). The craniotomy was closed immediately after-
wards using histoacrylic glue. All surgical procedures were performed on a feedback-controlled
heating pad (FHC, Bowdoin- ham, USA) that maintained core body temperature 37°C. In order to
avoid post-operative hypothermia, animals were kept in an incubator heated to 32°C for 2 h. In
the sham group, craniotomy was performed without applying the impact.

Outcome measures

Body weight. Body weight was measured immediately before CCI and every day after trauma for
the first 7 days, then every month after trauma. Body weight is expressed in percent of pre- trauma
body weight.

Beam walk assessment. As previously reported, the beam walking test is an adequate tool to test
motor function after CClI, either alone3? or as part to the Neurological Severity Score.3% 31 The
number of missteps of the hind paw and the time needed to cross the 1 m beam were recorded
starting 3 days before trauma, and at 1, 3, and 7 days after trauma; subsequently, mice were
tested every month until the end of the observation period.

Tail suspension test. The tail suspension test has been widely used to study depression-like be-
havior in mice33 34, The animal is suspended head down by the tail for 3 m under continuous video
monitoring (EthoVision®XT, Noldus Information Technology, The Netherlands). The time the
mouse moves in order to recover balance (mobility time) and the time the mouse does not move
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any more (immobility time) are recorded. Longer immobility time indicates depression-like behav-
ior. The test was performed 90, 180, 270, and 360 days after CCI.

Barnes maze test. The Barnes maze test is a paradigm to study spatial learning and memory in
rodents.353% The test is per- formed on a brightly lit round platform (diameter 100 cm) that contains
20 identical holes (diameter 10 cm) spaced evenly around the perimeter of the platform. Below
one of these apertures there is a box (20 - 5 - 3 cm) where the mouse can hide. The mouse learns
where the box is located and the time the mouse needs to find the right aperture within the test
duration of 180 sec is evaluated by video monitoring (EthoVision®XT, Noldus Information Tech-
nology, The Netherlands). Animals are trained daily for 5 days before the actual experiment.36
The goal box location was the same in all testing runs. After CClI, the test is performed at days
90, 180, 270, and 360 after CCI.

MRI

MRI was performed in a small animal scanner (3T nanoScan® PET/MR, Mediso, Mu'nster Ger-
many with 25 mm internal diameter quadrature mouse head coil) at 15 min, 24 h, 7 days, and 1,
3, 6, 9, and 12 months after CCI. For scanning, mice were anesthetized with 1.2% isoflurane in
30% oxygen/70% air applied via a face mask. Respiratory rate and body temperature (37 — 0.5°C)
were continuously monitored via an abdominal pressure-sensitive pad and rectal probe, and an-
esthesia was adjusted to keep them in a physiological range. The following sequences were ob-
tained: coronal T2-weighted imaging (two-dimensional [2D] fast-spin echo [FSE], repetition time
[TR]/echo time [TE] = 3000/57.1 ms, aver- ages 14, resolution 167 x 100 x 500 Im?3), coronal T1-
weighted imaging (2D FSE, TR/TE = 610/28,6 ms, averages 14, resolution 167 x 100 x 500 Im?3),
and diffusion weighted imaging (DWI) (2D spin echo [SE], TR/TE = 1439/50 ms, averages 4,
resolution 167 x 100 x 700 Im3). MRI data were then post-processed using ImageJ; 14 sections
surrounding the lesion were chosen for each data set, and the lesion area was measured using
the polygon tool. Volume was then calculated using the equation V = d*(A1/2 + A2 + A3 + An/2),
with d being the distance between sections in mm and A being the measured area. Hemispheric
volume was calculated by measuring the area of each hemisphere separately in all sections ob-
tained; volume for each hemisphere was then calculated according the above- mentioned for-
mula. Volume of the traumatized hemisphere is ex- pressed as percentage of ipsilateral total
hemispheric volume.

Histopathology

For histological evaluation 15 min, 24 h, 7 days, 1, 3, 6, and 12 months after CClI, coronal floating
sections of the brain were pre- pared as previously described.3” After transcardial perfusion with
0.9% NaCl followed by 4% paraformaldehyde (PFA) using a pressure-controlled perfusion system
(Perfusion One, Leica Bio- systems, Richmond, VA), brains were removed and stored in 4% PFA
at 4°C for 12—16 h for post-fixation. Brains were stored in phosphate buffered saline (PBS) until
further use. Fifty micrometer thick coronal sections were prepared using a vibratome (Leica
VT1200S, Nussloch, Germany), starting 1000 Im behind the olfactory bulb; a total of 12 sequential
coronal 50 Im thick sections were collected every 600 Im and stained with Cresyl violet.

Evaluation of defect volume. Gross examination revealed that tissue is lost in the contused area
7 days after CCI. Therefore, we did not determine contusion volume as previously described,30:32
but the defect area (Fig. 1C)32 38 according to the following formula was: Defect Area (DA) = A
(area contralateral hemisphere) — C (area contralateral ventricle) — B (area ipsilateral hemi-
sphere).
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The defect volume was then determined using the formula V = d*(DA1/2 + DA2 + DA3.+ DA/2)
with d = 0.6 (distance be- tween two sections in mm).

Determination of gray and white matter atrophy, hydrocephalus, and hippocampal volume. Quan-
tification of white matter/corpus callosum atrophy and hydrocephalus was performed as previ-
ously described.?® Maximum corpus callosum thickness was assessed in a coronal section at
bregma level by histomorphometry (see Fig. 1D for exemplary picture). Hemispheric atrophy was
determined using one coronal section (bregma +1.0 mm) and expressing the area of the ipsilateral
hemisphere as a percentage of contralateral hemisphere area. For assessment of hippocampal
damage underneath the contusion, one coronal brain section (bregma -2.0 mm) was used to
measure the total hippocampal area (see Fig. 1E for exemplary picture). Ventricle enlargement
was assessed at the level of the lateral ventricles by histomorphometry (see Fig. 2Afor exemplary
pictures at 6 and 12 months after TBI).

Statistical analysis

Sample size calculations were performed using SigmaPlot (Version 13.0, Jandel Scientific,
Erkrath, Germany) with the following parameters: a error = 0.05, b error = 0.2, standard deviation
22%, and a target effect size of 30%. Because of the group size, non- parametrical tests were
used for further analysis. Hence, the Mann— Whitney rank sum test was used for comparisons
between two groups and the Kruskal-Wallis test with Student—-Newman-Keuls post-hoc test was
performed for multi-group comparisons. Differences between groups were considered statistically
significant at p < 0.05. All data are expressed as mean — standard deviation (SD).

Results
Histopathological changes

Brains sampled 15 min and 24 h after TBI showed a hemorrhagic contusion upon macroscopic
inspection, whereas brains from naive or sham-operated mice (data not shown) had no damage
(Fig. 3A). Already 7 days after TBI the contused tissue was removed and replaced by a cyst filled
with cerebrospinal fluid (CSF). The volume of this cyst was significantly smaller than the initial
contusion and the contusion observed 7 days after injury (Fig. 3A). This finding is well in line with
previous reports from our laboratory and with the literature.?5:38 With time, the volume of the cyst
increased, and 1 year after TBI the volume and the depth of the cyst increased so much that white
matter structures became visible at the bottom of the cavity (Fig. 3A). When quantified by histo-
logical analysis, the volume of the defect was found to significantly increase in an almost linear
fashion until 1 year after trauma (Fig. 3B, see Supplementary Fig. S1 for exemplary coronal sec-
tions; 7 days vs. 30 days, 90 days, 180 days, and 360 days: p < 0.05; 180 days vs. 7 days, 30
days, and 90 days: p < 0.05). Although the cyst increased in size, we observed a pronounced
atrophy of the whole traumatized hemisphere over time (Fig. 3C) at 7 days after trauma (83 — 1%
of the contralateral hemisphere) which continued to 74 — 5% at 180 days and 68 — 3% at 360
days after TBI (day 7 vs. all later time points: p < 0.05; 30 days, 90 days, and 180 days vs. 360
days: p < 0.05). At the same time the size of the ipsilateral ventricle enlarged significantly (Fig.
2A). At 7 days after TBI, there was asymmetrical hydrocephalus resulting in enlargement of the
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ventricle area ipsilateral to the trauma (Fig. 2B). The thickness of the corpus callosum ipsilateral
to the injury also decreased significantly over time (Fig. 2C).

Ninety days after the trauma only a slight asymmetry between the left and the right corpus callo-
sum was visible, but at later time points the ipsilateral corpus callosum became significantly nar-
rower than the contralateral one (180 days after CCl: p = 0.024, 360 days after CCI: p = 0.007).
Lastly, we evaluated hippocampal damage as a potential morphological correlate for memory
deficits (Fig. 4). Although in most cases the hippocampus is well preserved within the first 24 h
after TBI (data not shown), the ipsilateral hippocampus was completely absent 360 days after TBI
(Fig. 4A). This process was initiated within the 1st week after trauma, because already at this

FIG. 2. Controlled cortical impact (CCl)
leads to progressive ventricular enlarge-
ment/ hydrocephalus ex vacuo and
white matter atrophy. (A) Exemplary
slides demonstrating progressive and
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early time point the area of the ipsilateral hippo- campus was significantly reduced by *75% ( p <
0.0001). Hippocampal atrophy aggravated over time until no ipsilateral hippocampal tissue could
be detected 360 days after CCl (7 days vs. 360 days, p = 0.007, Fig. 4B). Concomitantly, the
contralateral hippocampus also became atrophic, but to a far lesser degree than the ipsilateral
one (p =0.004 7 vs. 360 days).

MRI
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FIG. 3. Defect volume and whole
brain atrophy over time.

(A) Exemplary brains. (B) Defect vol-
ume almost linearly in- creases over
time reaching a maximum at 360
days. (C) Further, the traumatized
hemisphere is undergoing significant
atrophy over time. (n = 12 each,
mean — standard deviation (SD), *p <
0.05 vs. 360 days; **p < 0.05 vs. 180
days).

Defect volume (mm?)

30 90 180 360
Time after TBI (days)

Cc 120+ .
I L) T T 1
2 . - .
OF (00 v
oS =
£E ' ==
2o god J :
s 0
i - Ill
»
2 -
= e0d

20
ol NN I o | |
7 30 90 180 360
Time after TBI (days)

MRI scanning closely mirrored the results obtained by histology. The exemplary timeline of T2-
weighed scans obtained from 15 min until 12 months after CCI displayed in Figure 5Ashows an
increasing defect formation over time. Quantification (Fig. 5B) reveals differences compared with
histological examination. Al- though at earlier time points lesion quantification is complicated be-
cause of tissue necrosis, edema, and hemorrhage resulting in volumes higher than those in his-
tology, from 1 month after TBI on, the same progression of defect size was evident (1 months vs.
6, 9, and 12 months: p < 0.01). Atrophy of the traumatized hemisphere was also visible on MRI
scans. After initial brain edema formation with sub- sequent swelling, which led to an increase of
the ipsilateral versus the non-traumatized hemisphere, there was progressive atrophy to approx-
imately the same level observed in histology (71 — 2.6% of contralateral hemisphere volume, 7
days, 1 month, and 3 months vs. 360 days: p < 0.01).

Functional outcome

No epileptic seizures were observed during routine checkups, handling, or neurological testing of
traumatized, sham-operated, or naive animals. All animals survived until the end of the respective
observation period.
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Naive animals continuously gained weight during the observation period of 1 year (Supplementary
Fig. S2). Sham-operated and traumatized mice, however, gained significantly less weight and
only sham-operated mice started to recover their body weight 270 days after TBI and reached the
level of naive mice at the end of the observation period; traumatized animals had a flatter weight
gain curve and did not reach the body weight of naive or sham-operated mice (naive: 41.3 - 1.9
g, sham: 40.4 — 2.3 g, CCl: 34.4 - 1.5 g; p < 0.0001 vs. naive, p < 0.0001 vs. sham).

Motor function as assessed by the beam walk paradigm was not different among groups before
surgery (Fig. 6A and B). After TBI, the time needed to cross the beam (Fig. 6A) as well as the
number of missteps (Fig. 6B), increased massively in traumatized animals, whereas naive mice
and sham-operated animals performed as be- fore trauma. The performance of traumatized ani-
mals improved substantially within 1 month after CCI; however, motor function was still signifi-
cantly impaired as compared with pre-trauma levels and with both control groups. Thirty days
after TBI, the initial phase of improvement ended and traumatized animals suffered a residual and
stable motor dysfunction until the end of the observation period (CCI vs. own pre-trauma baseline,
p < 0.0001; CCI 360 days vs. naive 360 days, p < 0.0001; CCI 360 days vs. sham 360 days, p <
0.0001).

In order to detect and quantify depression-like behavior, we used the Tail Hanging Test (Fig. 7).
Before trauma, there was no difference in mobility time among groups (haive: 33.0 — 22.2 sec,
sham: 31.0 — 9.7 sec, CCI: 32.6 — 7.4 sec). Over the course of the experiment, mobility time
declined in all groups, most probably as a result of habituation and/or weight gain; however, sham-
operated as well as traumatized animals displayed shorter mobility times 90 days after TBI (sham

FIG. 4. Hippocampal damage. (A) Exem-
plary slide 360 days after traumatic brain in-
jury (TBI) with highly atrophied hippo- cam-
pus. (B) Quantification. As early as 7 days
after controlled cortical impact (CCI) there
is significant asymmetry between the hip-
pocampus areas; this asymmetry further
develops until the ipsilateral hippocampus
almost vanishes.
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vs. naive, p = 0.05; CCI vs. naive, p = 0.05). As
with body weight, sham-operated animals recovered to the level of naive mice 1 year after injury,
but mobility time of mice subjected to TBI further declined over time, and 360 days after trauma
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all traumatized mice remained completely immobile when hung head-down by the tail (CCI vs.
sham, p < 0.0001; CCI vs. naive, p = 0.0002).

Finally, we assessed orientation, memory, and learning using the Barnes Maze paradigm. Exem-
plary heat maps of the movement of single mice obtained 270 days after TBI illustrate that naive
(top panel) and sham-operated animals (middle panel) were able to find the home-box quickly
and with no delay. In contrast, the traumatized mouse (bottom panel) found the home box only
after extensive, random searching (Fig. 8A). This loss of memory function is also represented by
the quantitative analysis: naive and sham- operated mice showed normal memory function in
terms of the time needed to find the home-box (latency), the distance travelled to find the home-
box (distance traveled), and the search seed (velocity), whereas traumatized mice showed a sig-
nificantly reduced performance of all investigated parameters already 3 months after injury (Fig.
8B-D). Despite the fact that the distance travelled remained almost stable over time, the latency
to find the home-box increased 180 days after TBI and reached a maximum 1 year after injury,
suggesting progressive loss of memory function in brain injured mice starting 6 months after
trauma.

Discussion

In the current study, we assessed the behavioral and histopathological effects of a single cortical
contusion up to 1 year after experimental TBI in mice. On the histopathological level, we de-
scribed the time course of gray and white matter atrophy, the loss of hippocampal tissue, and the
formation of hydrocephalus. This was corroborated by MRI; the differences observed, especially
in the early phase after TBI, most probably are caused by residual brain swelling, possible hem-
orrhagic tissue within the contusion, and the fact that MRI scans were performed on many more
levels than histology. On the functional level, we demonstrated improvement of motor dysfunction
over time, but loss of memory and depression- like behavior beginning 6 months after and pro-
gressing up to 1 year after TBI. Because brain atrophy, progressive loss of memory function, and
delayed depression are also features of TBI in humans, the current study underpins the clinical
and translational value of experimental TBI models in rodents, provided sufficiently long observa-
tion periods are used.

For decades, acute pathophysiological processes were the main focus of clinical and experi-
mental TBI research, as it was believed that acute traumatic brain damage is the main determi-
nant of clinical outcome. In recent years, however, there is increasing experimental and clinical
evidence that an acute injury to the brain may also be the trigger for delayed processes that may
result in additional and long-lasting sequelae. The most common neuro- logical manifestations
after TBI are motor and cognitive deficits.4®-44 Neuropsychological disorders after TBI are more
common when TBI occurred in early adulthood, and seems to depend on trauma severity.43-45
Further, a single history of TBI seems to be a predisposing factor for neurodegenerative disorders
such as Parkinson’s disease and dementia.”13%4 In some cases post-traumatic dementia was
linked to tau and b-amyloid deposits,'24647 specifically in contact-sports athletes*8-50 and military
veterans;5%52 however, amyloid plaques were also found in one third of long- term survivors of a
single severe TBI.#”
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FIG. 5. Magnetic resonance imaging (MRI). (A) Exemplary coronal T2 scans at different time
points after traumatic brain injury (TBI). (B) Quantification of lesion volume in T2 weighed imaging.
Although at early time points after controlled cortical impact (CCIl) T2 quantified lesion volume
differs from histological evaluation, MRI scanning also shows significant enlargement of lesion/
defect volume (n = 12 each, mean — standard deviation (SD), *p < 0.01 vs. 1 month) (C) MR-
morphological assessment of hemispheric volume of the traumatized versus the contralateral side
(n =12 each, mean — SD, *p < 0.01).

Despite this clear epidemiological and clinical evidence, most knowledge about chronic traumatic
encephalopathy (CTE), chronic post-traumatic brain damage, and related long-term sequels of
TBI derives from human autopsy material which, however, allows only limited insight into patho-
physiological mechanisms. Hence, specifically when trying to establish novel therapeutic ap-
proaches, experimental studies are the only possible approach.5® Of the >1400 experimental
studies assessing outcome listed in PubMed, however, only a minority evaluated post-traumatic
brain damage long-term (> 7—30 days after insult); that is, over periods of time covering a signifi-
cant proportion of the animal’s lifespan.?6:54-69 Recent promising studies already detected im-
portant roles for inflammatory process- es®%%45 and cis-phosphorylated tau®266-68.70 and identified
potential target pathways for a possible chronic TBI treatment.

In order to expand our knowledge about the chronic sequelae of TBI, the current study was there-
fore not only designed to evaluate histopathological parameters up to 1 year after TBI, but also
to assess behavioral changes in traumatized, sham-operated, and age- matched naive animals.
This approach allowed us to correlate the time course of histopathological and behavioral
changes after TBI and to dissect these changes from findings that occurred only as a result of
surgery or anesthesia.
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The most pronounced histopathological observation we made was progressive loss of brain tissue
not only at the lesion, but also in brain areas farther away from the contusion, such as the rostral
corpus callosum. Atrophy is a well-known feature of chronic post-traumatic brain damage in pa-
tients,16:17 and its severity correlates with the development and severity of cognitive deficits,16:4471
as also shown in the current study. The same seems to be true for white matter damage, which
also correlates with the occurrence and severity of cognitive defects.”? In our study, we detected
not only atrophy of the ipsilateral hemisphere, but also atrophy of trans-hemispheric white matter
tracts as evidenced by corpus callosum shrinkage. This finding is in line with radiomorphological
and histopathological findings in humans, and is also supported by previous experimental se-
ries.55:60.61 Hemispheric atrophy, which was detected in the present study from day 7 on, seems
to precede corpus callosum/white matter defects, which became evident only later than 6 months
after the insult. A similar time course of brain tissue atrophy was also reported after mild experi-
mental TBI,%? and recently by diffusion tensor imaging (DTI) after CCI.5%

Ventricular enlargement/hydrocephalus is a common finding after TBI.181° In the early phase after
TBI, hydrocephalus occurs mainly because of obstruction of CSF passage or impaired ab- sorp-
tion caused by hemorrhage. Later after TBI, ventricular enlargement is most often considered to
be an ex vacuo phenomenon caused by tissue atrophy. This is the most likely reason why late
hydrocephalus after TBI is associated with adverse neurological outcome.?-7* In our model, we
detected ventricular asymmetry starting as early as 1 week after TBI and progressing until the
end of the observation period. In our severe lesion model, tissue loss was quite pronounced to-
ward the end of the experiment, supporting the ex vacuo theory. Further, we did not detect any
midline shift indicating increased intracranial pressure (ICP) at any time after TBI. A very severe
loss of brain tissue was also observed in the ipsi- and contralateral hippocampus, a finding also
commonly present in TBI survivors73 and in previous experimental studies.5556:60 Post- traumatic
hippocampal atrophy has been linked to memory deficits’4-7” as well as to the occurrence of mood
disorders,78 and may therefore be the (most relevant) pathophysiological correlate for the pro-
gressive behavioral abnormalities observed in the Barnes Maze and the Tail Suspension tests
seen in this study. As cognitive deficits and mood disorders are among the main reasons for TBI
patients not to return to their previous occupations,”® it is of the utmost importance that an exper-
imental model of chronic TBI reproduce such a deficit.
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Memory functions are frequently impaired after TBI in humans.®-42 Accordingly, cognitive tests
are frequently performed in experimental studies investigating long-term outcome after TBI.
Among the most widely used and accepted tests to assess memory function in rodents are the
Morris Water Maze80 and the Barnes Maze.8182 Multiple reports described short-term memory
impairments 4—6 weeks after CCl, starting as early as 2 weeks after CCl, but only a few studies
provide data for time points later than 6 months or perform repetitive and long-term investigations
over time in the same cohort of animals. Albayram and coworkers,% Luo and coworkers,63 Fer-
guson and coworkers,70 and Pischiutta55 found neurocognitive deficits 6 months after TBI. Sig-
nificant memory impairments were reported 205 days after CCI83 and for up to 1 year after ex-
perimental trauma.>784.85 |n a very recent study, cognitive impairment as assessed by contextual
fear conditioning was absent at 2 weeks, but present in untreated CCI mice 20 months after TBI
compared with sham animals;69 however, there is no information about the time course of
memory decline between these two time points. In the present study, we detected a significantly
increased latency to find the target area 3 months after CCI. In the further course of the experi-
ment (at 6, 9, and 12 months after CCl) memory function further deteriorated in the same cohort
of animals, indicating progressive memory deficits.

Motor function was assessed by the Beam Walk Test and deteriorated most pronouncedly during
the 1st week after TBI, but recovered quickly thereafter as also observed by others.83887 Recov-
ery was not complete, and persistent motor deficits were observed for up to 1 year after TBI.
These motor deficits are in line with observations in patients, where motor deficits are also most
pronounced in the early phase after TBI, but may persist at a lesser degree together with postural
instability for years.88-91
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Depressive symptoms, mood instability, and lack of impetus are common symptoms after TBI of
all severities in humans. Neuro- behavioral deficits have been increasingly reported to occur al-
ready after mild TBI and may significantly affect quality of life and de- crease the frequency of
patients’ returning to work.%29 Although quite common in humans, depression and depressive
symptoms occurring later than 4 weeks after trauma have been less studied in experimental TBI
models than other, more easily quantifiable deficits (e. g., paresis)

FIG. 7. Depression-like behavior af-
ter controlled cortical impact (CCl) as
assessed by the Tail Suspension
Test. Mobility time, the surrogate for
depressive behavior, is reduced over
time in all groups (most probably a
habituation phenomenon). All oper-
ated animals spend less time mobile
than the naive controls 3 months after
surgery; however, whereas sham-op-
0 ; - erated mice recover and reach the
0 20 180 270 360 levels of non-traumatized animals by
Time after TBI (days) day 180 after trauma, CCI mice fur-
ther deteriorate to significantly worse
levels than the sham and naive con-
trols. (n = 12 each, mean — standard
deviation (SD); *p < 0.05 vs. naive, #p

< 0.05 vs. sham group).
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as depressive symptoms are challenging to assess.% So far, depression-like behavior was not
consistently found up to 3 months after TBI;?5-192 as with motor and cognitive symptoms, time
points later than 3 months have been little investigated and yielded conflicting results,100.103,104
perhaps facilitated by small group sizes and single point investigations. In the present study, we
found significant depression-like behavior in our mice beginning 6 months after TBI. Six and 9
months after TBI the mobility time was reduced; however, 1 year after TBI, traumatized mice did
not try at all to straighten up when suspended by the tail. These results suggest that mice exhibit
progressive and severe depression-like behavior after TBI. Further, these results stress the im-
portance and necessity of a long observation period in order to achieve stable and reproducible
results and to adequately assess the role of neurobehavioral symptoms.

Conclusion

In conclusion, the present study observing mice up to 1 year after induction of a cortical contusion
adequately reproduces key behavioral and histopathological features of TBI in humans, such as
progressive loss of memory function, progressive depression-like behavior, sustained motor def-
icits, progressive brain and hippocampal atrophy, and progressive white matter damage. For this,
we used a large cohort of animals that were assessed repetitively over time; further, each time
point when neurobehavioral deficits were assessed (15 min until 12 months) is correlated with
histopathological findings for each time point. Our results suggest that the mechanisms of long-
term sequelae of TBI, so far unrecognized to be present in animal models, such as progressive
memory loss and progressive depression, can be investigated experimentally in the future.
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Abstract

Traumatic brain injury (TBI) causes acute and subacute tissue damage, but is also associated
with chronic inflammation and progressive loss of brain tissue months and years after the initial
event. The trigger and the subsequent molecular mechanisms causing chronic brain injury after
TBI are not well understood. The aim of the current study was therefore to investigate the hypoth-
esis that necroptosis, a form a programmed cell death mediated by the interaction of Receptor
Interacting Protein Kinases (RIPK) 1 and 3, is involved in this process. Neuron-specific RIPK1- or
RIPK3-deficient mice and their wild-type littermates were subjected to experimental TBI by con-
trolled cortical impact. Posttraumatic brain damage and functional outcome were assessed longi-
tudinally by repetitive magnetic resonance imaging (MRI) and behavioral tests (beam walk,
Barnes maze, and tail suspension), respectively, for up to three months after injury. Thereafter,
brains were investigated by immunohistochemistry for the necroptotic marker phosphorylated
mixed lineage kinase like protein (pMLKL) and activation of astrocytes and microglia. WT mice
showed progressive chronic brain damage in cortex and hippocampus and increased levels of
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pMLKL after TBI. Chronic brain damage occurred almost exclusively in areas with iron deposits
and was significantly reduced in RIPK1- or RIPK3-deficient mice by up to 80%. Neuroprotection
was accompanied by a reduction of astrocyte and microglia activation and improved memory
function. The data of the current study suggest that progressive chronic brain damage and cog-
nitive decline after TBI depend on the expression of RIPK1/3 in neurons. Hence, inhibition of
necroptosis signaling may represent a novel therapeutic target for the prevention of chronic post-
traumatic brain damage.

Keywords: Traumatic brain injury, Chronic posttraumatic brain damage, Magnetic resonance im-
aging, Necroptosis, Ferroptosis, Neuroprotection

Introduction

With an estimated case load of 69 million per year [1], traumatic brain injury (TBI) represents a
leading cause of death and disability in all age groups worldwide, especially in children and young
adults. The incidence of TBI is expected to increase in the coming decades, as the number of the
two main etiologies—motor vehicle accidents and falls—are expected to rise due to an increase
in motorization and an aging population, respectively [2]. The socio-economic impact of TBI is
vast, with estimated costs of approximately 400 billion US$ annually [3]. This number does not
only include the direct costs due to acute primary care, but also long-term follow-up costs since
many TBI survivors suffer from mood changes, memory deficits, and loss of fine motor skills, have
difficulties returning to their previous occupation, and therefore require lifelong support [4—6].
Consequently, TBI is increasingly recognized as a chronic neurological disorder with socio-eco-
nomic implications comparable to conditions like Alzheimer’s disease or other neurodegenerative
disorders [7].

While the pathophysiology of acute brain damage has been investigated in detail in experimental
animals and in humans over the past decades, relatively little is known about the mechanisms
determining long-term outcome after TBI. Chronic functional deficits in TBI patients may be
caused by progressive brain atrophy in cortex and hippocampus [8, 9] and hydrocephalus for-
mation [10-13]. So far, clinical and experimental studies suggest that inflammation plays an im-
portant role for the development of chronic posttraumatic brain damage [14—-18], however, the
cellular and molecular mechanisms down- stream of this process are not fully understood. Par-
ticularly, the trigger and the intracellular signaling cascades causing neuronal cell death weeks
and months after TBI are still unknown.

Necroptosis is a form of necrotic regulated cell death, which involves the upstream assembly of
the necroptosome complex formed by the interaction of receptor interacting protein kinase 1 and
3 (RIPK1 and 3) [19] and downstream RIPK3-mediated phosphorylation of mixed lineage kinase
like protein (MLKL). Necroptosis can be initiated by activation of Toll-like receptors (TLR) 3 and
4, TNF-alpha receptor 1 or, as more recently shown by us and others, by cylindromatosis (CYLD)-
mediated deubiquitination of RIPK1 [20]. CYLD is prone to activation by reactive oxygen species
(ROS) [21]. Hence, necroptosis may be activated by several events, TNF release, TLR activation,
inflammation and ROS production, which are all believed to occur in the brain following TBI [16,
22, 23]. Based on these findings, we hypothesize, that necroptosis may be a relevant intracellular
mechanism which triggers chronic neurodegeneration after TBI. To address this issue, we used
mice deficient for RIPK1 in neurons or RIPK3 and investigated lesion progression by longitudinal
magnetic resonance imaging (MRI), behavioral outcome, and necroptotic signaling up to three
months after TBI in a clinically relevant mouse model of TBI. Our results demonstrate that necrop-
tosis is an important novel mediator of chronic neurodegeneration after TBI.
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Material and methods
Ethical statement

All animal experiments were reviewed and approved by the Ethical Review Board of the Govern-
ment of Upper Bavaria. The results of the study are reported in accordance with the ARRIVE
guidelines [24]. Animal husbandry, health screens, and hygiene management checks were per-
formed in accordance with Federation of European Laboratory Animal Science Associations
(FELASA) guidelines and recommendations [25]. Only male mice between 6 and 8 weeks old
mice were used. All surgical procedures, behavioral testing, imaging, and data analysis were
performed in a randomized fashion by a researcher blinded to the genotype and group allocation
of the animals. Group allocation was obtained by drawing lots by a third party not involved in the
study or data analysis.

Animals

Inducible neuronal Ripkl cKO mice were generated as previously described [26] and bred as
Ripk1fl/fl (WT) and Ripk1fl/fl.::Camk2a-Cre + /Cre (cKO) in our facility. For induction of neuronal
RIPK1 deletion, Ripkl cKO mice (starting at 4 weeks of age) received three intra- peritoneal in-
jections of 2 mg Tamoxifen (Sigma-Aldrich, Taufkirchen, Germany, # T5648) in a 100 ul Miglyol
suspension (Caelo, Hilden, Germany, #3274) every 48 h (day 1, 3, 5). RIPK3-deficient mice were
generated and kindly provided by V. M. Dixit, Genentech Inc., San Francisco, CA, [27] and bred
heterozygously to obtain Ripk3—-/- (KO) and Ripk3+/+ (WT) cohorts. The genotype of each RIPK1
and RIPK3 deficient mouse was proven by genotyping (Additional file 1: Figure Sla and b). PCR
was per- formed using the AccuStartTM Il Mouse Genotyping Kit (Quanta Biosciences, Beverly,
MA, #95,135-500) according to the manufacturer’s instructions. Primers were obtained by Meta-
bion (metabion GmbH Planegg, Ger- many). Neuronal specific conditional knock-out of Ripkl
was further proven by immunohistochemistry for RIPK1 (Additional file 1: Figure Sic). Induction
of neuronal specific Cre recombinase resulted in an 80% reduction of RIPK1 expression in cortical
neurons (Additional file 1: Figure S1d). Neither neuronal RIPK1 nor global RIPK3 deficient mice
had any obvious phenotype and were born at normal Mendelian distributions.

Controlled Cortical Impact model of traumatic brain injury Animals were subjected to experimental
traumatic brain injury using the previously described Con- trolled Cortical Impact (CCI) method
[23, 28-30]. CCl induces a highly reproducible focal lesion and causes progressive brain damage
and cognitive decline thereby replicating many acute and chronic characteristics of human TBI
[23]. In short, after induction of anesthesia with buprenorphine (0.1 mg/kg Bw) and isoflurane (4%,
30 s), animals were sedated with 1.5-2.5% isoflurane in 30% oxygen and 70% nitrogen under
continuous monitoring of body temperature and heart rate. After right parietal craniotomy, the
impact was directly applied to the intact dura with a pressure-driven steel piston with a diameter
of 3 mm (L. Kopacz, University of Mainz, Germany; 8 m/s impact velocity, 1 mm penetration depth,
150 ms contact time). For sham-surgery, the piston was placed on the dura, but no impact was
applied. The craniotomy was resealed with tissue glue (VetBond, 3 M animal care products, St.
Paul, MN) and animals were kept in an incubator at 34 °C and 60% air humidity until they regained
full motor activity in order to pre- vent hypothermia. Carprofen (4 mg/kg every 24 h) was admin-
istered i.p. for the following 72 h for analgesia.

Experimental time-line

Motor function, depression-like behavior, and memory function were evaluated three days before
trauma to obtain baseline values and up to three months thereafter. Lesion volume and tissue
iron was evaluated by repetitive MRI up to three months after injury and validated by histology.
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At the end of the observation time brains were removed for immunohistochemical analysis of
lesion volume, tissue iron, astrocyte activation, and microglia morphology (Fig. 1).

Body weight and general condition

Animals were weighed daily from three days before CCI until day 7 after trauma, then weekly.
General condition, surgery wounds, behavior, nutrition, and fluid balance were checked daily in
the early postoperative period, then weekly.
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Figure 1: Experimental groups, methods, and time line

Magnetic resonance imaging and analysis

For longitudinal determination of lesion volume, MRI measurements were performed 15 min, 24
h, 7 days, one, two, and three months after TBI. For all animals, T1 weighted, T2 weighted, and
diffusion weighted imaging (DWI) sequences were collected as previously described [23] under
isoflurane anesthesia (1-1.5% in 30% oxygen/70% nitrogen) and multimodal monitoring of phys-
iological parameters using a 3 T nanoScan® PET/MR (Mediso, Miunster Germany). Sequences
were collected in the following order: T2-weighted imaging (2D fast-spin echo (FSE), TR/TE =
3000/57.1 ms, averages 14, matrix size = 96 x 96; field of view = 16 mm x 16 mm; slice thickness
= 500 pm, inter- slice gap = 60 pm), T1-weighted imaging (2D fast-spin echo (FSE), TR/TE =
610/28,6 ms, averages 14, matrix size = 96 x 96; field of view = 16 mm x 16 mm; slice thickness
=500 pm, interslice gap = 60 um). Total imaging time was approximately 35 min per mouse and
time-point. Lesion volume was measured using ImageJ software (Rasband, W.S., ImageJ, U. S.
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National Institutes of Health, Bethesda, Maryland, USA, https:// imagej.nih.gov/ij/, 1997-2018) in
T2 sequences. 14 slices surrounding the lesion were chosen for each data- set and the area
segmented using the polygon tool. Volume was then calculated using the following equation:

V=dx*(Al/2+A2+A3...+An/2)

with d being the distance between slices in mm (slice thickness + interslice gap), and A being the
measured area in mm?.

Hippocampal atrophy was assessed in T2-weighted images as previously described [23]. One
section located in the center of the lesion containing the hippocampus was chosen at the same
position for each animal. Areas of both hippocampi were segmented using the polygon tool and
the ipsilesional area of the hippocampus was expressed as % of the area of the uninjured con-
tralateral hippocampus.

Behavioral testing

To exclude age-related factors as a cause for behavioral changes during the observation period,
all behavioral tests were performed with an additional control group of non-traumatized (naive)
RIPK3 or RIPK1 deficient mice (Fig. 1).

Motor function—Beam Walk

The Beam Walk Test was performed as previously described [23, 28, 30]ona 1 mlong and 1 cm
wide suspended wooden rod. Time to cross the beam and the number of missteps was recorded.
Animals with more than two missteps in pre-trauma testing were excluded from randomization.

Memory and learning behavior—Barnes Maze

The Barnes Maze test, a well-established paradigm for assessing memory function [31, 32], was
performed 1, 2, and 3 months after CCI as previously described [23]. In short, the animal was
placed on a brightly lit round platform with 20 identical holes along its outer rim and trained to
locate a box affixed below one of the apertures (home cage) as fast as possible. Time to reach
the home cage (latency) as well as distance travelled and walking speed were recorded and
analyzed using a video tracking software (EthoVison XT®©, Version 11, 2014 Noldus Information
Technology). Animals were trained for four consecutive days and memory function was evaluated
on the sixth day.

Tail Suspension test

The Tail Suspension test is a paradigm to assess depression-like behavior in rodents and was
performed as previously described [23]. Briefly, animals were suspended by the tail for three
minutes and their movements recorded and analyzed using a video tracking software (EthoVison
XT©, Version 11, 2014, Noldus Information Technology). The time of inactivity was used as a
proxy for depression- like behavior [33].

Histological assessment
Lesion volume/ hippocampus volume

Three months after TBI, animals were fixed with 4% PFA in deep anesthesia by transcardial per-
fusion. Four- teen sequential 50 um thick coronal sections were cut at 500 um intervals on a
vibratome (Leica, Germany) in order to match the tissue volume investigated by MRI, stained with
cresyl violet according to Nissl, and evaluated by histomorphometry for lesion volume using the
following formula as previously described [23]:
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V=dx*(AL/2 +A2 + A3 ...+ An/2)

The volume of the hippocampus in the traumatized hemisphere was determined in six slices one
mm anterior until four mm posterior to bregma and then normalized to the contralesional side.

Iron deposits

One section per animal was stained with Prussian blue (Iron Stain Kit, Sigma-Aldrich, # HT20) at
-1.5 mm from bregma to visualize iron deposits using a light micro- scope (Axioscope, Carl Zeiss
Microscopy GmbH, Jena Germany). Tile scans were then processed in ImageJ by using the color
deconvolution tool to separate color channels. The blue channel was binarized and the integrated
density was measured using the particle analysis plugin. Values of the traumatized hemisphere
were expressed as percentage of the contralateral side.

Immunohistochemistry

Fifty micrometer thick floating coronal sections were prepared as previously described [34]. Block-
ing and incubation with the primary antibody was performed in 1% bovine serum albumin, 0.1%
gelatin from cold water fish skin, 0.5% Triton X-100in 0.01 M PBS at pH 7.2-7.4 for 72 h at 4 °C.
The following primary antibodies were used: IBA-1 (rabbit, Wako, #019-19,741, 1:200), GFAP-
Cy3 (mouse, Sigma Aldrich, #2905, 1:200), RIPK1 (rabbit, Novusbio, #NBP1-77077SS, 1:100),
NeuN (guinea pig, Synaptic Systems, #266 004), and phosphorylated MLKL (rabbit, Cell signaling
technology, # 91689S, 1:100). After incubation, sections were washed in PBS and incubated with
the following secondary antibodies: anti-rabbit coupled to Alexa-fluor 594 (goat anti-rabbit,
Thermo Fisher Scientific, #A-11012), anti-guinea pig coupled to Alexa-fluor 488 (goat anti-guinea
pig, Thermo Fisher Scientific, # A-11073), and anti-mouse coupled to Alexa-fluor 647 (goat anti-
mouse, Thermo Fisher Scientific, #A- 32,728) in 0.01 M PBS at pH 7.2—-7.4 containing 0.05%
Tween 20. Nuclei were stained with 4’,6-Diamidin-2-phenylindol (DAPI, Invitrogen, #D1306)
1:10,000 in 0.01 M PBS.

Imaging was performed using a ZEISS LSM 900 confocal microscope (Carl Zeiss Microscopy
GmbH, Jena Germany). GFAP staining was recorded using a 10x objective (EC Plan-Neofluar
10x/0.30 Pol M27) with an image matrix of 512 x 512 pixel, a pixel scaling of 0.2 x 0.2 ym and a
depth of 8 bit. Whole brain images were collected in z-stacks as tile scans with a slice-distance
of 2 ym and a total range of 14 ym [35]. For microglia analysis, images were acquired using a
40x objective (EC Plan-Neofluar 40x/1.30 Oil DIC M27) with an image matrix of 1024 x 1024
pixel, a pixel scaling of 0.2 x 0.2 ym and a depth of 8 bit. Specific regions of interest were collected
in Z-stacks to include the entire slice thickness with a slice-distance of 0.4 ym at 100 ym away
from the lesion in the hippocampus and at 300 ym in the cortex. For p-MLKL staining, a 5 x
objective was used (EC Plan-Neofluar 5x/0.16 Pol M27) with an image matrix of 1434 x 1434
pixel, a pixel scaling of 3.321 x 3.321 ym and a depth of 8 bit. Whole brain images were collected
in z-stacks as tile scans with a slice-distance of 5 ym and a total range of 25 ym. To demonstrate
the intracellular localization of p-MLKL, a 100 x objective (Epiplan-Neofluar 100x/1.3 Oil Pol M27)
was used with an image matrix of 512 x 512 pixel, a pixel scaling of 0.166 x 0.166 ym and a
depth of 8 bit. Images were collected in z-stacks with a slice-distance of 0,280 ym and a total
range of 5.6 ym. After obtaining a maximum intensity projection, images were imported into Im-
ageJ [36] and intensity of p-MLKL measured in the rim of the lesion and normalized to the signal
of DAPI to correct for differences in staining. The corrected signal was then normalized to the
same sized region of interest on the contralateral hemisphere.

Analysis of astrocyte coverage
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Assessment of astrocyte coverage was performed using ImageJ in sections stained for GFAP
(see above). Z-stacks were imported into Fiji and split into individual channels. GFAP intensity in
five ROI (250 x 250 ym; at 0, 250, 500, 750, and 1000 um distance from the lesion in the striatum)
was then measured using the mean grey value and normalized to the measurements of the con-
tralesional hemisphere to adjust for possible differences in staining intensity.

Analysis of microglia coverage and morphology

Microglia coverage was manually assessed in maximum intensity projections of iba-1 stained
sections. One section per animal was chosen at 1.5 mm from bregma and two ROls chosen on
the ipsilesional hemisphere, one in layer V of the cortex at 300 um away from the lesion and one
in the CAla region of the hippocampus. The number of microglia was normalized to total DAPI
positive cell count and expressed in as percentage of coverage in sham operated animals.

To assess microglia morphology, Sholl and fractal analysis were performed to indicate ramifica-
tion, cell range, total cell size, and circularity using a modified protocol from Young and Morrison
[37]. Z-stack images were converted to a maximum intensity projection and cells were individually
cut out using the polygon selection tool in ImageJ [35]. Only cells fully captured within the z-stack
were selected. After background subtraction, images were binarized and resized to 600 x 600
pixels keeping the original scale. Speckles or debris around the cells were removed using the
paintbrush tool. Sholl analysis was performed using the Sholl analysis plugin in ImageJ [38]. Cen-
tered on the soma, concentric circles with an increasing radius of 2 ym were drawn, the number
of intersections measured at each radius. After converting binary images to outlines, fractal anal-
ysis was performed using the FracLac plugin for ImageJ [39]. As described previously [37], the
total number of pixels present in the cell image of either the filled or outlined binary image were
calculated and later transformed to um2 (pixel area = 0.208 uym2). Cell circularity was calculated
as Circularity = 4 1 Area/Perimeter2. Maximum span across the convex hull represents the max-
imum distance between two points in the convex hull.

Statistical analysis

Sample size was calculated with the following parameters: alpha error = 0.05, beta error = 0.2,
calculated standard deviation ranged from 15 to 20% (depending on the parameter investigated),
and biologically relevant difference = 30%. All data is given as mean * standard deviation (SD) if
not indicated otherwise. For comparison between groups, Student t-test was used for normally
distributed data and Mann-Whitney Rank Sum test for non-normally distributed data according
to the result of Shapiro—Wilk normality test. Measurements over time were tested between groups
using One-way or Two-way ANOVA for Repeated Measurements, followed by Tukey’s multiple
comparisons test for normally and Holm-Sidak’s multiple comparisons test for non-normally dis-
tributed data as post hoc test. Calculations were performed with Sigma Plot version 14.0 (Systat
Software GmbH, Erkrath, Germany).

Results

A total of 33 male RIP1 deficient mice (naive RIP1fl/fl Cre group: n = 4, RIP1fl/fl Cre and RIP1fl/fl
sham groups = 5 each, CCI RIP1fl/fl group: n = 10, RIP1fl/fl Cre group: n = 9) and 32 male RIP3
deficient mice (naive RIP3-/-, RIP3+/+, and n = 9, CCI RIP3 group n = 8) were operated, as-
sessed, and analyzed for the present study. One RIP3+/+ animal was excluded from randomiza-
tion and not used for the study due to its performance in the Beam Walk Test before TBI (more
than 2 missteps at baseline).

Traumatic brain injury induces long-term necroptotic signaling in neurons
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Phosphorylated MLKL (pMLKL) was used as a specific marker for necroptosis [40]. Three months
after TBI large amounts of pMLKL were found in the rim of the traumatic cavity, the presumed site
of progressive chronic post-trauma brain damage (Fig. 2a, upper panel). pMLKL was found by
high resolution confocal imaging in the cytoplasm of selected neurons as small dots (RIP3-/-
sham group: n 5 each, CCI RIP3+/+ group), suggesting that pMLKL is part of a protein complex
such as the necrosome (Fig. 2a, lower panel, white arrowheads). pMLKL staining was almost
absent in neuronal RIPK3 deficient mice suggesting that necroptotic signaling in neurons did es-
sentially not occur in these animals (Fig. 2b). Quantification of pMLKL staining showed a highly
significant increase of activated MLKL in wild type mice of both strains, while neuronal Ripk1 or
global Ripk3 knock-out completely blunted this response (Fig. 2c and d).
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Figure 2: Phosphorylated MLKL, a marker of necroptosis is reduced in RIP knockout animals. a.
Exemplary staining of pMLKL and NeuN (upper panel) and a pMLKL positive neuron at higher
magnification (lower panel) in the rim of a traumatic contusion in a wild type mouse. b. pMLKL is
significantly reduced in a RIPK3 deficient mouse. ¢ and d p-MLKL signal intensity was significantly
increased after TBI in wild type animals (white bars) compared to sham animals indicating signif-
icant presence of necroptosis three months after TBI; this increase was significantly blunted in
RIPK1 (c) as well as in RIPK3 d mice where there was no difference between TBI and sham
animals. Data are presented as mean + SD; n = 9-10 for RIPK1, n = 8-9 for RIPK3. Two-way RM
ANOVA with Tukey’s multiple comparisons test was used. ***p <0.001, n.s. indicates no signifi-
cant statistical difference between groups.

Chronic posttraumatic brain damage is reduced in RIPK1 or RIPK3 deficient mice

After demonstrating neuronal necroptotic signaling three months after TBI in wild type mice and
showing that RIPK1 or 3 deficiency prevented this process, we evaluated lesion volume in cortex
and hippocampus of wild type and RIPK deficient mice by longitudinal MR imaging. Two animals
(one Ripk1 fl/fl::CamK2a Cre and one Ripk3 WT) of the study cohort died for unknown reasons
before TBI and were excluded from analysis. All other animals completed the study. Anesthesia
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and craniotomy did not have any influence on general outcome parameters: sham-operated and
CCI animals recovered equally well from surgery in terms of bodyweight (Ripkl cKO: Additional
file 1: Figure S2a, Ripk3 KO: Additional file 1: Figure S2b) and general health score (Ripkl cKO:
Additional file 1: Figure S2c, Ripk3 KO: Additional file 1: Figure S2d). Exemplary three dimen-
sional reconstructions of the brain showed a large lesion and a small hippocampus in the ipsilat-
eral hemi- sphere of traumatized wild type mice three months after TBI, while the lesion was
significantly smaller and the hip- pocampus significantly larger in neuronal RIPK1 deficient mice
(Fig. 3a). Longitudinal investigation of lesion size and hippocampal volume by repetitive MRI
showed that the primary damage measured 15 min after trauma was com- parable in RIPK1
deficient mice and their respective wildtype controls (Fig. 3b, t= 15 min: Ripkl cKO: 18.4 + 2.6
mm3, wt: 18.4 £ 1.7 mm3) indicating that the initial trauma was similar in all investigated animals.
In agreement with previous results in this model, lesion size peaked 24 h after TBI in both exper-
imental groups (Ripkl cKO: 27.0 £ 1.8 mm3, + 47% vs. 15 min; wt: 29.8 + 4.3 mm3, + 61% vs.
15 min) as a representation of acute secondary brain dam- age. Lesion volume was not different
between wild type and neuronal RIPK1 deficient mice at this time point indicating that necroptosis
does not play a significant role for acute lesion progression. Within the first month after TBI, re-
moval of necrotic tissue and scar formation resulted in an apparent shrinkage of the lesion. One
to two months after TBI progressive loss of brain tissue started to occur, a process we previously
demonstrated to continue for at least one year after experimental trauma [23]. Chronic post-
trauma tissue injury was significantly reduced in neuronal RIPK1 deficient mice as compared to
their wild type littermate controls (t = 1 month: Ripkl cKO: 5.7 £ 1.6 mm3, wt 8.2 £ 1.9 mm3, p =
0.0355, t =3 mon Ripkl cKO: 6.5+ 1.7 mm3, wt: 11.3 £ 2.0 mm3, p = 0.0002). A similar dynamic
was seen in RIPK3 deficient animals. Acute injury was not affected by RIP 3 knock-out (Fig. 3c t
= 24 h, Ripk3 KO: 24,8 + 3,3 mm3, wt: 26,1 + 5,3 mm3), while chronic lesion progression was
significantly attenuated from one to three months after TBI (t = 1 month: Ripk3 KO: 8.8 £ 2.9 mm3,
wt: 14.0 £ 1.9 mm3, p = 0.006; t = 3 months: Ripk3 KO: 7.3 + 1.3 mm3, wt: 11.6 + 3.6 mm3, p =
0.04). Individual traces for lesion volumes in each animal are given in Additional file 1: Figure S3a
(RIP1 KO) and Additional file 1: Figure S3b (RIP3 KO). The MRI findings were corroborated by
histopathological evaluations, i.e. acute brain damage 24 h after TBI was similar in RIP deficient
and wild type animals (Additional file 1: Figure S4), while chronic brain damage three month after
TBI correlated well with the injury assessed by MRI (Additional file 1: Figure S5a and b) and was
significantly reduced in both knock-out strains (Additional file 1. Figure S5c and d).
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Figure 3: RIPK1 and RIPK3 deficiency significantly reduces posttraumatic brain damage. a 3D
reconstruction of lesion volume (blue) in relation to ipsi- and contralateral hippocampus (green)
for a RIPK3 wild type and a RIPK3 deficient mouse 3 months after TBI. Scale bar=5 mm. b and
¢ Lesion volume over time quantified by repetitive T2-weighted MR imaging in RIPK1 (b) and
RIPK3 (c) knockout animal. d and e. Hippocampal atrophy over time assessed in longitudinal T2-
weighted MRI. RIPK1 (d) and RIPK3 (e) knockout mice show better preservation of hippocampal
tissue over time. Mean + SD; n =9-10 for RIPK1, n=8-9 for RIPK3. Two-way RM ANOVA with
Sidak's multiple comparisons test was used. *p < 0.05, **p <0.005, ***p <0.001
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Since memory deficits are a hallmark of chronic post- traumatic brain damage in mice and TBI
patients [23, 41, 42], we next investigated long-term hippocampal dam- age by MRI. In the current
TBI model, the hippocampus is only marginally injured acutely after TBI, but severely affected by
progressive chronic damage as previously shown [23]. All wild type mice showed significant loss
of hippocampal tissue in the traumatized hemisphere already one month after TBI (Fig. 3d and e,
open bars). Starting one month after trauma, hippocampal loss was significantly less pronounced
in neuronal RIPK1 and global RIPK3 deficient mice (Fig. 3d, RIPK1: reduction to 74.9 + 18.5%,
wt: reduction to 40.3 + 18.7% of contralateral hippocampus, p = 0.0004; Fig. 3e, RIPK3: reduction
to 78.0 £ 30.7%, wt: reduction to 48.2% + 19.6% of contralateral hippocampus, p = 0.01). This
significant difference persisted until the end of the observation period three months after TBI and
was corroborated by histology (Additional file 1: Figure S5e and f).

Astrogliosis and microglial activation are reduced in RIPK1 and RIPK3 deficient mice

The formation of a glial scar and the activation of micro- glia are other hallmarks of chronic brain
damage after TBI [43, 44]. Indeed, we observed a marked increase in glial fibrillary acid protein
(GFAP), an astrocyte marker, in the rim of the traumatic cavity and in perilesional tis- sue in wild
type mice three months after TBI (Fig. 4a, left panel). Quantification of GFAP expression showed
an almost four-fold increase in the rim of the lesion with a decreasing intensity towards perilesional
areas (Fig. 4b and c, open bars). GFAP expression was far less pronounced in neuronal specific
RIPK1 deficient mice (Fig. 4a, right panel). Quantification of astrocyte density by pixel-based
analysis corroborated these findings and reveled that activation of astrocytes was significantly
decreased by 25-35% in neuronal specific RIPK1 and in global RIPK3 deficient mice (Fig. 4b and
c, closed bars).
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Figure 4: RIPK1 and RIPK3 deficiency reduces reactive astrogliosis three months after TBI. a
Exemplary GFAP stainings in a wild type (left) and a RIPK1 knockout (right) animal at different
distances from the traumatic contusion. Both images show the right hemisphere, but the left im-
age has been mirrored along the midline for better visualization. Scale bar =20 ym. Significant
astrogliosis is present in the WT mouse, while it is heavily reduced in the neuronal RIPK1 deficient
mouse. b and ¢ Quantification of astrocyte coverage at different distances from the lesion. Astro-
cyte coverage was decreased in neuronal RIPK1 (b) and global RIPK3 (c) knockout animals com-
pared to controls. Data are presented as mean + SD; n = 9-10 for RIPK1, n = 8-9 for RIPK3. Stu-
dents t-test for parametric and Man-Whitney-Rank-Sum test for non-parametric data were used.
*p <0.05, **p <0.005, ***p <0.001.

Staining for the microglia marker ionized calcium- binding adaptor molecule 1 (iba-1) yielded sim-
ilar but more lesion associated findings three months after TBI (Ibal; Fig. 5). In wild type mice
Iba-1 staining was most pronounced within a distance of 100 um from the rim of the traumatic
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cavity, while only subtle changes were observed in areas 300 um away from the lesion site (Fig.
5, WT). The density of iba-1 staining was heavily reduced in neuronal specific RIPK1 deficient
mice (Fig. 5, Ripk1 cKO). To quantify these changes, we assessed tissue coverage, area, circu-
larity, and maximal span of microglia in the rim (100 pum) and in the vicinity (300 um) of the trau-
matic lesion (Fig. 5b—i). In wild type mice all invest gated parameters pointed towards a significant
activation of microglia near the rim of the lesion, i.e. the coverage and circularity increased, while
the area and the maxi- mal span of microglia decreased (Fig. 5b—i, open bars).

Microglia activation and the number of microglial branch points were significantly reduced and
partly normalized in neuronal specific RIPK1 and in global RIPK3 deficient mice (Fig. 5b—m,
closed symbols), suggesting that less neuronal cell death was associated with less microglial
activation.



58

300 pm

RIP1 KO

%0 . rs 19 0
" = "
E 30 e - E 140 4 oras
1% " 2 1 4 T
a -
< ) 4 120 4
" = 1% e = 1o 4 e
Y E R S e T T 3 na - T -
g & = 1 - Rl - & »
s ;s ® s wd
® iR g w T {' red
— f = - & wd
- 3 s 4
s < m < md
5" 5N A SRS -
2 « g w @
o x = 4
= x L 4
w o4
- ¢ I —— S —— e d
100 pm 300 gm 100 pm 300 ym 100 ym 160 um 100 ym 300 pm

X
Ll
)
|
)

Circularity (% Sham)
-
s § § %3 % %
Max. Span (% Sham)
e & % 8 3 % 3 A
1
|
1
|
|
1
+—
!
Chreatarity (% Sham)
gk E 838
| S—
“
H -
1 —
Max Span (% Sham
- 388 388 i3
y - +
o
.
| .
i
|
p—+

— 2
7 r
L1 iml EE=l § . (O0/
100 pm 300 pm 160 g 200 ym 100 pm 380 o 100 ym 300 pm
CORPIME
= Cre = reie
j 100 pm k 300 ym | 100 pm m 300 pm
" ",
18 x "% 4
“ “i
tu E ul g n g
2w 8w 2 | ,_‘.
g ] g 3 g il ¥
2 s 1 & \
§ § : l £
- ! - 4 . : -
2 214 I,
° LR
i
2 2 -
0 S WISHNXWNIBLHLSN 0 S NIBNENBMUNESN 0 5 10152028 30 35 40 45 50 O 6 107520 26 30 35 40 45 SO
Distance from soma |pm) Distance from soma (um) Distance from soma (pm) Distance from soma (pm)
O RPY B0 - RIPIWT
-0 BP0 Cm ~O— RIP) KO

Figure 5: RIPK1 and RIPK3 deficiency reduces microglia activation. a. Exemplary stainings for
the microglia marker ibal in WT (upper inserts) and neuronal RIPK1 deficient mice (lower inserts)
100 pm (left inserts) and 300 pum (right inserts) from the rim of the lesion. b-i. Coverage and fractal
analysis of microglia. In areas closer to the lesion site (100 um, left side of each panel), knockout
animals of both lines showed a decrease in microglia coverage (b. RIP 1, d. RIPK3) compared to
their wild type littermates. Fractal analysis revealed that microglia of knockout animals in proximity
to the lesion have less processes (c. RIP 1, e. RIPK3) are less circular (f. RIP 1, h. RIPK3), and
overall smaller (g. RIP 1, i. RIPK3). In the more distal region, cells resembled those in sham



59

operated animals, with no differences between genotypes. j-m. Sholl analysis also shows in-
creased ramification, i. e. more active cells, close to the lesion (j. RIP 1, I. RIPK3), but not further
away from the lesion site (k. RIP 1, m. RIPK3). Data are presented as mean + SD; n=9-10 for
RIPK1, n = 8-9 for RIPK3. Student t-test for normalized and Man-Whitney-Rank-Sum-test for non-
normalized data was used. *p <0.05, **p <0.005, ***p <0.001. n.s. indicates no significant statis-
tical difference between groups.

Neuronal RIPK1 and RIPK3 deficiency improves cognitive outcome three months after TBI

To investigate whether the reduction of lesion size, hippocampal damage, scar formation, and
microglial activation had an effect of functional outcome, we investigated motor function by beam
walk, depression-like behavior by the Tail Suspension test, and long-term memory using the
Barnes Maze test. TBI significantly deteriorated motor function and induced depression-like be-
havior compared to pre-trauma performance as previously described [23], genetic deletion of
RIPK1 or RIPK3, how- ever, had no effect on these parameters (Fig. 6a—d). Long- term memory
was normal in non-traumatized Ripk1 or Ripk3 knock-out mice; it was, however, significantly dis-
turbed in traumatized animals, i.e. TBI increased the time needed to find the home cage, the
latency to goal, by more than ten times and memory loss progressed over time (Fig. 6e and f,
triangles and open circles). In neuronal specific RIPK1 and in global RIPK3 deficient mice, how-
ever, long-term memory function was almost completely preserved and resembled that of not
traumatized animals (Fig. 6e and f, closed circles). Hence, protection of hippocampal neurons by
genetic deletion of RIP 1 or RIPKS3 resulted in preserved long-term memory function.
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Figure 6: RIPK1 and RIPKS3 deficiency improves neurocognitive performance three months after
TBI. a and b Motor impairment after TBI. Beam Walk Test revealed long term impaired motor
function of the left hind limb in TBI animals (missteps compared to respective baseline, # for WT,
* for KO), but there were no differences between a RIPK1 or b RIPK3 knockout animals and their
respective controls. ¢ and d Depression-like behavior after TBI. Mice of both strains showed an
increase of total immobility time throughout the time course of three months, however no signifi-
cant differences could be detected between RIPK1 (c) and RIPK3 (d) knockout animals compared
to wild type. e and f Learning and memory dysfunction after TBI. CCI induces severe long-term
memory deficits in WT mice (open circles) while RIPK1 or RIPK3 knockout animals (grey circles)
show similar long-term memory function as uninjured littermate controls. Data are presented as
mean £ SD; n=9-10 for RIPK1, n=8-9 for RIPK3. Two-way RM ANOVA with Tukey’s multiple
comparisons test was used. *p <0.05, **p <0.005, ***p <0.001, ****p < 0.0001.

Chronic lesion progression after TBI is associated with iron deposits and reduced in RIP -deficient
mice

Since our data suggest that necroptotic signaling is important for chronic brain damage after TBI,
we were interested to identify the mechanisms triggering this process. Traumatic contusions are
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associated with hemorrhage and subsequent deposition of iron in perilesional brain parenchyma.
Since free iron is well-known to trigger ferroptotic [45] and possibly necroptotic cell death signaling
[46], we hypothesized that chronic post- traumatic brain damage may be associated with iron
deposition. Since iron can alter MRI signals, we looked for signal alterations using MRI scans.
Indeed, we found hyperintense signals at the border of the lesion one month after TBI by T1-
weighted MRI (Fig. 7a, upper panel) and could demonstrate that these signals showed a close
spatial correlation with iron deposits as identified by Prussian blue staining (Fig. 7a, lower panel
and Fig. 7b). Comparison of the volume of iron deposits between wild type and RIP deficient mice
revealed equal amounts of iron in all animals, suggesting that the amount of hemorrhage was
equal in all experimental groups (Fig. 7c and d). In a next step, we investigated the spatial and
temporal relationship between chronic lesion expansion and iron deposits. For this purpose, we
recorded iron deposits one month and lesion area three months after TBI, a time point when the
lesion already expanded. In wild type mice the rim of the lesion area, the site of lesion progression,
colocalized with iron deposits, while in neuronal specific RIPK1 deficient mice colocalization was
minimal (Fig. 7e). The quantification of lesion area and iron deposition in wild type, RIPK1 and
RIPK3 deficient mice, demonstrated that tissue loss co-localizing with histopathological detection
of iron was significantly reduced in RIP deficient animals, suggesting that free iron may be in-
volved in the pathophysiology of chronic neuronal necroptosis following TBI (Fig. 7f and g).
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Figure 7: Lesion progression occurs in areas with iron deposits. a T1-weighted MRI (upper panel)
and Prussian blue staining (lower panel) three months after injury. There is a close spatial corre-
lation between the T1-hyperintense signal and iron staining (arrowheads). b There is high spatial
correlation between the area of T1 hyperintensities and iron deposits as assessed by Prussian
blue staining. Pearson product-moment correlation analysis. ¢ and d Iron deposits in pericontu-
sional brain tissue assessed by longitudinal MRI. Extent of hemorrhage is comparable in RIPK1
(c) and RIPK3 (d) knockout animals and controls, indicating no differences in hemorrhage size
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after TBI between groups. T1 hyperintensities decreased over time in all groups, suggesting a
very slow resorption of iron over time. e. Co-localization of iron deposits (red) observed at 1 month
after TBI (upper panels) and lesion size assessed at the end of the observation period (3 months,
middle row, green) suggests a progressive expansion of the lesion towards the regions with iron
deposits. f and g Quantification of overlap between iron deposits and lesion. The higher the over-
lap of iron deposits and lesion size at three months, the higher the rate of tissue loss/ cell death
in iron containing tissue. Co-localization is significantly less pronounced in RIPK1 (f) or RIPK3 (g)
deficient mice, suggesting a reduced lesion growth in RIP knockouts due to toxic iron residues.
Data are presented as mean + SD; n =9-10 for RIPK1, n =8-9 for RIPK3. Two-way RM ANOVA
with Tukey’s multiple comparisons test was used. **p <0.005, ***p <0.001.

Discussion

It is increasingly recognized that next to its acute sequelae, traumatic brain injury is a chronic
disease [14]. Chronic post-trauma brain damage is associated with inflammation, persists for
years after the initial insult, and may spread to areas initially not affected by the initial impact [47].
Affected patients often suffer from neuro- cognitive and mood disorders, personality changes,
neurocognitive dysfunction, or even dementia [48-54]. So far, no therapeutic concepts targeting
the long-term sequelae of TBI exist as the pathophysiology of chronic traumatic brain injury is still
poorly understood.

Here, we propose, to our knowledge for the first time, that programmed cell death signaling me-
diates chronic neuronal injury after TBI. More specifically, we identified the necroptosis signaling
molecules RIPK1 and RIPK3 to be major players in this process. Neurons affected by chronic
traumatic damage showed necroptotic signaling as evidenced by enhanced levels of pMLKL.
Moreover, Ripk3 global knockout animals as well as neuronal RIPK1 deficient mice were signifi-
cantly protected from chronic brain injury and showed improved neurocognitive function up to
three months after TBI. Of note, no protection was observed within the first days after TBI, sug-
gesting that necroptosis is not involved in acute injury, but specifically mediates chronic traumatic
brain damage. Hence, our data further suggest that mechanistically acute and chronic neuronal
cell death seem to be mediated by different processes.

Longitudinal MRI and histological assessment revealed that lesion progression was associated
with parenchymal iron deposition and that neuronal or global deletion of RIPK1 or RIPK3 pre-
vented lesion progression. These findings suggest that chronic traumatic brain damage may be
triggered by iron and mediated by necroptotic signaling. The association of lesion progression
with iron deposits is intriguing and may indicate that iron plays an important role in this process,
however, further experiments addressing this issue in more detail will need to further evaluate
whether there is a causal or just a correlative relationship between iron deposition and neuronal
necroptosis.

Hemorrhage and the subsequent degradation of red blood cells releases large amounts of hemo-
globin, heme, and free iron, i.e. molecules with high cytotoxic activity, into brain tissue [55]. From
numerous studies investigating intraparenchymal hemorrhage, a subtype of hemorrhagic stroke,
it is well known that specifically free iron generates reactive oxygen species thereby damaging
cell membranes and causing tissue damage and neurological dysfunction [36, 56—59]. Cerebral
macro- and microhemorrhages are common after TBI [60-62]. Specifically, microbleeds have
been shown to exert toxic effects on endothelial cells, astrocytes, neurons, oligodendrocytes, and
microglia and may thus lead to blood—brain barrier damage, neuronal cell death, demyelination,
and chronic inflammation [63]. The importance of blood degradation products for the pathophys-
iology of TBI is further demonstrated by the fact that the presence and extent of hemorrhage show
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a close correlation with injury severity and long-term clinical outcome in TBI patients [63, 64]. In
line with these clinical studies, we previously demonstrated that the TBI model used in current
study shows acute macro-hemorrhage, which, however, resolves within the first week after injury
[23]. In the current study we now show by MRI and Prussian blue staining that iron persists in
pericontusional tissue for up to three months after the initial impact. Iron deposits identified in still
viable pericontusional brain tissue one month after TBI co-localized with damaged tissue three
months after injury, suggesting that chronic lesion progression preferably occurred in areas with
previous hemorrhage and subsequent iron deposition. Since this process was significantly atten-
uated in neuronal Ripk1 and global Ripk3 knockout animals, our findings suggest that pericontu-
sional iron may be involved in chronic posttraumatic lesion expansion and that this process is
mediated by necroptotic signaling in neurons.

So far, neuroinflammation was believed to be the main cause of chronic brain damage after TBI
[44]. However, the mechanisms by which microglial activation promotes neuronal injury and death
remain elusive. Further, micro- glial activation after TBI may exert beneficial as well as detrimental
effects, i.e. tissue regeneration versus accelerated damage, respectively. Therefore, disentan-
gling these opposite functions of microglia may have important therapeutic consequences. Our
current data suggest that the final steps causing neuronal cell death during chronic post-trauma
brain damage depend on RIPK1 and RIPKS3 activity. Based on these findings, we suggest a hy-
pothetical scenario in which chronic post-trauma brain damage is initiated by the ongoing produc-
tion of reactive oxy- gen species (ROS) by inflammatory cells. Physiological concentrations of
ROS are usually well tolerated by cells since they are detoxified to water and oxygen by the
glutathione system and catalases [65]. However, in the presence of iron, hydrogen peroxide is
converted to highly reactive hydroxyl radicals by the Fenton reaction and may initiate a form of
programmed cell death called ferroptosis [66, 67]. The link between ferroptosis and RIPK1/3-
mediated necroptosis in neurons is not fully established, but may be mediated by cylindromatosis
(Cyld), a deubiquitinase able to activate RIPK1 and downstream necroptosome formation under
conditions of oxidative stress as we recently demonstrated [21]. We showed that CYLD-depend-
ent RIPK1/RIPK3 necrosome-formation occurred in neuronal cells exposed to ferroptosis activa-
tors and knockdown of the necroptosis-mediators CYLD, RIPK1 or RIPK3 attenuated cell death.
Interestingly, the role for CYLD in ferroptosis also translated into neuro- protective effects in vivo,
since CYLD knockout mice showed reduced secondary brain damage after TBI com- pared to
controls [21]. These findings are corroborated by results in models of hemorrhagic stroke sug-
gesting that necroptosis and ferroptosis are indeed interconnected under conditions of blood-
induced tissue damage [68].

Despite its obvious strengths, the current study also has some notable limitations. We studied
only young male animals and are therefore not able to make any statements on the role of necrop-
tosis in the aged or female brain. Further, due to technical limitations, such as the lack of specific
antibodies for the study of necroptosis in brain tissue, we were only able to demonstrate the in-
volvement of a single signaling molecule downstream of RIPK activation, namely pMLKL. Thus,
future studies using novel experimental tools will need to define necroptotic signaling after TBI in
more detail. Another shortcoming of the current study is that we demonstrate only a spatial cor-
relation between iron deposition and necroptosis. Thus, further studies are needed to further clar-
ify whether there is a causal relationship between iron deposition and neuronal necroptosis. Fi-
nally, we want to point out that memory tests in mice are some- times hard to interpret since
results may be influenced by differences in motor function or the level of disinhibition which are
well known to occur after TBI. We controlled for differences in motor function and the intensity of
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exploratory behavior between groups and are confident that the presented data indeed reflect
memory function, however, the results need nevertheless to be interpreted with caution.

In conclusion, the current study provides evidence that RIPK1 and RIPK3 are critically involved
in chronic post- trauma brain damage. Further, our findings suggest that free iron may be involved
in this process. Our results therefore help to better understand the mechanisms of chronic post-
trauma brain damage and suggest that RIPK1- and RIPK3-mediated necroptosis may represent
a novel therapeutic target for the treatment of patients suffering from the long-term sequels of

TBI.
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Abstract

Traumatic brain injury (TBI) causes long-lasting neurodegeneration and cognitive impairments;
however, the underlying mechanisms of these processes are not fully understood. Acid-sensing
ion channels 1a (ASIC1la) are voltage-gated Na+- and Ca2+-channels shown to be involved in
neuronal cell death; however, their role for chronic post-traumatic brain damage is largely un-
known. To address this issue, we used ASICla-deficient mice and investigated their outcome up
to 6 months after TBI. ASIC1la-deficient mice and their wild-type (WT) littermates were subjected
to controlled cortical impact (CCI) or sham surgery. Brain water content was analyzed 24 h and
behavioral outcome up to 6 months after CCIl. Lesion volume was assessed longitudinally by
magnetic resonance imaging and 6 months after injury by histology. Brain water content was
significantly reduced in ASICla—/— animals compared to WT controls. Over time, ASICla—/- mice
showed significantly reduced lesion volume and reduced hippocampal damage. This translated
into improved cognitive function and reduced depression-like behavior. Microglial activation was
significantly reduced in ASIC1a—/— mice. In conclusion, ASIC1a deficiency resulted in reduced
edema formation acutely after TBI and less brain damage, functional impairments, and neu-
roinflammation up to 6 months after injury. Hence, ASIC1a seems to be involved in chronic neu-
rodegeneration after TBI.

Keywords: animal studies; brain edema; cognitive function; controlled cortical impact; traumatic
brain injury

Introduction

Traumatic brain injury (TBI) is a major cause of death and disability wordlwide.'3 In past decades,
most clinical and experimental studies concentrated on clarifying pathomechanisms occurring in
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the first hours and days after trauma. It is, however, increasingly recognized that pathophysiolog-
ical processes that aggravate post- traumatic brain damage, thus causing progressive neuro-
cognitive and behavioral deficits, are not restricted to the first few days, but may be active for
months and even years after TBI.4-° Further, a history of TBI is a risk factor for the development
of neurocognitive,1®11 neurodegenerative,'213 and psychiatric disorders4-16 and increases all-
cause mortality.1”:18 These clinical symptoms were linked to progressive brain atrophy and per-
sisting inflammatory changes,®?° findings corroborated by experimental studies showing that
progressive histological damage occurs up to 1 year after experimental TBI and is accompanied
by cognitive dysfunction and depressive behavior.21-24 The exact mechanisms resulting in chronic
post-traumatic brain damage are, how- ever, not yet fully elucidated.

Acidosis is important in the development of acute post- traumatic brain damage and occurs after
experimental as well as clinical TBI.2>-2” The mechanisms of acidosis- induced neuronal damage
in TBI are, however, not completely understood. Recently, acid-sensing ion channels (ASICs)
have been proposed as important acid sensors?82° and hypothesized to play an important role for
acidosis-induced post-ischemic neuronal damage.3%31 ASICs are widely expressed in the central
nervous system (CNS) and peripheral nervous system.32-35 ASIC1a, one of the most prevalent
isoforms in the CNS,333637 js permeable to Na* and Ca?* and results in neuronal (over)excitation
when activated by extracellular acidosis.3® Based on its potential role in amplifying excitotoxicity,
ASICla has been investigated in a variety of cerebral diseases: its pharmacological inhibition or
genetic disruption reduced infarct volume after cerebral ischemia,30:3%4% conferred neuroprotec-
tion in ischemic pre- and post-conditioning,*! reduced brain injury in models of autoimmune en-
cephalomyelitis,*2 and improved outcome in Huntington’s disease models.*? In TBI, ASICla-defi-
cient mice showed attenuated neuronal cell death 24 h and partially improved memory function 4
days after the insult.* So far, however, the role of ASIC1a for chronic brain damage and long-
term behavioral impairments after TBI is unknown.

Based on these previous results, we hypothesize that acidosis-induced pathomechanisms medi-
ated by ASIC1a contribute to the development of chronic post-traumatic brain damage. To test
this, we investigated post-traumatic neuropathological and -behavioral outcome in ASICla- defi-
cient mice up to 6 months after experimental TBI.

Methods
Experimental animals

ASICla transgenic mice were purchased from Jackson Laboratories (strain #013733), male
homo- and heterozygous mice and their wild-type (WT) littermates were bred heterozygously*®
for experiments.

Experimental protocol

All procedures were approved by the Animal Ethics Board of the Government of Upper Bavaria.
Mice of all genotypes were randomly assigned to experimental groups by drawing lots. All proce-
dures and analyses were performed by a researcher blinded to group allocation/genotype and
reported according to the ARRIVE (Animal Research: Reporting of in Vivo Experiments) criteria.
Mice not reaching the end of the study (i.e., 180 days after TBI) were excluded from analysis in
order to avoid mortality bias.

Brain water content was assessed in 8- to 10-week-old male ASICla~-and WT littermates (sham,
n = 4 per group; TBI groups, n = 16 per group). Long-term evaluation was performed in 8- to 10-
week-old male ASICla*- (n = 12), ASICla~ (n = 12), and WT littermates (n = 11; Fig. 1).
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Figure 1: Schematic overview of the experimental protocol. MRI, magnetic resonance imaging;
WT, wildtype.

Experimental traumatic brain injury

Controlled cortical impact (CCI) was induced as previously described.?246-8 After a right parietal
craniotomy, a CCI (impact depth, 1 mm; impact duration, 150 ms; impact velocity, 8 m/s) was
performed onto the intact dura, then the bone flap was re-implanted. Sham operation consisted
in craniotomy without CCI.

Body weight

Body weight was evaluated from 3 days before until 180 days after surgery using a scale with
movement correction (OHAUS®; OHAUS Corporation, Munich, Germany).

Brain water content

Brain water content was measured 24 h after TBI by the wet-dry-weight method as previously
described.224647.49.50 Briefly, both hemispheres were dissected and weighed to obtain the wet
weight. After drying (100°C, 24 h) to obtain the dry weight, brain water content was calculated
using the following formula: wet weight-dry weight)/wet weight - 100%. The difference between
traumatized and non-traumatized hemisphere was calculated and plotted.

Beam walk test

The beam walk test for the evaluation of motor function was performed as previously de-
scribed.?251.52 Time to cross the beam and number of missteps were assessed from 3 days before
until 180 days after CCI.

Tail suspension test

The tail suspension test is a widely used behavioral test for the evaluation of depression-like
behavior in rodents.225354 Animals were fixed by the tail and suspended head down in a custom-
made frame; movement patterns were digitally recorded for 3 min on days 60, 90, and 180 after
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TBI. Mobility/immobility times were automatically analyzed (EthoVision®XT; Noldus Information
Technology, Wageningen, Netherlands).

Barnes maze test

The Barnes maze test is a test paradigm evaluating spatial learning and memory.225556 The ani-
mal is placed on a brightly lit circular platform and trained to locate the home cage placed under
one of the 20 holes at the plat- form rim. Mice were trained twice-daily for 4 days. On day 6, the
time to reach the home cage (latency), distance, and speed traveled were evaluated by auto-
mated image analysis (EthoVision®XT).

Analysis of cortical and hippocampal lesion volume

Floating sections were prepared using a vibratome as previously described.5" Briefly, thirteen 50-
Im-thick coronal brain sections were prepared at 500-Im intervals. Sections were stained accord-
ing to Nissl and digitized at 12.5-fold magnification (Zeiss Axio Imager M2; Carl Zeiss, Ober-
kochen, Germany). The area of the non-traumatized (A) and the traumatized hemisphere (B) were
determined (Supplementary Fig. S1A), and the lesion area (C) was calculated (A-B = C) for each
level. Lesion volume was then calculated according to the following formula: Lesion volume = 0.5
mm*(C1/2+ C2+..+ C13/2).22 Six sections containing the hippocampus (1.5 mm anterior to 4 mm
posterior to bregma) were used to deter- mine hippocampal damage as depicted in Supplemen-
tary Figure S1B.

Evaluation of lesion volume by magnetic resonance imaging

Lesion size after TBI was assessed longitudinally by T2- weighted (T2W) imaging using a 3 Tesla
Nanoscan PET/MRI scanner (Mediso Medical Imaging Systems, Budapest, Hungary) on days 14,
60, 90, and 180 after TBI as previously described.?2 On 19 coronal slices, both hemispheres were
manually segmented (Supplementary Fig. S1C), and lesion volume was analyzed using an image
analysis software (InterView™ FUSION; Mediso Medical Imaging Systems) and calculated as
described above.

Immunohistochemistry

Sections were incubated overnight with the respective primary antibody in 1% bovine albumin,
0.1% gelatin, and 0.5% Triton X-100 in 0.01 M of phosphate-buffered saline before addition of the
secondary antibody (1:200, 2 h, Alexa Fluor® 594; Jackson Immunoresearch Labs Inc. West
Grove, PA). The following primary antibodies were used: ionized calcium-binding adaptor mole-
cule 1 (Iba-1; #019-19741, 1:200; Wako Chemicals U.S.A. Corporation, Richmond, VA); CD68
(#MAB1435, 1:200; Millipore, Bedford, MA); and neuronal nuclei (NeuN; #266004; Synaptic Sys-
tems, Goettingen, Germany).

To quantify Iba-1- and CD68-positive cells, maximum projection Z-stacks were obtained at
bregma level with a 40 - oil immersion objective using a confocal microscope (Zeiss LSM810;
Carl Zeiss), as previously described.5” Quantitative image analysis was performed by an investi-
gator blinded to the genotype (ImageJ software; NIH, Bethesda, MD). Quantitative image analysis
was performed by an investigator blinded to the genotype (ImageJ software; NIH). Three corre-
sponding regions of interest (x, 354 Im; y, 354 Im; z, 25 Im) in the ipsi- as well as the contralateral
hemisphere were analyzed; after back- ground correction, all Iba-1- or CD68-positive signals/
pixels were subjected to automated threshold processing and subsequently counted.
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Statistical analysis

Statistical analysis was performed using Sigma plot soft- ware (version 13.0; Systat, Erkrath,
Germany). Sample-size calculations were performed with the following parameters: alpha-error
= 0.05, beta-error = 0.2, standard deviation (SD) 15-20% (depending on the parameter investi-
gated), and a biologically relevant difference of 30%. For comparing two groups, the Mann-Whit-
ney U test was used, whereas the Kruskal-Wallis test, followed by Dunn’s post hoc test, was used
for multiple- group comparisons. For correlation analysis, the Pearson test was used. Survival
rate was analyzed by the log-rank test. Differences between groups were considered significant
at p < 0.05. All data are expressed as mean — SD.

Results
ASIC1a deficiency does not affect mortality and body weight after traumatic brain injury

Two animals in the WT group, 3 in the ASIC1a*- group, and 3 in the ASIC1la~ group died within
7 days after trauma. All other mice survived until at least 180 days after TBI. After 3 more WT and
2 more ASICla*- mice and 1 more ASICla’ mouse died *190 days after trauma, the study was
terminated and all animals were euthanized. There was no significant difference between groups
regarding acute or delayed mortality (Fig. 2A). Body weight of all mice decreased by *13% 1 day
after TBI, then gradually recovered back to baseline. There was no significant difference between
genotypes (Fig. 2B).
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ASIC1a knockout reduces brain edema formation 24 h after traumatic brain injury

In WT littermates, TBI induced a significant increase in brain water content 24 h after injury (+2.5
—2.0%). In ASICla~- animals, this increase was significantly reduced by almost 75% (0.6 — 1.4%;
p < 0.01), indicating a reduction of brain edema formation in these animals (Fig. 3).

7 -
g n=16 each
- & o '}'};‘;;/1'” Figure 3: Change in brain water content, a measure
% % 5+ for brain edema formation, in WT littermates and ho-
e ; 44 mozygous ASIC1la-deficient mice 24 h after TBI. Mean
§ 2 3 — SD, n = 16 per group. **p = 0.01 versus WT. SD,
- *k
5 § izl standard deviation; TBI, traumatic brain injury; WT,
@ 2 Z wild type.
0
WT ASIC1a’

ASIC1la deficiency has no effect on motor function after traumatic brain injury

Three days before TBI, all animals crossed the beam in *10 sec and without missteps. One day
after CCI, motor function significantly deteriorated in all investigated groups, as indicated by a
prolonged crossing time (70-100 sec; p < 0.01 vs. baseline; Fig. 4A) and an in- crease in the
number of missteps (Fig. 4B; p < 0.01). Both parameters partially recovered within 7 days, but did
not return to pre-trauma values. There was no difference between groups at any time point.

A 160-
< 1404 oo
T i -o- ASICh"/’_' Figure 4: Motor function after TBI.
§ A0 " AN Time needed to cross a beam (A) and
P 10:' the number of missteps (B) in WT
— 804 .
g 8 litermates and heterozygous and
g i homozygous ASICla-deficient mice
p = up to 6 months after TBI. **p < 0.01, alll
-E ol _ ' : S = groups versus 3 days before TBI (3).
3 1 3 7 14 60 90 18 Mean — SD, n = 9 per group. SD,
Time after TBI (days) standard deviation; TBI, traumatic
brain injury; WT, wild type.
B so- jury typ
T
% 40+
o
o
% 304
E
°  20-
o
L0
E 104
=
0" T T T

-3 1 3 7 14 60 90 180
Time after TBI (days)

ASICla deficiency reduces depression-like behavior after traumatic brain injury long term

When hanging the head down by the tail, mice usually try to right themselves up for most of the
observation time (i.e., 180 sec). In WT and heterozygous mice, TBI reduced the time animals
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tried to right themselves up (mobility time) to *100 sec. Homozygous ASICla-deficient animals,
however, showed a significantly higher mobility time of *140 sec at all time-points (Fig. 5; p <
0.01). These findings strongly suggest that ASIC1a deficiency improves depression-like behavior

after TBI.

300+ E rgcuf’_' Figure 5: Depression-like behavior
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% ol e i i sessed by the tail hanging test.
§ - 1 I 1 I 1 Higher mobility time in homozygous
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60 % 130 ation; TBI, traumatic brain injury;
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ASICla deficiency improves long-term memory function after traumatic brain injury

After TBI, WT and ASIC1a*- mice had difficulties finding their home cage as evidenced by repre-
sentative heatmap analysis (Fig. 6A). When quantifying memory function, latency to goal as well
the distance traveled improved over time in all groups (Fig. 6B,C); however, ASIC1la~- mice found
their home cage twice as fast (Fig. 6B; p < 0.05) and covered half of the distance compared to
their WT littermates at the end of the observation time (Fig. 6C; p < 0.05). These results suggest
that ASIC1la deficiency preserved memory function after TBI.
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Figure 6: Memory function 1, 3, and 6 months after TBI assessed by the Barnes maze test. Rep-
resentative heatmaps of all three investigated genotypes (A). Shorter latency times to find the
goal (B) and shorter distance traveled to goal (C) indicate better memory function in homozygous
ASIC1la-deficient mice as compared to heterozygous ASICla-deficient mice and WT littermates
(*p < 0.05). Mean — SD, n = 9 per group. SD, standard deviation; TBI, traumatic brain injury; WT,
wild type.

ASICla deficiency protects the brain against traumatic brain injury—induced neurodegeneration

In order to evaluate lesion volume in the same animals over time, we performed longitudinal T2W
magnetic resonance imaging (MRI) up to 6 months after injury (Fig. 7A). In WT mice, lesion vol-
ume steadily increased from 14 until 180 days after TBI (Fig. 7B; open circles; p < 0.01 vs. 14
days after TBI). In hetero- and homozygous ASICla-deficient animals, however, this increase
was not observed (Fig. 7B, closed circles). Despite similar lesion volumes 14 days after brain
injury, there was no obvious longitudinal lesion progression in these animals. Sixty, 90, and 180
days after TBI, hetero- and homozygous ASIC1a-deficient animals had significantly smaller lesion
volumes than their WT littermates (Fig. 7B). There was, however, no difference between homo-
and heterozygous ASIC1la-deficient mice.

At the end of the observation time, lesion volume was also determined by histomorphometry (Fig.
7C). Also, this analysis revealed that WT mice had significantly larger lesion volumes (37.0 — 5.1
mm3) than ASICla*- (26.9 — 3.3 mm?3; p < 0.01 vs. WT) and ASICla mice (25.8 — 3.9 mm3; p
< 0.01 vs. WT; Fig. 7D). Volumes obtained by histology strongly correlated with those measured
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by MRI (r = 0.8266; p < 0.0001; Fig. 7E), indicating that MRl measurements are a reliable way to
quantify post-traumatic brain damage.
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Figure 7: Cortical brain damage assessed by MRI (A,B) 2 weeks and 1, 3, and 6 months after
injury post-TBI and at the end of the observation period by histology (C,D) in all investigated
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genotypes. MRI indicates progressive brain damage occurring in WT littermate controls, whereas
no such increase was observed in hetero- and homozygous ASICla-deficient mice (B; *p < 0.01
ASICla—/+ vs. wt; # p < 0.01 ASICla—/— vs. wt; n = 9 per group). These findings were confirmed
by histomorphometry of histological sections (D; **p < 0.001; n = 6—-8 per group). Lesion volumes
quantified by histology and MRI showed a tight correlation (r = 0.83; p < 0.0001). Mean — SD.
MRI, magnetic resonance imaging; SD, standard deviation; TBI, traumatic brain injury; WT, wild

type.

TBI caused significant hippocampal damage in the traumatized hemisphere (Fig. 8A). WT animals
lost >80% of their ipsilateral hippocampal volume 180 days after injury (26.3 — 4.0% of hippocam-
pal volume pre- served vs. non-traumatized side). In homo- and heterozygous ASICla-deficient
mice, hippocampal volume loss was significantly reduced from 80% to *55% (ASICla*-, 44.2 —
13.1%; ASICla~-, 45.4 — 4.8%; Fig. 8B).
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Figure 8: Hippocampal brain damage assessed by histology 6 months after TBI (A) in all investi-
gated genotypes. In WT littermates, hippocampal volume was reduced by 75%, whereas signifi-
cantly more hippocampal volume was preserved in heterozygous and homozygous ASICla-defi-
cient mice (B; *p < 0.05; n = 6-8 per group). Mean — SD. SD, standard deviation; TBI, traumatic
brain injury; WT, wild type.

ASIC1a deficiency results in less neuroinflammation after traumatic brain injury

In order to examine neuroinflammation, we assessed microgliosis by Iba-1 staining and microglial
activation by CD68 staining near the rim of the contusion and in the same area of the contralateral
hemisphere in WT and homozygous ASICla-deficient mice 6 months after TBI (Fig. 9A). Even at
this very late time point after in- jury, the traumatic contusion was surrounded by a large number
of Iba-1- (red fluorescence) and CD68-positive (green fluorescence) cells, suggesting massive
microglia proliferation and activation (Fig. 9A; ipsi WT). No such changes were observed in the
contralateral hemi- sphere (Fig. 9A; contra WT). In homozygous ASIC1la- deficient mice, much
less Iba-1- and CD68-positive cells were observed and most cells were located in the immediate
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proximity of the lesion boarder (Fig. 9A; ipsi ASIC1la™). Again no activated microglia were ob-
served in the contralateral hemisphere (Fig. 9A; contra ASICla™).

When quantifying Iba-1 and CD68-fluorescence signals by integrated density analysis, we found
the same amount of Iba-1 fluorescence in the contralateral hemi- sphere of both genotypes, sug-
gesting that our approach was sensitive enough to detect quiescent microglia in healthy brain
tissue (Fig. 9B, open and closed bars). After TBI, the Iba-1 signal increased by >9-fold in WT
mice, but only 3.5-fold in homozygous ASIC1a-deficient mice (Fig. 9B, striped bars; p < 0.01 vs.
contralateral and vs. WT). Regarding CD68, a marker for microglia activation, as expected, almost
no CD68 signal was detected in healthy brain, that is, in the contralateral hemisphere (Fig. 9C,
open and closed bars). After TBI, however, the CD68 signal in WT mice increased by >25-fold
(Fig. 9C, striped open bar; p < 0.001). This massive activation of microglial cells was significantly
reduced in homozygous ASICla-deficient mice ( p < 0.01); in these animals, the CD68 signal
increased only 3-fold (Fig. 9C, striped closed bar; p < 0.001), suggesting that ASIC1a may play a
significant role for micro- glial activation and maintenance of neuroinflammation after TBI.
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Figure 9: Microglia proliferation and activation 6 months after TBl. Whereas WT mice show mas-
sive microglia proliferation and activation in the traumatized hemisphere as evidenced by Iba-1
and CD68 staining, respectively, this microglial phenotype was significantly attenuated in
ASICla—/— mice (A—C; **p < 0.01; n = 6-8 per group). Mean — SD. DAPI, 4¢,6-diamidino-2-phe-
nylindole; Iba-1, ionized calcium-binding adaptor molecule 1; SD, standard deviation; TBI, trau-
matic brain injury; WT, wild type.
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Discussion

Here, we investigated the effect of ASIC1a deficiency on long-term structural and functional out-
come after experimental TBI. We observed a significant reduction of cortical and hippocampal
brain damage accompanied by improvement of cognitive and behavioral deficits, as compared to
littermate controls, up to 6 months after TBI. The improved outcome seems to be mainly caused
by reduction of hippocampal damage, given that the extent of post-traumatic hippocampal atrophy
has been shown to correlate to cognitive deficits and mood disorders.58-61

Heterozygous knockout of ASIC1la led to a significant reduction of structural brain damage, com-
parable to that observed in homozygous knockout mice; however, behavioral testing yielded var-
iable results, that is, there was a trend toward reduced depression-like behavior and toward worse
performance in learning and memory function. However, these changes were not significantly
different, as compared to WT animals, and may be caused by varying ASIC1a activity levels in
heterozygous animals. Nevertheless, to our knowledge, this is the first report of a gene-dose
effect in ASICla-mediated neuronal damage. The results in heterozygous animals may have im-
plications for a future putative pharmacological treatment strategy with possibly incomplete
ASIC1a inhibition.

Acidosis is considered a pivotal factor in the pathophysiology of secondary brain injury after cer-
ebral in- sults.52-54 After TBI, a drop in extracellular pH occurs and seems to correlate with injury
severity and adverse outcome.55-68 Acidosis is most commonly caused by post-traumatic cerebral
ischemia, which is a major pathomechanism of secondary brain damage after TBI and can be
detected very early on after TBI,256%-72 but has also been described to occur and persist at later
time points, for example, in association with delayed phenomena like post-traumatic vaso-
spasm?374 and cortical spreading depolarizations.”>77 Acidosis may, however, also develop with-
out obvious ischemia, most probably attributable to metabolic derangement, dysfunctional auto-
regulatory mechanisms, or a mismatch between cerebral blood flow and energy demand after
TBI.787 Although it is well established that acidosis induces and exacerbates neuronal injury,%
for example, by protein denaturation,® induction of cell swelling,82-8* or impeding mitochondrial
energy metabolism,® the exact dam- age pathways are not yet entirely clear.

ASICla are pH-dependent sodium and (to a lesser degree) calcium channels expressed on the
post-synaptic membrane of central and peripheral neurons.8® ASIC1a facilitate excitatory neuro-
transmission, thereby mediating synaptic plasticity and memory functions under physiological
conditions.283487 |t is increasingly recognized that ASICs also may mediate acidosis-associated
damage after cerebral insults by inducing glutamate-independent neuronal cell death.29:40.88 They
also seem to be involved in necroptotic neuronal cell death,8%-°° a caspase-independent form of
cell death that is mediated by receptor-interacting protein 1 and 3.91.92 ASIC1a have been shown
to play a role in the development of neuronal damage in the acute phase after TBI.#*

In the present study, this was corroborated by our finding that ASICla deficiency significantly
decreased brain edema formation 24 h after TBI. This acute protection has previously been re-
ported to partially improve memory function in the first days after fluid percussion TBI.44 However,
ASIC1a effects on structural or functional out- come in the chronic post-traumatic phase have not
been previously investigated. Thus, it remained unclear whether ASICla-mediated protection was
only short- lived or covered also clinically relevant time windows (i.e., 3 or 6 months). Here, we
show that ASIC1a deficiency notably attenuates progression of lesion volume and hippocampal
tissue loss for up to 6 months after trauma. Further, it ameliorated depressive behavior and cog-
nitive dysfunction at 6 months post-TBI, while not affecting motor deficits.
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Chronic changes after a single TBI are characterized by progressive global, hippocampal, and
gray matter atrophy, as well as ventricular enlargement.?.2293-96 These long-term progressive
post-traumatic changes are thought to be caused by chronic neuroinflammation®:97 and to persist
for years and even decades after a single TBI.94.98 Anti-inflammatory strategies have been shown
to reduce chronic post-traumatic neuroinflammation, thereby improving neurocognitive deficits
long term.?4#2® Chronic inflammation promotes low tissue pH and may thus activate ASICs.
Whether this is a pathway of importance when it comes to chronic post-traumatic changes, how-
ever, has previously not been investigated. ASICla have been shown to contribute to inflam-
masome activation,19° cytosolic multi-protein complexes which play an important role for neuroin-
flammation after TBI.101-194 Fuyrther, in dorsal root ganglia, inflammatory cytokines increased
ASICla activity.10°

Our data support the notion that acidosis-related ASIC1la activation is (at least) partially respon-
sible for the chronic inflammatory reaction after TBI, given that ASICla deficiency resulted in
reduced microglia activation in the present investigation. Our results therefore indicate that
ASICla-mediated inflammatory pathways play an important role for chronic lesion progression
after TBI. Acidosis-induced brain damage mediated by ASIC1la is a novel and previously not con-
sidered factor in the pathogenesis of chronic post-traumatic brain dam- age and may therefore
be a suitable target to reduce long- term sequelae of TBI.

Conclusion

Acidosis-associated mechanisms seem to play an important role in the development of long-term
consequences of TBI. ASIC1a deficiency led to an improvement of structural and functional out-
come, most probably by attenuating post-traumatic inflammatory changes. Targeting ASICla
channels may therefore be a pharmacological treatment strategy for chronic post-traumatic brain
damage.
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