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«

mpossible is just a big word thrown around
by small men who find it easier to live in
the world they 've been given than

to explore the power they have to change it.
Impossible is not a fact. It’s an opinion.
Impossible is not a declaration. It’s a dare.
Impossible is potential. Impossible is temporary.
Impossible is nothing.”

- Muhammad Ali
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Summary

In the context of studying biological alterations occurring post impact to the central nervous
system (CNS), my thesis was focused on studying the proteomic and lipid changes occurring post
injury to the brain and spinal cord. A fundamental spatio-temporal study was conducted on an
open-head rat TBI model to identify potential injury-specific markers. Using MALDI MSI, we
performed 3D reconstruction of the injured brain at 3 days after injury and depicted lesion-specific
m/z lipid molecules. After, MALDI MSI was applied on the acute/sub-acute time frame post
impact: 1 day, 3 days, 7 days, and 10 days. In parallel, a microproteomic analysis was carried out
on tissue segments directly consecutive to the imaged ones in an approach to correlate both lipid
and protein changes. Our results yielded the identification of a family of lipids, acylcarnitines,
which are expressed within the injured cortex with maximum intensity 3 days post impact. These
lipid molecules also were found to be expressed in the Substantia nigra and microproteomics data
showed an upregulation in expression of Parkinson’s related proteins. Taken altogether, our results
depict arole of link between mild-TBI and Parkinson’s disease as early as 3 days post impact, with

a possible role of acylcarnitine.

Key words: Mass spectrometry, MALDI-MSI, microproteomics, Traumatic Brain Injury, Spinal

Cord Injury, Parkinson’s disease, acylcarnitine, 3-dimensional.
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Résumé

Dans un contexte d’étude des altérations biologiques survenant aprés un impact au
niveau du systeme nerveux central (SNC), ma theése porte sur I’étude des modifications
protéomiques et lipidiques survenant apres 1ésion. Une étude spatio-temporelle a été menée sur un
modele de traumatisme cranien moyen de rat afin d'identifier des marqueurs spécifiques suite a la
1ésion En utilisant la technique d’imagerie MALDI nous avons effectué une reconstruction 3D du
cerveau 1ésé 3 jours post-1ésion et avons identifié les molécules lipidiques spécifiques de la 1ésion.
Une étude spatio-temporelle a ensuite été réalisée 1, 3, 7 et 10 jours suivie d’une analyse
microprotéomique a partir de coupes de tissus ayant pour but de corréler les modifications
lipidiques et protéiques. Nos résultats ont permis d'identifier une famille de lipides, les
acylcarnitines, exprimant dans le cortex 1ésé avec une intensité maximale a 3 jours post-1ésion.
Les données de protéomiques ont montré une régulation positive de 1’expression des protéines
liées a la maladie de Parkinson. Dans 1’ensemble, nos résultats décrivent un lien entre le
traumatisme cranien et la maladie de Parkinson des 3 jours apres impact, avec un rdle possible de

les acylcarnitines.

Mots clés : spectrométrie de masse, MALDI-MSI, microprotéomique, lésion cérébrale

traumatique, 1ésion de la moelle épiniére, Parkinson’s disease, acylcarnitine, 3-dimensional.
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Introduction

The central nervous system (CNS) is the elemental part of the nervous system consisting
of the brain and spinal cord. From its name, “Central”, this system is responsible for gathering
information from the whole body, processing this information, and then controlling the responding
action throughout the organism. While the brain is responsible for controlling most of the body
functions, including movement, memory, awareness, breathing, coordination, precision, etc.., the
spinal cord functions in the communication between the brain and peripheral nervous system. Most
actions/movements of the body are controlled by the brain. However, some actions that occur in
response to an external force, including non-voluntary reflex movements, occur via the spinal cord
with no participation of the brain. Due to such main functions of the CNS, any change in the normal
state of this system, such as an injury, could lead to devastating consequences. In fact, injury to
the CNS comes in many forms including: stroke, infection, and hemorrhage, but the most

recognizable are traumatic brain injury and spinal cord injury (Miller et al. 2009).

Traumatic brain injury (TBI) an alteration in the mental state of an individual due to an
impact or rapid movement of the brain within the skull caused by collision with an external force,
which could be a penetrating one or not. Our daily routine actions, such as driving and sports,
along with the surrounding environment, make us susceptible to injury and thus TBI related deaths
are in continuous increase. In fact, at the current rate of global incidence for TBI, this form of brain
injury is expected to become the third leading cause of death worldwide by the year 2020 (Meaney
et al. 2014). The worldwide epidemiology evaluation of TBI is a challenging task and very rare
studies have focused on the statistics with respect to TBI in a worldwide perspective, but rather
each country or continent alone. This is due to many reasons, but mainly because of the different
assessment and classification systems which vary from one country to another. For example, in
the USA, the “Center of Disease Control and Prevention (CDC)” is responsible for the data
collection and epidemiological monitoring of TBI. Thus, the CDC provides a standard
classification system and obliges all hospitals on US territory to use the same criteria for
assessment of TBI related injuries. However, in Europe, the situation is more complicated due to
the differences in diagnostic criteria and case ascertainment between the different countries. On
average, approximately 235 people per 100,000 sustain a TBI within Europe (Tagliaferri et al.
20006), while in the USA, 100 people per 100,000 have a TBI (Roozenbeek et al. 2013). According
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to a recent statistical study by the CDC based on data between the years of 2007 and 2013 in the
USA, 2.8 million TBI’s occur in the USA every year. Of these 2.8 million, 2.5 million cases are
treated directly in the emergency room and released, 282,000 people are administered into the
hospital, and 56,000 die (Taylor et al. 2017). Thus, on a daily basis, 153 people die in the USA
from TBI related injuries. Although the incidence by gender is more common to all worldwide
countries, with the males more likely to sustain an injury than females, factors like age vary. For
instance, the annual incidence of TBI among adolescents (age between 15-30 years) is between
154 and 415 people per 100,000 in the US, while it is approximately 535 people per 100,000 in
France. In adults, the number decreases in both countries to reach 93 per 100,000 persons in the

US and 190 per 100,000 in France (Popescu C et al. 2015).

Spinal cord injury (SCI) is defined as a damage to any segment of the spinal cord which
leads to changes, often permanent, in the strength, sensation, and functions/roles of the body below
the injured area. According to a recent published fact sheet in 2015 regarding the epidemiology of
SCI, 40 cases per million population in the USA sustain a SCI. With 80% of the new cases being
males, the average age of injury is around 42 years, showing a dramatic increase since the 1970s
where i1s was 29 years (The national SCI statistical center. 2012). In France, the latest study
performed on epidemiology of spinal cord injury was performed in 2015, and showed that 40,000
patients are paraplegic or tetraplegic due to SCI lesion. With regard to Europe, based on data
collected from 22 different European countries, a total of 1840 traumatic SCl-related deaths were
detected in the year of 2012, 59% of whom were males (Majdan et al. 2017). As the case in TBI,
the number of SCI affected persons worldwide is in continuous increase and the need for a

therapeutic approach to both injury types is becoming more essential.

The impact of both TBI and SCI on the patient, close family, and society is becoming a
major burden on both the health and socio-economical systems worldwide. For TBI, the major
effects include: psychological effects on the families who have injured persons (Brooks et al.
1986), economic problems for these families who care for the cost of the injury (Humphreys et al.
2013), close-relationship breakdowns or divorces for the injured ones resulting in problems such
as social isolation (Wood & Yurdakul 1997), and mood change disorders that lead to an increased
risk of suicide (Fleminger et al. 2003). In the year of 2010, TBI estimated cost on the US economy
was $76.5 billion dollars (Alali et al. 2015). The cost associated with spinal cord injury, is mainly
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controlled by the severity of the injury and the localization within the spinal cord thus resulting in
different physiological outcomes. The cost is also associated with the period post injury and if
there is a possible cure and progression or not. In fact, and in the year of 2011, the average yearly
expense of an incomplete spinal cord injury was around $334,170 for the first year, and almost
$40,589 for every subsequent year per person. On the contrast, for individuals suffering from C1-
4 tetraplegia, the first year cost approximately $1,023,924, and $177,808 for the subsequent years
per person (DeVivo et al. 2011). The major causes of TBI and SCI are more or less the same,
which involve sources that all individuals are susceptible to in their daily routine actions. These
include: motor-vehicle accidents, sports, violence, and random falls (Clairmont & Matkovic 2005).
For the brain, another form of brain injury can be obtained and is classified as Acquired Brain
Injury (ABI). ABI is a result of several possible internal causes within the body such as strokes,

tumors, chemical or toxic substances, hypoxia, and choking or drowning.

Injuries occurring to the CNS, especially TBI and SCI, are characterized by 2 main phases
post impact. Phase one, primary injury, is due to the direct mechanical insult from a foreign object
to the brain or spinal cord. This leads to neurodegeneration and cell death within the trauma site.
Just after the primary injury, a series of inflammatory responses are initiated, mainly by the
recruitment of microglia and astrocytes towards the lesion site, and followed by the infiltration of
peripheral immune cells including macrophages, neutrophils, and lymphocytes. This inflammatory
cascade remains for several days/weeks post injury and has a dual controversial role. In one
perspective, it is believed to be implicated in debris removal and aiding neuronal regeneration,
while on the other hand, it is believed that this inflammatory process leads to release of neurotoxic
factors and continuous damage to cells within the lesion site. There remains a lack of understanding
of the molecular and cellular communication between the cells and the infiltrating immune cells
within the micro-injured environment, along with the involved underlying global biological
processes. Such a study, especially at several molecular levels, including lipids and proteins, will
allow the better characterization of the micro-injured area and open the possibility for molecular
targets for a therapeutic approach based on time post injury and different affected regions within

the CNS.
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Central nervous system anatomy

The central nervous system is composed of more than 100 billion individual nerve cells all
gathered in a network, that communicate and function together to control our actions, help us
understand our surrounding environment, and react to environmental changes (Ballios et al. 2011).
The brain is divided into 3 main structures: the cerebrum, the cerebellum, and the brainstem

(Figure 1). The complete brain is surrounded by the skull, a bone layer designed for protection.

a) The cerebrum or referred to as the telencephalon, is the largest and uppermost component
of the brain. It is the most highly developed and has several roles including thinking,
perceiving, and language understanding. The cerebrum is divided equally into two
hemispheres (left and right), which are connected by a bundle of nerve fibers annotated as
the corpus callosum (also known as the main constituent of the white matter of the brain).
The corpus callosum mainly functions as a bridge of communication between both right
and left hemispheres. The outermost layer of the cerebrum consists mainly of grey matter
(cell bodies) and is designated as the cerebral cortex. It is constituted of folded lumps called
gyri which form grooves in the cortex called sulci. The cerebral cortex is divided into four
main lobes: frontal, parietal, temporal, and occipital. As its name, the frontal lobe is in the
frontal part of the brain and is responsible of voluntary movement, along with mood,
memory, and other functions. The parietal lobe is just in between the frontal lobe and the
occipital lobe and is mainly involved in sensory information processing including functions
such as: pain, touch, and temperature. The temporal lobes are located on both sides of the
brain and function in processing auditory information and language. Finally, the occipital

lobe is in the rear part of the brain and plays a role in processing visual information.
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Figure 1: Anatomy of the human brain. This figure shows the different
compartments of the brain in a sagittal view, with labelling of the different
structures which together form the brain. Source: Khalil Mallah (Figure was
created using Servier Medical Art).
Inward towards the center of the brain, different structures exist including the

hippocampus, pituitary gland, thalamus, and hypothalamus. While the hippocampus plays
an essential role in memory (both declarative memory and spatial relationships), the
pituitary gland functions in hormone production and secretion which control body
functions such as metabolism and sexual response. The thalamus is positioned between the
brain stem and the cortex and functions in relaying sensory and motor information to the
cortex. Just below the thalamus, the hypothalamus is responsible for regulating automatic
tasks such as appetite and thirst. Along with the pituitary gland, the hypothalamus functions
in hormone production and secretion to control actions such as thirst, hunger, mood, and
sleep. The thalamus and hypothalamus together, along with the subthalamus and

epithalamus, form what is known as the diencephalon of the brain.

b) The cerebellum is found in the basal part of the brain. It also consists of two lateral
hemispheres which are joined by the vermis. It mainly functions controlling movement and
equilibrium. In addition, it has been believed to be involved in memory skills, for example,

mathematical skills.
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¢) The brainstem consists of three main parts: the midbrain, the pons, and medulla oblongata
and is located just below the hypothalamus. It is responsible for the communication and
signal transfer between the brain and the spinal cord. Several cranial nerves involved in
eye muscle control are associated with the midbrain and thus its main functions are
involved in eye sight and movement, along with hearing. Just after the midbrain, and before
the medulla oblongata, the pons is located and serves as a connecting bridge of both the
midbrain and medulla oblongata. In this structure, several other nerves and fibers involved
in eye sight and facial movement can be found. Another important role for the pons is that
it serves in relay of sensory information from the cerebrum to the cerebellum, and vice
versa. The medulla oblongata lies in the bottom of the brainstem and is in direct and
continuous connection with the spinal cord. As well as its main function of relaying nerve
signals between the brain and spinal cord, the medulla oblongata helps control involuntary

functions such as heart rate and respiration.

Both the brain and spinal cord are covered and protected by three layers of tissue, the
meninges. They are the dura mater, arachnoid mater, and pia mater with the dura mater being the
most exterior layer and the pia mater being the most interior. While the dura matter is the strongest,
thickest, and closest to the skull, the arachnoid mater is a thin web-like membrane, and the pia
mater is the layer directly covering the brain. The space between the arachnoid and pia mater is
called the subarachnoid space, where the cerebrospinal fluid furnishes. In fact, the cerebrospinal
fluid (CSF) surrounds both the spinal cord and brain, and flushes through the ventricular system
of the brain thus providing a possible mode of trafficking and exchange between the spinal cord
and brain. In addition, it has been long known that the brain and spinal cord have no vascularization
system integrated within the neuronal tissue. However, the major site where the blood and the CNS
exchange and/or traffic molecules to and out of the brain is the blood-brain-barrier (BBB) (Abbott
et al. 2010). The BBB was first described by Erlich in 1904, while using several animal models,
he injected a blue dye into the circulatory system and found that this dye moves to most organs of
the body, except the brain. On the contrary, one of his students, Goldmann in 1913, injected the
dye into the CSF and found that all cells of the brain were stained and none of the peripheral organs
(Carvey et al. 2009). These sets of experiments led to the conclusion that the BBB separates the

CNS from the peripheral organs. Precisely, the BBB separates the brain from the periphery and
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prevents the infiltration of immune cells and blood-borne molecules into the brain (Muldoon et al.
2013). The BBB also extends from the brain to cover the spinal cord but is sometimes referred to
as the blood spinal cord barrier (BSCB). The BSCB has the same function as the BBB regarding
protection and communication with the surrounding, and isolation of the spinal cord from blood-
related molecules. The BBB is constituted of brain endothelial cells along with pericytes
surrounding the blood capillaries which pass through and just near the CNS. This structure is then
in direct contact with cells such as astrocytes and neurons where transfer and exchange with the
surrounding occurs using mechanisms such as diffusion (Figure 2). In addition, these astrocytic
processes help in protection from biochemical fluctuations that occur in the periphery (Shoichet et

al. 2008).

Ba =

membranes &
pgrivascular space

Figure 2: A drawing of blood capillary with BBB components. This figure shows the
presence of a blood capillary surrounded by astrocytes and foot processes.
Reprinted/Reused from (Carvey et al. 2009), “The blood—brain barrier in

neurodegenerative disease: a rhetorical perspective”, Journal of Neurochemistry,
Copyright (2009), with permission from John Wiley and Sons.

Starting just after the medulla oblongata, the spinal cord descends through the vertebral canal
and backbone. The complete spinal cord is divided into different segments fixed one over the other
in an ascending manner. All body movement is controlled by the signals that pass through these
segments to and from the brain. On average, the adult human spinal cord is 2 cm thick and 45 cm
long and divided into 31 segments. Depending on the location, and the different organs which are

controlled by these segments, the entire spinal cord segments are divided into (Figure 3):
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e § cervical segments: These are responsible for signal transmition and control of the areas
of head, neck, shoulders, arms, and hands. These are designated from C1 to C8.

e 12 Thoracic segments: Transmit signal to part of the arms, but also the anterior and
posterior parts of the chest and abdominal area. These are designated from T1 to T12.

e 5 lumbar segments: Transmit signal to the legs and feet. These are designated from L1 to
L5.

e 5 Sacral Segments: These transmit signal to the lower back, along with the genital organ
areas and pelvic ones. These are assigned from S1 to S5.

e 1 coccygeal remnant segment in the tailbone region, Co.
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Figure 3: Anatomy of the human spinal cord showing the 31 complete spinal segments.
Reprinted by permission from Springer Nature Customer Service Centre GmbH, Springer
Nature, Nature Reviews Disease Primers, “Traumatic spinal cord injury”, (Ahuja et al.
2017), Copyright (2017).

Each segment has 1 nerve pair, thus yielding 31 total spinal nerve pairs lying within the
vertical column. These nerve pairs function in transmitting sensory information from the body to
the spinal cord and then finally to the brain, and in parallel, send motor commands from the brain

and spinal cord to the body organs. These spinal nerves are only about 1 cm long, and after, they
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interconnect with the different peripheral nerves. In addition, each segment has a ventral and dorsal
root were these spinal nerves are connected. The ventral root contains axons of motor neurons and
the dorsal root contains axons implicated in sensory neurons. The spinal cord, as the brain, is also
divided into both gray and white matter. While the grey matter is mainly consisting of the neuronal
cell bodies, dendrites, axons, and nerve synapses, the white is mainly composed of bundles of
myelinated axons. As previously mentioned, the spinal cord as the brain, is covered by the three
layers of meninges and the cerebrospinal fluid which together, provide protection and isolation of

the spinal cord and spinal roots, along with the brain.

The anatomy of the CNS of the human and rat are very similar. In fact, with regard to the
spinal cord, the main difference is the number of segments and therefore the number of nerve pairs.
While the human spinal cord in made of 31 segments and thus 31 nerve pairs, the rat spinal cord
in made of 34 segments and thus 34 nerve pairs. The anatomical features of the brain and its
organization are also very similar in both human and rat. Such similarity, along with the easy
handling/manipulation, accessibility, and expense of experiments, have all yielded the
development of animal CNS injury models, especially rodents (rats and mice). For this, several
injury models have been realized and some are mentioned in the following parts of this chapter. In
addition, access to human samples for performing research is not an easy task, especially with the

different governmental restrictions, paperwork, and approval of the close relatives of patients.

Severity and Classification

In order to receive the most appropriate preliminary treatment, surgeons must give the most
accurate diagnosis and injury classification of an injury upon arrival of the patient to the emergency
room. This assessment will also be used to indicate the type of treatment and severity of the impact.
For this, several worldwide classification systems have been developed for TBI, but mainly
Glasgow Coma Scale (GCS) is being used nowadays. Since its introduction in 1974 (Teasdale &
Jennett 1974), it has been the most widely used worldwide scale for assessment of TBI because of
its simplicity and precise assessment of severity when compared to the other classification
systems.. The GCS classifies the injury based on the combined sum of scores for three responses:
eye response (from 1 to 4 points), motor response (from 1 to 6 points), and verbal response (from
1 to 5 points) (Table 1). A combined score of all three factors from 3 to 8 is considered as severe,

from 9 to 12 is classified as moderate, and from 13 to 15 is classified as mild.
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Glascow Coma Scale
Response Scale Score/Point
Eyes open spontaneously 4
Eyes open to surrounding noise (Speech, shout)
Eyes Open to Pain
Does not Open Eyes
Oriented
Confused (able to answer but with disorientation)
Verbal Response Innapropriate Response/Words
Incomprehensible sounds
No verbal response
Obeys Commands for movement

Eye Response

Purposeful movement to painful stimulus
Withdrawal from pain
Decorticate posturing accentuated by pain
Decerebrate posturing accentuated by pain

Motor Response

R IN|WIERU|OIRIN|WIE|UF N W

No motor response

Table 1: Glasgow Coma Scale for TBI severity assessment. This table shows the different
possible scores which can be assigned to each of the different GCS factors (eye response,
verbal response, and motor response) based on injury condition.

In addition to the GCS, another commonly used system for the clinical classification of
TBI is the duration of loss of consciousness (LOC). Depending on the time that the patient needs
to recover consciousness, or change the current mental state, the injury is classified as mild (less
than 30 min), moderate (between 30 min and up to 6 hours), or severe (more than 6 hours). Another
classification system is based on the duration of posttraumatic amnesia (PTA) which classifies the
injury based on the time between moments of injury, until the patient can obtain a continuous
memory of the occurring events which are surrounding him/her. The classification is as follows:
mild (less than 1 hour), moderate (1 hour to 24 hours), severe (1 day to 7 days), or very severe
(more than 7 days) (RUSSELL & SMITH 1961). When comparing between classification systems,
we can see that the GCS system allows classification upon arrival to emergency room (mainly
within the first minutes to hours), while systems such as PTA allow a more predictive outcome in

later time of injury.

The classification of a spinal cord injury is also a universally applied procedure developed
by the International Standard for Neurological Classification of Spinal Cord Injury (ISNCSCI).
This examination takes into consideration three main scores developed by the American Spinal
Injury Association (ASIA). The scores are ASIA motor score (dealing with movement), ASIA

sensory score (dealing with light touching), and the ASIA impairment scale (if the injury is
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complete or not). This exam occurs directly within the first 72 hours post injury and the given
grade ranges from grade A to grade E with A being the most severe (complete sensory and/or
motor dysfunction below injury level) and grade E being the least severe (normal sensory and

motor function).

Types of Injury

TBI is a changed in mental state as a result of an external force to the head, which can be
in several shapes and forms. Based on the mechanism of injury of this external force, TBI’s can
be divided into two main types: open head and closed head (Figure 4). The open head injury
involves the penetration of the skull by an external object, such as a knife, bullet, or any other
sharp object. This penetration leads to direct damage to the underlying tissue and results mainly in
cell death or non-reversible damage. On the other hand, closed head injury involves no penetration
or breaking of the skull, but rather an impact of an external force leading to the movement of the
brain within the skull. This rough movement of the brain results in damage of the external layers
of the brain such as cell shearing due to the contact between the outer layers of the brain with the
interior part of the skull. An example of closed head injury is a concussion which is a result of a
blow to the head, violent shaking of the head, or even motor-vehicle accidents. Others types of
brain injury exist such as hypoxia (deprivation of oxygen in the brain), stroke, chemical/toxic
damage, or infection, but they are termed as Acquired Brain Injuries (ABI) since they are not a

result of an external force as in the case of TBI, but rather due to internal reasons.
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Open Head Closed Head

Figure 4: Drawing representation of both open head injury and closed head injury in TBI.
As visualized in the figure, the open head injury involves the penetration of the skull by a
foreign object and damage of the underlying brain tissue, while closed head injury involves
the the impact of the brain by the exterior part of the brain with no penetration. Source:
Khalil Mallah (Figure was created using Servier Medical Art).

As previously mentioned, the clinical assessment of a SCI is given based on the extent of
damage within the segments of the spinal cord. Based on this, all SCI’s are categorized into two
main groups: complete or incomplete. Based on the standards set by the ASIA, a complete injury
is defined as an injury where no preservation of motor and/or sensory function is found more than
3 segments below the neurological level of injury, contrary to incomplete injury, where some
preservation of sensory and/or motor function exists in the neurological level of injury (Waters et
al. 1991). A more recent injury definition by the ASIA states that a complete injury is one where
the sensory and motor function are lost in the lowest sacral segment (S4-S5) (Kirshblum et al.
2011). In both types of injury, a sub-type of injury, either a paraplegia or tetraplegia/quadriplegia
can exist (Figure 5). Paraplegia is the case were the patient loses function in their lower limbs
(legs) but keep the function of their hands. This is mainly due to an injury below the thoracic spinal
levels (from T1 to LS). However, tetraplegia/quadriplegia results in the paralysis of all four limbs
which is caused by an impact/damage above the first thoracic cerebra, or within the cervical
sections (from C1 to C8). Not all SCI result in paraplegia and tetraplegia/quadriplegia, although

they are the most common and incidental after injury. For example, Cauda equina syndrome, is a
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condition that occurs post SCI resulting in bladder dysfunction, lower-back pain, and bilateral
sciatica (Orendacova et al. 2001).

Complete Incomplete
Spinal Cord Injury Spinal Cord Injury

!“!

Paraplegia Tetraplegia/ Paraplegia Tetraplegia/
Quadriplegia Quadriplegia

Figure 5: Representative scheme of complete and incomplete spinal cord injury along with
the different paraplegia and tetraplegia/quadriplegia cases in both types of injury.
(Adapted from wongmedicalcentreipohmalaysia.blogspot.com on October 17 2018).

Animal Models of Injury

For both TBI and SCI injuries, several animal models have been developed in order to
mimic the real-life possible previously mentioned types of injury. By using such animal injury
models, we obtain the practicability to better understand the anatomical and biological
consequences and molecular changes occurring post injury. Availability of such animals, low cost,
numerous rodent models, including rats and mice, have been factors leading to their use in studying
CNS injuries (Marklund 2016). Since TBI is not only one single disease, and rather exists in many

forms and conditions, several TBI animal injury models have been developed.

TBI injury models:

a) Fluid percussion injury model (FPI): this model involves the injection of fluid to the
underlying intact dura through a cranial cavity (Dixon et al. 1987) (Figure 6). The speed
and pressure of the entering fluid induce severity and deformation within the brain tissue.
This injury model mimics a TBI with no involvement of skull fracture, but rather

replicating an intracranial hemorrhage or brain swelling (Xiong et al. 2013).
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b) Controlled Cortical impact (CCI): this model of injury is a mechanical one which
involves performing a direct impact to the cortex (LIGHTHALL 1988) (Figure 6). In fact,
this model requires a craniotomy to the skull and direct damage with a rigid impactor to
the exposed cortical tissue resulting in tissue loss, hematoma, axonal injury, concussion,
BBB dysfunction, and possibly comma (Xiong et al. 2013). The main advantage of this
technique is in its reproducibility between all experimental samples due to several
controllable factors including reproducible coordinates of injury. Another advantage is the
management of histopathological severity as the cortical deformation can be controlled by
the velocity of impact and depth of injury within the cortical tissue, and thus can be adjusted
for desired experimental requirements (Saatman et al. 2006). In addition, this system has
been applied to a wide range of animal models including: ferrets, rats, mice, swine, and
sheep (Marklund & Hillered 2011). One main disadvantage for this technique is that the
price of machinery of this model is expensive. During my thesis, the chosen TBI open head

injury rat model was performed using CCIL.

c) Blast Injury: this model aims to mimic an injury due to an explosive blast in which no
external mechanical damage directly affects the head, but rather shock waves are sent to
the body and head of the animal (Figure 6). This is the case of many military personnel
who have been exposed to such blasts, but are not diagnosed with TBI and show no external
injury. Such soldiers can be exposed several times to blast injuries but never report such
cases because they don’t realize they were affected (Benzinger et al. 2009).

Several other injury models for TBI exist such as weight drop models (ex. Feeney’s
weight-drop model), penetrating ballistic-like brain injury, and Maryland’s model.
However, the ones I previously discussed are the most frequently used by many studies in

TBIL
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Low air pressure

Detonation

Figure 6: Different animal injury models used in brain injury including FPI, CCI, and

Blast injury. Reprinted by permission from Springer Nature Customer Service Centre

GmbH, Springer Nature, Nature Reviews Neuroscience, “Animal models of traumatic
brain injury”, (Xiong et al. 2013), Copyright (2013).

With regard to SCI, this injury type can be a result of 3 main physical mechanisms:
compression of spinal discs, destruction by an external force, or ischemia (a reduction in blood
flow). Thus, all animal injury models have been developed to mimic these three causes, however
all three can be categorized as part of either one of the previously mentioned injury types: complete

or non-complete injury.

SCI injury models:

a) Transection: This injury model mimics the complete SCI injury. Although this type of
injury is considered rare in the human SCI, it provides researches with a possibility to study
processes such as regeneration and plasticity at the axonal level (Sharif-Alhoseini &
Rahimi-Movaghar 2014). The procedure uses spring scissors after laminectomy to

completely cut the spinal cord at a designated segment for the study (Nakae et al. 2011).
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b) Compression: This injury model is a result of constant compression and pressure applied
to the spinal cord of the animal. Several compression models have been developed
including clip, balloon, spacer, and forceps compression. Designed in 1979 (Dolan & Tator
1979), the clip compression model is a non-transfection model that applies consistent force
to the dura matter of the spinal cord. After laminectomy, the calibrated clip applies a
specific controlled force to the spinal cord (Bruce et al. 2002) (Figure 7a). The calibrated
forceps compression allows to induce a lateral injury model. By inserting both sides of the
forceps on both hemispheres of the spinal cord, a pressure is exerted towards the center

resulting in hemorrhagic necrosis and displacement of the damaged tissue in both cranial

Figure 7: A) Photograph of the injury tool used in clip compression. B) Drawing of the
mechanical procedure of calibrated forceps injury model. C) Photograph of the balloon
compression device showing the balloon tip along with the tubing and syringe used for
inflation of the balloon with saline solution. Reprinted by permission from Springer Nature
Customer Service Centre GmbH, Springer Nature, Spinal Cord, “Spinal cord injury
models: a review”, (Cheriyan et al. 2014), Copyright (2014).

One commonly used compression model is the “Balloon compression model”
which was first developed and used on dogs in 1953 (TARLOV et al. 1953). Severity of
injury and duration of compression are controllable factors in this technique which are

accomplished by the volume of inflation of the balloon using a saline solution (Figure 7¢)
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and time of insertion of the balloon within the injury site. This method requires a
laminectomy in which a Fogarty catheter is inserted into the dorsal epidural space through
a small whole in the vertebral arch. The catheter is then advanced cranially to the desired
segment of injury, and after, the balloon is inflated for a desired time and size in order to
mimic different injury severities. In our experiments, we utilized this injury model and
inserted the French Fogarty catheter through a small hole in the T10 vertebral arch. This

was then advanced until the T8-T9 spinal level and the balloon was inflated for 5 min.

c) Controlled Contusion: This model uses a computer controlled impactor device which
allows to select different depths of injury within the spinal cord and thus yielding different
severity. It is a blunt injury model which mimics mainly vehicle accidents (Chiu et al.
2017). Although the machinery is expensive, thus giving it some disadvantage, all its

experiments are reproducible.

d) Photochemical model: This model does not involve the direct mechanical damage to the
spinal cord, but rather it resembles an ischemic model of injury. Introduced in 1986
(Watson et al. 1986), this model involves the excitation of an injected dye (rose Bengal as
an example) by exposing the intact spinal column surface to irradiation and thus leading to
side effects such as hemorrhagic necrosis of the central grey matter and vascular
congestion. The resulted injury is a non-mechanical insult to the spinal cord which is
considered as the main advantage of this technique. However, one great disadvantage is

that the extent of injury along with the severity are both uncontrollable factor.

Cells of the Central Nervous System
The cellular composition of both the spinal cord and brain are very similar. These cells can

be divided into two main types: nerve cells (neurons) and glial cells.

Nerve cells (neurons) are the building blocks of the brain and illicit an electrical impulse
which is transmitted either to a consecutive neuron or other cell types by means of a synapse. A
neuron is mainly constructed of cell body (soma), dendrites, axon, and axon terminals (Figure 8).

While the soma contains the nucleus and is responsible for most of the protein synthesis, the
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dendrites are processes which extend from the cell body. The axon arises from the cell body and
most of axons are covered by an insulating substance, myelin. The myelin is mainly generated by
myelin forming cells such as oligodendrocytes and Schwann cells and form a myelin sheath around
the axon of a neuron. This accelerates the conduction of action potential along the axon of the
same neuron, thus drastically increasing the speed of its propagation in function of the diameter of

the axon (Hartline & Colman 2007).
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Figure 8: Structure of a neuron along with close-up representation of a synapse. This figure
shows the different compartments of a single neuron including: cell body (nucleus,
mitochondria, golgi, etc.), axon, dendrites, and synapse (Adapted from
https://commons.wikimedia.org/wiki/File:Complete_neuron_cell_diagram_es.svg, 17
October 2018)

The synapse is the site of communication between two neurons and information is relayed from
the first neuron, presynaptic neuron, to the target neuron, the postsynaptic neuron. Upon arrival of
an electric potential to the terminal part of the presynaptic neuron, chemical messengers
(neurotransmitters) are released and bind to the membrane receptors located on the postsynaptic
cell, thus conveying either an excitatory message or an inhibitory one. According to their function,

neurons are divided into sensory, motor, and interneurons.

e Sensory: carry information from the peripheral nervous system to the CNS.

34

© 2018 Tous droits réservés. lilliad.univ-lille.fr


https://commons.wikimedia.org/wiki/File:Complete_neuron_cell_diagram_es.svg

These de Khalil Mallah, Université de Lille, 2018

e Motor: carry order information from the CNS (including both brain and spinal cord) to the
remaining muscles and organs in the body.

e Interneurons: responsible for communication within the CNS and are divided into two:
“Projection” interneurons that carry a signal from one brain region to the other, and “Local”

interneurons that form connections with close neurons within the same region.

Oligodendrocyte
wraps myelin around
multiple axons

Biood vessel

Astracyte end-feet N
wrap around the
blood vessel

Figure 9: Representative drawing of neuron and its interaction with glial cells of the CNS
which include: microglia, astrocytes, and oligodendrocytes. Reprinted by permission from
Springer Nature Customer Service Centre GmbH, Springer Nature, Nature,
“Neuroscience: Glia-more than just brain glue”, (Allen & Barres 2009), Copyright (2009).

Glial cells have a supportive role for neurons and provide support and protection to the
environment which they exist in. These glial cells are divided into three main types: microglia,

astrocytes, and oligodendrocytes (Figure 9) (Allen & Barres 2009).

1) Microglia: As the CNS is believed to be immune deprived, the microglia are considered
as the resident immune cells of the CNS. These cells mainly play a role in protection against
any foreign intruder to the brain (eg: pathogens) and function in debris removal. They have
a major function of continuous surveillance in the CNS by movement within their area

using highly motile protrusions and communication with the localized neurons
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(Nimmerjahn 2005), in a guardian-like action. Discovered by famous Spanish scientist Pio
del Rio Hortega (Pérez-Cerda et al. 2015), these cells possess a small soma, a perinuclear
cytoplasm, and fine branched processes. However, the morphological structure of the
microglial cells can change based on their activation state. In the brain, 4 activation states
exist: ramified, hyper-ramified, bushy, and amoeboid (Crews & Vetreno 2016) (Figure
10).

Ramified Bushy Hyper-Ramified

Amoeboid

Figure 10: Activation states of microglia in the brain: Ramified, busy, hyper-ramified, and
amoeboid. Source: Khalil Mallah (Figure was created using Servier Medical Art).

The morphological form which is dominantly present is the ramified one. This is
the case of microglia in a resting non-pathological condition, in which they possess an M2
(anti-inflammatory) phenotype. Upon beginning of activation by a foreign pathogen or
trauma, the cellular processes increase in number and the cell processes a “hyper-ramified”
shape that secrete pro-inflammatory cytokines. These ramifications, especially in their
hyper state, usually facilitate the contact and communication of these cells with several
neuronal and non-neuronal cells in their surrounding environment (Zhao et al. 2018). In
the transition phase from the ramified resting shape to a fully activated amoeboid one, the
cellular components enlarge and the cells take what is known as a “bushy” structure.
Finally, fully reactive microglia change their morphological structure to an amoeboid
round-shaped one with little or few cellular processes (Beynon & Walker 2012). These

amoeboid activated microglia possess the M1 phenotype, generally known as pro-
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inflammatory. Resident microglia possess several receptors on their surface which
facilitate communication with surrounding cells along with the rapid response to any
trauma. These include: myeloid-monocytic markers such as Fc receptors, cluster of
differentiation (CD32 and CD64), complement receptors (CD11b and CD11c), integrins,
MHC class I and II, and CD45 (Tambuyzer et al. 2009). In addition to their neuro-
protective role, it has recently been discussed that microglia play a role in controlling the
neuronal microenvironment by participating in processes such as neuronal proliferation,
differentiation, and even formation of synaptic connections (Graeber 2010). One example
of this function is that the microglia are capable of removing any dysfunctioning axonal
terminals, and thus preserving the intact factor of neuronal connections. Roles such as this

have given the microglia greater importance than rather just “immune cells of the CNS”.

11) Astrocytes are the most abundant glial cell type in the CNS. They have an essential role in
maintaining brain homeostasis and providing neurons with all required energy and
substrates for neurotransmission (Allen & Barres 2009). There are two main types of
astrocytes based on their location in the brain and point of contact with the neuron. The
first type is “Protoplasmic” astrocytes which are located in the grey matter and in contact
with the neuronal cell bodies and synapses. The second type is the “Fibrous” astrocytes

which are located in the white matter and in direct association with the neuronal axons.

Figure 11: Micrograph of a protoplasmic astrocyte (green) enwrapping the cell body of a
neuron (red). Reprinted by permission from Springer Nature Customer Service Centre
GmbH, Springer Nature, Nature, “Neuroscience: Glia-more than just brain glue”, (Allen &
Barres 2009), Copyright (2009).
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Astrocytes have major importance in maintenance and permeability of the blood
brain barrier. This is due to their presence near both the blood vessels and other CNS cells
including neurons and microglia (Colombo & Farina 2016). These cells have a key role in
the activation of the immune system and can control immune cell trafficking by secretion
of cytokines and chemokines. Astrocytes themselves are immune-competent cells and are
actively participating in innate immunity (Cordiglieri & Farina 2010). Along with resident
microglia, they are the protectors of the CNS from any pathogens, and are the first
responders after a trauma. Glial fibrillary acid protein (GFAP) has become a prototypical
marker for immunohistochemical identification of astrocytes. Expression of GFAP post
injury to the brain or spinal cord shows that reactive astrocytes accumulate at the border of
the focal injured tissue and form a scar which isolates the damaged tissue from the possibly
remaining live cells (Sofroniew & Vinters 2010). Although this action helps sequester the
injury and stops the spreading of damage to remaining viable cells, it is also believed that
this accumulation and formation of the scar participates in preventing axonal regeneration

post trauma (Rudge & Silver 1990).

1i1) Oligodendrocytes are glial cells of the CNS responsible for myelin production (Bradl &
Lassmann 2010). Myelin are lipid-rich structures that extend from oligodendrocytes and
surround the axons of neurons. Myelin functions in providing support and insulation to
axons, in addition to acceleration of the action potential propagation when compared to
non-myelinated neurons. Oligodendrocytes have very small cytoplasm and possess few
short processes. In the white matter, they are myelin-forming cells, while in the grey matter
they are satellite cells found around neurons. Similar to the oligodendrocytes, the Schwann

cells are myelin forming cells in the peripheral nervous system.

Communication and interaction between neurons and glial cells is essential for information
processing and trafficking to and from the CNS. This is maintained in two basic manners: the first
is through soluble factors such as neurotransmitters and neuromodulators, and the second is by
cell-cell contact and exchange of factors. One example of this interaction is that of microglia with
neurons. In fact, neurons control microglia in an “On” or “Off” manner (Biber et al. 2007). “Off”
signals keep the microglia in their resting state and block any pro-inflammatory action through

factors such as transforming growth factor B (TGF-f), CD22, CX3XLI1, and several other
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neurotransmitters. This helps in maintaining homeostasis and preventing damage to the healthy
tissue, which can be normally caused by microglial cells. However, “On” signals such as CCL21
and CXCLI1O0 are released from apoptotic or damaged neurons to activate the pro-inflammatory
state of microglia (Chavarria & Cardenas 2013). In another example of communication in the CNS,
the neuronal contact with the cerebrovasculature is maintained by interaction between the neuron
and astrocyte. Due to the close contact of astrocytes with synapses occurring between neurons, the
activation of glutamatergic synapses stimulates receptors found on the surface of astrocytes
(mainly glutamate and purinergic receptors) through neurotransmitters. This in turn leads to an
increase in calcium signaling within the astrocyte through a phospholipace C dependent manner.
The calcium will then move towards the end foot of the astrocyte near the vasculature were it can

lead to changes in vasodilatory and cause vasoconstrictive actions (Haydon & Carmignoto 2006).

Pathophysiology of CNS injury

According to the events that occur post injury to the CNS, there is not substantial difference
in the response of the immune system to the injured brain or any peripheral tissue (Gadani et al.
2015), including the spinal cord. The pathophysiological events taking place post injury are based
on the nature of interaction between the CNS and the immune system. As previously mentioned,
it is believed that the CNS, including brain and spinal cord, is immune privileged due to the
presence of barriers such as BBB and BSCB. Thus, the infiltration of peripheral immune cells to
the CNS post damage to the BBB controls the outcomes and response within the injured
environment. It is believed that the involvement of the immune system in the CNS injury has dual
contrary roles: beneficial in regeneration and healing, and detrimental in the continuous destruction
post mechanical impact. For example, Walsh et al. demonstrated 1L-4 producing T cells lead to
protection and recovery of injured neurons through activation of their 1L-4 neuronal receptors,
mediated through MyD88 signaling dependent process (Walsh et al. 2015). On the contrary,
macrophages are suggested to participate in damage to neurons and glial cells, as the depletion of
these cells in a rat spinal cord model helped improve hindlimb usage during motion (Popovich et
al. 1999). The events occurring post injury divided into two phases based on time post insult:
primary phase and secondary phase. The primary injury is a result of the mechanical impact that
occurs to the CNS, either brain or spinal cord. This results in direct cellular death along with
damaging of the local blood vessels and infiltration of blood and peripheral immune cells to the

injured area. This is accompanied with shearing of axons and neuronal connections.

39

© 2018 Tous droits réservés. lilliad.univ-lille.fr



These de Khalil Mallah, Université de Lille, 2018

Secondary injury is known as the cellular and tissue destructive biological changes that
lead to dysfunction or death in the time of hours to weeks after the primary injury (Borgens & Liu-
Snyder 2012). It is mainly known for the inflammatory response caused by the infiltration of
immune cells to the site of injury along with continuous diffuse axonal injury (Das et al. 2012).
Several factors including DAMPs and immune cells including neutrophils, microglia,
macrophages, and T-cell are implicated in the secondary injury and will be discussed in this part.
The kinetics of recruitment of immune factors and immune cell involvement with time is found in

the Figure 12.
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Figure 12: Kinetics and order of involvement of molecular and cellular immune cells to
CNS injury in time order. Reprinted from Neuron, Vol. 87, (Gadani et al. 2015), “Dealing
with Danger in the CNS: The Response of the Immune System to Injury”, Copyright
(2015), with permission from Elsevier.

DAMPs: Just after impact, and within the first few minutes of injury, several factors
designated as “Danger Signals” are released into the injured environment. Depending on their
origin, these danger signals are either released from damaged cells and are annotated as damage-
associated molecular pattern molecules (DAMPs) or from pathogens and are therefore named
pathogen-associated molecular pattern molecules (PAMPs) (Tang et al. 2012). More precisely,
DAMPs are considered as a larger group which contains signals that are either endogenous
“alarmins” or exogenous “PAMPs” (Bianchi 2007). ATP, DNA, ROS species, HMGBI1, and il-33

are considered as the main endogenous alarmins which are secreted post injury and stimulate the

40

© 2018 Tous droits réservés. lilliad.univ-lille.fr



These de Khalil Mallah, Université de Lille, 2018

immune response. These secreted alarmins bind to several family members of pattern recognition
receptors (PRR) which are either transmembrane such as Toll-like receptors (TLRs), or
cytoplasmic such as NOD-like receptors (NLRs) (Takeuchi & Akira 2010). The PRR, along with
the enzyme caspasel, and the adaptor protein apoptosis associated speck-like protein containing a

caspase activation and recruitment domain (ASC), all together form an inflammasome (Sharma &

Kanneganti 2016).
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Figure 13: Mechanism of inflammasome activation through NLRP3 in myeloid cells.
Reprinted from (Turner et al. 2014), BMC Nephrology, Licensee BioMed Central Ltd.,
2014.

One example of the activation of an inflammasome is the NLRP3 inflammasome, a
cytoplasmic NLR. The stimulation of TLR induces an NFKB-dependent signaling pathway
resulting in the production of pro-IL-1 and pro-IL-18 in myeloid cells (Turner et al. 2014) (Figure
13). In parallel, the damage leads to an increase in ATP release into the extracellular space and
thus stimulates the P2X7 receptor (Sperlagh & Illes 2014). This receptor will then aid the assembly
of the NLRP3 inflammasome and activate caspase 1 after auto-cleavage and activation of pro-
caspase-1. Activated caspase-1 will then cleave pro-IL-1f and pro-IL-18 to their active forms. This
could also be activated by the NF-KB pathway and the release of IL-1f and IL-18 due to binding
of tumor necrosis factor (TNF) or IL-1a which are expressed post injury. Another alarmin example
is High-Mobility Group Protein B1 (HMGB1), a nuclear DNA-binding protein found in all cell
types of the CNS and functions in processes as DNA replication and transcription (Hong et al.

2013). Post injury, HMGBI is released into the extracellular area, where it functions as a cytokine
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and stimulates activation and signaling through the TLR4 and RAGE receptors to induce
migration, proliferation, and differentiation of immune cells (Martinotti et al. 2015). In the CNS,
the HMGBI1 has a major impact on chemokine production in astrocytes, especially neutrophil
chemo-attractants such as CXCL1, CXCL2, and CCL3 and T-cell chemo-attractants such as
CCL2, CCLS, and CX3CLI.

Neutrophils: Post injury, neutrophils are considered as the first leukocytes to arrive on
scene in order to kill pathogens and remove cellular debris (Rosales et al. 2016). These neutrophils
appear within the first few hours post injury. In TBI, neutrophils enter in the parenchyma of the
brain with highest recruitment at 24 hours post injury (Soares et al. 1995). Same observation was
seen in SCI, as neutrophils enter the SCI and phagocyte cellular debris with maximum activation
and infiltration at 24 hours post injury (Taoka et al. 1997). As previously mentioned, one main
cause of recruitment of neutrophils is the release of DAMPS and activation of inflammasomes.
Neutrophils, especially distant ones, are attracted via CXCL-chemokines, mainly CXCLS (or IL-
8) which binds to CXCR2 receptor found on neutrophils (de Oliveira et al. 2013). More recently,
Sawant et al. showed that the chemokine CXCL1 can also be implicated in neutrophil recruitment
and not only CXCLS8 (Sawant et al. 2016). Within the injury site, the neutrophils have three mode
of actions in an aim to compensate the consequences of trauma and aid in promoting tissue repair:
a) phagocytosis of cellular debris and necrotic cells, b) release of effector molecules that will help
in angiogenesis and regeneration, and ¢) become apoptotic neutrophils, to be phagocytized by cells
such as macrophages in order to release reparative cytokines such as TGF-f and interleukin-10
(IL-10) (Wang 2018). Neutrophils also play a role in the recruitment of other immune system cells
to the injury site via secretion of immunoregulatory cytokines such as interferon (IFN)-gamma,

which is responsible for the recruitment of macrophages (Mantovani et al. 2011).

Infiltrating (macrophages) and resident (microglia) myeloid cells: Within the first few
hours post trauma, monocytes infiltrate the injured environment and last for up to few days. It has
been long believed that the microglia are the immune cells of the CNS. In fact, within studies
regarding the CNS, there was never any differentiation between macrophages and microglia. They
are always considered as the same population of cells, except that the microglia are the resident
cells, and macrophages are the infiltrating ones. Microglia, along with perivascular macrophages,

meningeal macrophages, macrophages of the choroid plexus, and macrophages of the
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circumventricular organs are all considered as the macrophage population of the CNS (Perry &
Teeling 2013). Macrophages exhibit what is known as M1 (pro-inflammatory) and M2 (anti-
inflammatory) phenotypes. While M2 is induced by cytokines IL-4 or IL-13, the M1 phenotype is
induced by IFN-gamma and factors such as lipopolysaccharide (LPS) or TNF (Ferrante &
Leibovich 2012). Upon injury, the resident microglia are among the first responders to enter and
accumulate in the damaged area. As previously discussed, after injury, microglia become activated
and are amoeboid round-shaped with an enlarged cell body and accumulate with increased
numbers within the injured site. This accumulation results in release of several various bioactive
molecules which are either cytotoxic (pro-inflammatory) or regenerative. Such factors, along with
the BBB damage, facilitate the entrance of macrophages into the injured environment. Both active
microglia and infiltrating macrophages can contribute to the continuous damage within the injury
site. For example, the increase in TNF expression stimulates the present microglia to produce
glutamate. The excessive amount of glutamate leads to an excitotoxicity death of neurons
(Maezawa & Jin 2010). Other mechanisms by which microglia can kill neurons include: release
of TNFa, release of cathepsin, and phagocytosis of stressed neurons (Brown & Vilalta 2015). In
addition, macrophages are believed to cause death to neurons post injury by releasing molecules
such as iNOS and free radicals which in turn contribute to secondary injury and neuronal death
(O’Connell & Littleton-Kearney 2013). The CX3CRI1 signaling cascade in microglia and
macrophages leads to intensive inflammation and harm post SCI. Blocking of the CX3CRI
signaling cascade led to an anti-inflammatory effect by reducing inflammatory signaling in
microglia and monocyte derived macrophages which are involved in a mouse spinal cord injury
model (Donnelly et al. 2011). On the contrary, microglia/macrophages have also been shown to
be implicated in tissue protection and regeneration post CNS injury. Colton discussed the crucial
immune role of macrophages/microglia in the clearance of cellular debris post trauma, in addition
to reduction of self-toxicity and reconstruction of the damaged extracellular matrix within the brain
(Colton 2009). Macrophages were also shown to secrete growth promoting molecules such as

oncomodulin, which is implicated in axon regeneration (Yin et al. 2006).

Astrocytes: Astrocytes are activated and implicated in the subacute phase of the injury,
the period starting just after impact and lasting until almost a week after. In an aim to limit the
inflammatory consequences, astrocytes function in two general mechanisms: forming a “physical”

barrier around the injury, and generating a “molecular” barrier by communicating and regulating
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the action of infiltrating immune cells (Cekanaviciute & Buckwalter 2016). The physical barrier
is achieved by forming a wall constituted of bundles of reactive astrocytes, which together along
with the extracellular matrix (ECM) components physically surround the injured tissue (Wanner
et al. 2013). Also, the astrocytes upregulate the expression of ECM proteins such as vimentin. But
one main ECM protein, chondroitin sulfate proteoglycan (CSPGs), works together with the
polarized astrocytes to form a tight barrier that restricts the physical communication of cells within
the injury site, and the surrounding. Although the physical barrier (astrocytic barrier) has an
important role in controlling the inflammation by sequestering the injured area and not allowing
the spread of injury to remaining viable cells, it is also believed that the long-term persistence of
this scar is disadvantageous by preventing axonal regrowth and neuronal regeneration. This is
mainly observed in the role of CSPG which contributes to inhibiting neurite outgrowth (Monnier

et al. 2003).

The molecular barrier produced by astrocytes post injury is accomplished by
communication and interaction with cells such as resident microglia and infiltrating macrophages
through chemokine and cytokine secretion. Due to their ability to sense and react with neuronal
disruption and immune response at the same time, astrocytes have become major determinants of
the size and extent of immune response post injury. The role of these secretions are quite
contradicting in the sense that some cytokines released by astrocytes have a pro-inflammatory role,
while others have an anti-inflammatory one. For example, activated astrocytes, release high levels
of TNF-0, which in turn stimulates the pro-inflammatory activation of microglia to phagocyte
neurons and induce neuronal death (Neniskyte et al. 2014). On the contrary, and under same injury
conditions, astrocytes also have the ability to secrete anti-inflammatory cytokines such as IL-10
(Kelly et al. 2001) and TGF-B. This impact of astrocytes on chemokine and cytokine secretion
may be in an indirect manner, meaning that the effect may not be on the astrocytes themselves.
For example, astrocytes can result in an activation state of microglia, which then have the

possibility to release several chemokines such as CCL2 and CXCLI.

T-Cells/Adaptive immunity: Few days post trauma, and lasting up to weeks, lymphocytes
infiltrate into the injury site. CD2 and CD8 positive T-lymphocytes, essential constituents of the
adaptive immune system, were shown to infiltrate into the injury site of a rodent SCI model

(Gattlen et al. 2016)(Sroga et al. 2003). In 1996, Popovich et al. showed that these cells have a
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detrimental role after their infiltration into the injury area such as autoimmune reactions to myelin
proteins (Popovich et al. 1996). However, they also can have a beneficial role, as seen in their
communication and interaction of T-cells with injured neurons, leading to a neuroprotective effect
after injury. Also, the stimulation of T cells in-vitro lead to an increase in the production of several
endogenous neurotrophins, including BDNF which is implicated in neuroprotection
(Kerschensteiner et al. 1999) (Linker et al. 2010). In addition, CD4+ T cells have the potential to
interact with myeloid cells infiltrating in the injury. They can promote the acquiring of an M2 anti-
inflammatory phenotype by the secretion of IL-4 and IL-13 to the myeloid cells (Walsh et al.
2014). These myeloid cells can then produce neuroprotective molecules such as TGF-§ to

stimulate protection in neurons (Figure 14).

Injured CNS
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Figure 14: Neuroprotective modes of action of T-cell in CNS injury. Reprinted/Reused
from (Walsh et al. 2014), “T cells in the central nervous system: messengers of destruction
or purveyors of protection?”, Immunology, Copyright (2014), with permission from John

Wiley and Sons.

Mass Spectrometry Imaging

Mass spectrometry imaging (MSI) is a technique used to visualize the spatial distribution
of molecules along with their expression intensities collected within spectra. MSI allows to
simultaneously measure hundreds of molecules within one single experiment. Several ionization
sources are used by MSI setups, but mainly laser and secondary ionization are the dominant.

Briefly, the laser will raster throughout a manually designated area covering the region of interest
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(ROI) within a tissue and with specified spatial resolution. Within each raster point in the ROI, a
mass spectrum and corresponding coordinates are simultaneously collected and then processed to
what is known as a pixel. Each spectrum will contain a wide distribution of peaks within a
previously specified mass range corresponding to several species of different analytes such as
metabolites, lipids, peptides, and proteins (Julien Franck et al. 2009). The collection of pixels
yields a molecular ion image in which the spatial distribution of molecules can be detected across
the complete ROI. Post imaging, the ions are detected from the collected pixels based on their
corresponding mass-to-charge (m/z) ratio. Within each pixel containing a spectrum, all m/z values
are plotted along the x-axis, and the relative intensity of the m/z are plotted against the y-axis. For
each m/z value, the intensity distribution corresponding to this m/z within the ROI can be
visualized across all mass spectra from all collected pixels as a pseudo colored image, or m/z image
(Alexandrov et al. 2013). Each pixel is colored based on the intensity of this m/z value within the
spectrum, and thus it is considered that the MS data are a hyperspectral image of thousands of
spectral channels. An MSI instrument is mainly constituted of the following: ion source, mass

analyzer, detector, and software analyzer (Cameron 2012).

The quality of the generated images is controlled by several parameters which differ from
one MS setup to another: mass accuracy, mass resolution, and spatial resolution. Mass accuracy is
the extent of accordance between the measured mass of an m/z ion with its theoretical mass. Mass
resolution is the minimum difference that allows to separate between two mass peaks of equal
height and width (G Marshall et al. 2013). This parameter is essential in proteomic studies,
especially shotgun proteomics, where tens of thousands of peptides are analyzed in consecutive
chromatographic elutions. If instruments with low resolution are used, then peptides with similar
m/z, which co-elute at the same time, will be overlapped in the MS analysis and thus prevent from
accurate mass analysis, accurate charge state determination, and accurate quantitation (Mann &
Kelleher 2008). This could mask the identification of peptides and thus result in the non-
identification of the corresponding proteins which are involved in a studied biological case.
Finally, spatial resolution or lateral resolution, is the center-to-center distance between two
consecutive pixels while acquiring of an image. The spatial resolution can be of major importance
for the nature of molecular information which can be obtained, along with the histological
annotation, especially when dealing with blind sample experimentations or cancer tissue margins.

This spatial resolution depends on the sample preparation and type of ion source used. One
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example on the impact of spatial resolution on the quality of m/z ion images is found in Figure

15.
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Figure 15: Ion images at m/z 6765 of serial sectioned mouse brain (cerebellum region)

acquired at different spatial resolutions (200, 100, 50, and 25 pm) using MALDI MSI.

Reprinted (adapted) from (Norris & Caprioli 2013), with permission from Chemical
Reviews, Copyright 2013, American Chemical Society.

Based on sample preparation, and criteria previously discussed, along with others such as
sensitivity and mass range, several ionization methods have been developed with wide application
in different fields of study. The three main ionization methods used in MSI are: SIMS, DESI, and
MALDI (Gemperline et al. 2014) .

Secondary ion mass spectrometry (SIMS) imaging is considered as the “oldest” mass
spectrometry imaging technique and was first applied on imaging of surface metals in 1962
(Castaing & Slodzian 1962). Briefly, under vacuum conditions, a primary beam of ions bombard
the surface of the tissue yielding the ejection of molecules and atoms. While most of the ejected
population is neutral, many are ionized and poses either a positive or negative charge and are thus
termed as secondary ions or droplets (Gamble & Anderton 2016) (figure 16). Several primary ions
exist but most used are noble gases and oxygen. These secondary ions are then analyzed in the
mass analyzer based on their m/z ratio. Although modern advancement in SIMS such as nano-
SIMS imaging has allowed to perform images with high lateral resolution (< 100 nm), this imaging
technique is considered as a harsh ionization technique (Boughton et al. 2016). Due to the high

energy which is transferred during the impact of the primary ion beam, the analytes can undergo
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fragmentation and loss, resulting in a decrease in chemical specificity and distribution. In other
means, this technique is not suitable for analysis of biological macromolecules because of the high
energy beam which can dissociate such analytes before being analyzed in the MS instrument.
SIMS is mainly used for the detection of lipids, biologically small particles (such as drugs), and
elemental ions (Bodzon-Kulakowska & Suder 2016).

Although, no additional sample preparation is needed in SIMS, several optional methods
have been developed in an approach to extend the detection mass range of the SIMS, along with
the improvement of signal intensity. Altelaar et al., showed that modifying the surface to be
analyzed either by addition of matrix, matrix-enhanced SIMS (ME-SIMS), or by adding a layer of
metal such as gold (MetA-SIMS) leads to the improvement signal intensity in images conducted
at single-cell and tissue levels (Altelaar et al. 2006). There is two main modes of action for SIMS:
dynamic and static. Dynamic SIMS uses high energy in the primary ion beam yielding large
amount of secondary ions, and leading to total destruction of the sampling area. This is mainly
used while analyzing elements in minerals to obtain compositional information with respect to
depth. On the other hand, static SIMS uses lower energy ion beams such as Ga or Cs, and is mainly

used for analysis of atomic monolayers.
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Figure 16: Different ionization methods used in MSI, mainly MALDI-MS, SIMS, and
DESI-MS. Reprinted by permission from Springer Nature Customer Service Centre
GmbH, Springer Nature, Phytochemistry Reviews, “The potential of mass spectrometry
imaging in plant metabolomics: a review”, (Heyman & Dubery 2016), Copyright (2015).

Desorption electron spray ionization (DESI) imaging is one of the most used mass

spectrometry setups that function under ambient conditions. Introduced in 2004, this technique

© 2018 Tous droits réservés.

48

lilliad.univ-lille.fr



These de Khalil Mallah, Université de Lille, 2018

induces ionization by moving electrosprayed charged droplets onto the tissue surface to be
analyzed (Takats 2004). The analytes are then dissolved within the thin liquid film that is produced
over the surface. Secondary droplets which contain ionized analytes are then transported from the
surface into the MS inlet (Figure 17). This setup is considered as a “soft” ionization method and
is capable of producing multiple-charged ions of molecules such as proteins which fall in the
higher mass range. In fact, DESI is believed to be best functioning in a mass range limited to 2000

Da (Bodzon-Kulakowska & Suder 2016).
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Figure 17: Schematic representation of DESI experimental setup.(Reprinted/Reused with
permission from (Takats 2004)).

Although the considered normal spatial resolution of the DESI is approximately 200 um
(Wu et al. 2013), some groups have shown the possibility to optimize and obtain a resolution of
35 um in biological samples by optimizing factors such as emitter capillary size, solvent flow rate,
and step-size (Campbell et al. 2012). Several solvents can be used during DESI imaging including
mixtures such of methanol:water and acetonitrile:water. One main advantage of this technique is
the little amount of sample preparation required and all experiment procedures are performed
under ambient conditions. Another main advantage, is that for molecules such as lipids, molecules
may be directly identified by performing direct MS/MS fragmentation, along with their intensity

measurement and spatial distribution (Bodzon-Kulakowska et al. 2015).

Matrix-assisted laser desorption ionization (MALDI) imaging was developed and
applied on tissue by Richard Caprioli in 1997 (Caprioli et al. 1997) and is used in detection of
molecules directly from the surface of samples (Fournier et al. 2003). The sample ionization does

not lead to the direct fragmentation of molecules on the tissue surface, and is thus considered as a
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“soft” ionization technique allowing to detect molecules with wide range of molecular weight,
from hundreds of Da to more than 100 kDa (Franck et al. 2010; van Remoortere et al. 2010). This
technique is characterized by depositing a matrix coat on the surface of the sample. This matrix
coat, which is developed to absorb the energy from a pulsed laser beam, incorporates the targeted
analytes within its formed matrix crystals. Thus, after irradiation of the surface with a laser beam,
the energy is absorbed into the analyte-containing crystals which leads to their desorption and
ionization. Eventually, the absorbed energy causes an explosive desorption of the matrix crystals
along with all charged molecules within the irradiated area and these in turn accelerate from the
source towards the mass analyzer, all under vacuum conditions. These charged molecules include
the charged analytes, their alkali metal adducts, and neutral species. Most MALDI sources use UV
lasers such as N, or frequency-tripled neodymium-doped yttrium aluminum garnet (Nd:YAG)

lasers.
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Figure 18: MALDI-MSI workflow. The complete process is presented, starting with animal
sacrifice, then sectioning of the organ to be analyzed and cryosectioned on glass slides.
Then, matrix is deposited on the tissue and MALDI acquisition is performed. Finally, data
processing is performed and the distribution of different m/z can be visualized across all
selected acquired pixels. Reprinted/Reused from (Julien Franck et al. 2009) with
permission from AMERICAN SOCIETY FOR BIOCHEMISTRY AND MOLECULAR
BIOLOGY, Copyright 2009.
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The standard workflow of MALDI-MSI is found in (Figure 18). After the complete organ
is collected, it is cut by means of cryosectioning in a micro-meter thickness scale using systems
such as cryostat or microtome, and these sections are then mounted on glass slides (Wisztorski et
al. 2010). The tissue thickness has major effect on peak intensity and signal-to-noise ratio
(SUGIURA et al. 2006). Surprisingly, thinner tissue sections (<10 um) showed an increased
number of observed peaks and relevant peak intensity when compared to thicker ones
(approximately 40 um). After mounting the tissue on the slide, a layer of matrix is deposited on
the tissue sample with in an aim to form an organic crystallized layer that incorporates the desired
analytes to be analyzed. The crystallization step is important for analyte incorporation and
resolution. Characteristics of obtained crystals (especially their size) depend on several factors
including the solvent, time of incubation, and matrix concentration (Rémpp & Spengler 2013;
Lemaire, Wisztorski, et al. 2006; Lemaire, Tabet, et al. 2006). With the presence of conventional
automated sprayers, factors such as time of incubation and spray nebulizing power are controllable.
By such means, there are four main matrix deposition methods: manual spray, robotic spray,
sublimation, and automated spotting (J. Franck et al. 2009; Norris & Caprioli 2013). Manual spray
utilizes a pneumatic sprayer to apply a coat of matrix over the complete tissue. Although this
deposition method is relevantly cheap and easy to be accessed in the laboratory, it can have several
drawbacks such as inconsistency and reproducibility for matrix deposition across several tissue
samples. The robotic method is a controlled automated device which can spray matrix in a
repeatable and programmable manner. Several companies have commercialized devices such as
the ImagePrep (Bruker Daltonics) and the TM sprayer (HTX technologies). Using such devices,
parameters such as the chamber temperature, amount of deposited matrix, and others are
controllable and adjustable. Sublimation was first performed to apply a uniform matrix layer for
the analysis of lipids (Hankin et al. 2007; Meriaux et al. 2010), but was later on developed for the
analysis of other analyte classes such as proteins (Yang & Caprioli 2011) owing the fact that
common organic MALDI matrices can undergo sublimation without decaying under vacuum
pressure and elevated temperature. Briefly, once the chamber is evacuated of air, heat is applied
to the matrix which will lead to its transition from solid phase to a vapor one. Upon the subliming
of the matrix, it will strike and condense on the surface containing the sample which is previously
cooled returning to its solid state, yielding a fine and homogenous deposition of matrix across the

complete tissue. The low cost of such technique, and controllable matrix thickness deposition,
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which is adjusted by adjusting the time, make such a matrix deposition method very popular.
Finally, automated spotters prepare samples by coating the tissue with regularly spaced droplets.
Thus, by such techniques, the image resolution is controlled by the droplet deposition resolution
rather than by the raster spacing. Most developed machines such as the ChIP-1000 (Shimadzu
Scientific Instruments) are equipped with a scanner and software to mark the desired region of

matrix deposition (J. Franck et al. 2009).

Matrix selection is of crucial importance for the successful analysis of different analyte
classes. Several organic matrices have been developed including: a-Cyano-4-hydroxycinnamic
acid (CHCA), sinapinic acid (SA), and 2,5-dihydroxybenzoic acid (DHB). While SA is commonly
used for the MSI imaging of high molecular weight proteins, CHCA is used for lower molecular
weight peptides (Schwartz et al. 2003), and DHB is routinely used for analysis of lipids in both
positive and negative ionization mode (Jackson et al. 2005). Dissolving such matrices with the
proper organic solvents, in addition to an acidic solution, allows the extraction of analytes from
the surface of the tissue and their incorporation into the deposited matrix layer. This matrix layer,
containing acid, serves to maintain the proton, cation, and electron transfer process that yields the
formation of single-charged species which are detected in the MS analyzer. More recently, ionic
liquid matrices have been introduced and applied in MALDI MSI with an aim to reduce the effect
of non-heterogeneous deposition of matrices on tissue and thus affecting the spatial resolution.
Addition of organic base 3-acetylpyridine to 2,5-DHB matrix yielded an ionic liquid matrix that
was homogenously applied on the sample, required less sample preparation time when compared
to 2,5-DHB matrix alone, and successfully generated positive and negative ion mode images

(Meriaux et al. 2010).

Finally, after the sample is prepared by the optimized matrix selection and deposition
method, laser rastering is performed, and point by point spectra are collected across the whole
sample to generate a grid of points/pixels. This grid is then converted into spatial coordinates after
the complete acquisition is done. The m/z image is then generated by displaying the intensity of
the ion at a selected m/z value. Example of m/z ion images of rat cerebellum are found in figure

19.
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Figure 19: A) Average spectrum of acquired ion image on rat cerebellum. B) MALDI TOF
ion image of rat cerebellum showing m/z 788 (green) and m/z 820 (red). The matrix was
deposited using sublimation and spatial resolution was at 30 pm. Source: Khalil Mallah,

experiment conducted in PRISM laboratory.

Several mass analyzers can be linked to the MALDI source mainly including the time-of-
flight (TOF) and Orbitrap. For the TOF, in a drift tube placed under vacuum, the MALDI source
is placed at one end of the tube, and the detector is found on the opposite end. Ions are separated
based on their time to pass a defined distance within the tube from the MALDI source to the
detector. The velocity of the ions is dependent on its m/z ratio and thus the later can be detected.
In addition, due to its high mass resolution, MALDI orbitrap instruments have become commonly
used in applications such as drug detection (Ostermann et al. 2014) , peptides (Quanico et al.

2013a) and lipidomic analysis (Moreno-Gordaliza et al. 2017).

Proteomics

Coming from the two words “protein” and “genomics”, proteomics is the field of study concerning
the identification and quantification of all proteins within a proteome (Zhang et al. 2013). This
also includes cellular localization, post-translational modifications (PTMs), interaction in-between
proteins, and the global biological pathways in which they participate in. Advances in mass
spectrometry have evolved the field of proteomics and have had major impact on several

breakthrough discoveries. The use of chromatography separation systems, ‘“soft” ionization
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sources such as MALDI or electron spray ionization (ESI) (Fenn et al. 1989), and tandem mass
spectrometry have yielded the identification and characterization of large biomolecules such as
proteins and peptides. In fact, two main approaches have been characterized for the study of
proteins: bottom-up (shotgun) and top-down (Figure 20). Bottom-up approach identifies proteins
based on the analysis of liberated peptides post enzymatic digestion of intact proteins, usually
using trypsin. When dealing with a mixture of proteins, the bottom-up approach is also annotated
as “shotgun proteomics” (Yates 2004). Briefly, after protein extraction, an optional protein
separation step is possible by techniques such as 2D gel electrophoresis or liquid chromatography.
Although this step is not mandatory, it can be used for a targeted approach against a protein of
known molecular weight. After, proteolytic digestion is applied, usually using trypsin enzyme
yielding to a mixture of peptides. This mixture is then separated by liquid chromatography and
subjected to tandem mass spectrometry, i.e. MS/MS fragmentation. After obtaining the tandem
mass spectra, peptide identification is performed by comparing these spectra to theoretical tandem
mass spectra previously obtained from in silico digestion of a protein database. The final step, is
protein assignment based on the identified peptides. These peptide fragments are computationally
matched with the complete sequences of all known proteins within the organism to obtain potential
protein identities. To further confirm the identified proteins, several parameters are taken into
consideration, including the number of peptides per protein, along with the peptide confidence and

length.
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Figure 20: Proteomic approaches most commonly used: bottom-up and top-down. Source:
Khalil Mallah

The top-down approach is used for the identification of intact proteins, with a main
advantage of detecting and studying PTMs. However, this method is very challenging by facing
difficulties such as protein fractionation, protein ionization, and fragmentation in the gas phase
(Zhang et al. 2013). Briefly, the intact proteins are first separated using techniques such as gel or
liquid chromatography. The separated proteins are then directly fractioned again in LC and
injected into the mass spectrometer, and subjected to MS/MS analysis. The protein tandem mass
spectra are then interrogated with a previously acquired database. Although bottom-up proteomics
is the most commonly used approach, the obtained peptides are more or less redundant between
several proteins, especially isoforms, and thus lead to difficulties in differentiation between them.
In addition to such set back in bottom-up proteomics, and the difficulty of performing Top-down
proteomics due to the previously mentioned reasons, more recently, middle-down proteomics has
emerged in an aim to solve such problems of these two approaches. As an example, by using outer
membrane protease T, we can obtain larger sized peptide fragments (>6.3 kDa), and thus decrease

the redundancy of peptides between protein identification (Wu et al. 2012). In addition, such
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fragments can also give information on the PTMs which are mainly obtained in top-down

proteomics.

With many studies being conducted on limited tissue size or small liquid samples,
microproteomic techniques have been developed. Specific tissues, as in the case of several cancer
cases, are microscopically small and very heterogeneous. Thus the study of proteomic changes in
such non-uniform regions of interest, requires dissection and protein extraction from very small
surface area (Gutstein et al. 2008). Such developed techniques include: laser capture micro-

dissection, liquid microjunction extraction, and parafilm-assisted microdissection.

Laser Capture Microdissection (LCM) is a technique mainly used for isolation of
heterogeneous cell population and morphological criteria recognition (Mustafa et al. 2008). There
are two main types of lasers used in LCM: infrared (IF) and ultraviolet (UV) (Chung & Shen
2015). Briefly, a pulse of laser will shoot at the designated target within the tissue and eject the
region of interest from its position. This is then captured on a membrane/film placed just above
the tissue (Figure 21). After obtaining the tissue extracts, one of the previously mentioned
proteomic approaches (bottom, middle, or top down) can be applied for the protein identification.
The main advantage of LCM is its ability to cut out and isolate up to cellular level, or even at the
subcellular level as it was shown that LCM has the capability to isolate cell organelles such as the
mitochondria (Pflugradt et al. 2011). In addition, the time needed for isolation is very short when
compared to other dissection methods, and LCM preserves tissue morphology during the
dissection process. On the contrary, the biggest disadvantage for such technique is the cost. In fact,
the price of an LCM along with its corresponding microscope can exceed 1 million dollars (Chung
& Shen 2015). Such high price makes this instrument very difficult to obtain in most public
research facilities. Another major disadvantage is the amount of cells required to be able to conduct
a proteomics investigation. Thus several captures from consecutive tissues would need to be

combined in order to obtain enough protein concentration for a proteomics analysis.
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Figure 21: Principle of Laser capture microdissection. Reprinted/Adapted from (Hu et al.
2016), Frontiers in Cell and Development Biology.

Parafilm Assisted Microdissection (PAM): this technique was introduced in 2013 by
Franck et. al., as a tissue extraction technique for small surface areas (Franck et al. 2013). Tissue
sections are mounted on a previously parafilm M-covered glass slide. Then, manual dissection of
a region of interest can be performed under microscope using a scalpel (Figure 22). Franck et al
used several surface areas from three regions of interest (ROI1 = 3.4 mm?2, ROI2 = 2.86 mm2,
ROI3 = 1.77 mm?2) to perform protein identification and quantification using spectral counting as
label-free quantification. This quantification gave the possibility to perform protein imaging of the
tissue based on the obtained results. The extracted regions can be used for digestion and obtaining
a mixture of peptides which will be analyzed by LC/MS-MS and protein identification. Or, intact
proteins can be extracted to study the PTMs. The main advantage of this technique is the lost cost
and the rapid microdissection time. There is no need for any state-of-art tools to perform such
microextraction. This technique was later used as part of a workflow for the identification of

prostate cancer protein biomarkers (Quanico et al. 2015).
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Figure 22: A) Schematic drawing of PAM approach to manually dissect region of interest.
B) Optical image of a rat brain were several regions of interest were extracted. C) Atlas
figure of rat brain along with the theoretical position of extracted region of interest.
Reprinted (Adapted) from (Franck et al. 2013) with permission from Analytical Chemistry,
Copyright 2013, American Chemical Society.

Liquid Microjunction Extraction (LMJ): Presented in 2013 by Quanico et. al, LMJ
allowed the identification of proteins while maintaining their localization with in the tissue
(Quanico et al. 2013b). This technique yielded the identification of around 1500 proteins with high
confidence from a tissue surface area of 650 um diameter, corresponding to almost 1900 cells.
Briefly, direct on-tissue digestion is performed at a targeted site, and digested peptides are then
micro-extracted using a liquid micro-junction interface by depositing and aspirating several
solvents including methanol, acetonitrile, and tri-fluoroacetic acid. The technique was used during
my studies and the workflow is found in the figure below (Figure 23). After extraction, the
peptides are then subjected to LC-MS/MS analysis and protein identification similar to the steps

in the bottom-up approach, after obtaining a peptide mixture.
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Figure 23: Workflow of LMJ. First, localized on-tryptic microdigestion is performed.
Digested peptides are then collected using LESA instrumentation. Collected peptides are
then subjected to LC-MS/MS analysis followed by protein identification and analysis.

This technique was later on developed and applied on FFPE tissues (Wisztorski et al.
2013). This did not involve performing on-tissue tryptic digestion, and liquid junction extraction
using methanol and acetonitrile. Instead, conventional detergents such as SDS where used to
extract the region of interest with millimeter resolution and the extracts in turn were compatible
with other experimental approaches such as western blot, as well as MS based proteomics. Using
such extraction method, almost 1400 proteins were identified from a 1 mm? surface area on rat
brain tissue. However Top-down proteomic can also be conducted using LMJ and PAM
technologies in order to get access to identification of intact proteins along with their PTMs

(Delcourt et al. 2018; Delcourt et al. 2017).
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Hypothesis:

In light of what has been mentioned, it is important to obtain a fundamental understanding
of the underlying biological and molecular processes occurring in both TBI and SCI, along with
the involvement of the body systems, especially the immune system, within these injuries. Such
understanding is achieved by studying the different key players involved in the injury environment
including lipids and proteins using novel state-of-the-art mass spectrometry (MS) technology.
Studies like this open up potential therapeutic windows to help find a possible treatment to CNS
injuries with an aim to restore neuron-related regeneration mechanisms such as nerve regeneration,

astrocytosis, and promotion of axonal growth.
The thesis aims to respond to the following questions:

1. What are the spatio-temporal factors, including both lipids and proteins, which are involved
after impact in TBI and SCI?

2. Can we find similar molecular and cellular features between TBI and SCI?

3. What type of cells are involved based on time manner post injury in both TBI and SCI?
And which released factors impact such involved cells.

4. Can we find a therapeutic window or targets based on spatio-temporal lipid and proteomic

data in TBI and SCI?

Objectives:

Two main objectives were set out for my thesis:

The first objective of my PhD focuses on understanding the underlying proteomic and lipid
profile changes in the microenvironment of TBI. Using multiple omics technology, a spatial and
temporal study was conducted on the acute and sub-acute phases of an open head rat injury model.
In this context, high resolution MALDI mass spectrometry imaging was performed to monitor the
different species of lipids distributed within the brain post injury, in addition to identifying injury
specific lipids as possible biomarkers in TBI. Both 2-Dimensional and 3-Dimensional MALDI
MSI were applied in order to obtain a better comprehension of the spatial distribution of such
potential lipid biomarkers. In parallel, a large-scale microproteomic approach using tryptic
microdigestion followed by LC-MS/MS was applied on the injured brain to detect the proteomic

processes occurring within the micro-injured area. The obtained identified proteins were subjected
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to systems biology protein pathway analysis to have a global picture of the involvement of such

proteins in the outcome of the injured brain.

The second objective within my PhD studies focuses on SCI. PRISM U1192 has
previously performed a spatio-temporal proteomic study on a rat model of SCI. Results yielded
several potential proteomic pathways to target in therapy such as the MEMO1-RHOA-DIAPH1
which is implicated in the injury. In addition, several protein families involved in the injury where
identified including immunoglobulins IgG. During my studies I aimed to study the effect of RhoA
inhibitor in a therapeutic approach by studying its effect in-vitro on DRG cell lines and in-vivo on
the rat injury model. Proteomic experiments were conducted followed by a systems biology

analysis to visualize the protein processes involved along with their sub-cellular localization.
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Chapter 1: 3D high-spectral resolution MALDI MSI applied to
Traumatic Brain Injury

Introduction

Because biological samples exist in a 3D nature, it is believed that visualizing molecular
distributions in 3D manner is more informative and yields results that cannot be achieved in 2D
manner. 3D mass spectrometry imaging was first introduced in 2005 in an aim to visualize
volumetric distribution of ions within tissue specimens, specifically in this case, protein expression
in a mouse brain (Crecelius et al. 2005). This technique was based on reconstructing the 3D volume
from serial sections MS imaged in 2D. While comparing with other techniques such as magnetic
resonance imaging (MRI) and 3D immunohistochemistry, 3D MSI has many advantages. Mainly,
3D imaging requires no labelling, is an untargeted approach (meaning that hundreds of molecules
can be detected with one single experiment), and sensitive (Palmer & Alexandrov 2015). One main
disadvantage is the large size of the datasets that one 3D reconstruction requires. One MALDI-
MSI image may contain up to millions of mass spectra, and thus require very challenging
computational power and performance (Thiele et al. 2014).

From a biological point of view, especially in the case of model animal studies such as our
TBI study, it is of high interest to be capable of determining the extent of the molecular changes
without a priori in the surrounding of the injury site and not only restricting the study to
morphological or histological features. Using high resolution MALDI-LTQ-Orbitrap-XL, we
established, for the first time in TBI, a 3-Dimensional (3D) lipid ion image reconstruction of
injured brains at 3 days post injury (Article 1). This 3D reconstruction and spatial segmentation
served as a lipid molecular mirror of the injured brain. Further analysis in 3D manner allowed to
depict lipid m/z ion species with common expression between the injured cortical tissue and the
ventricular system of the brain, thus explaining a possible flow and transfer of lipid molecules
between the injured cortical tissue and the spinal cord through the cerebrospinal fluid. In addition,

certain m/z ion were unique to either the cortical tissue or the ventricular system.
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ABSTRACT: Traumatic brain injury (TBI) is a major cause of death and disability in
children and young adults worldwide according to the World Health Organization (WHO).
The emergence of mass-spectrometry-based techniques, such as MALDI-MSI, has allowed
the monitoring and visualization of changes post injury, providing a global picture of the
impact of TBI on different classes of molecules in a single study. In this work, we show the
ability to track lipid changes post-TBI by three-dimensional matrix-assisted laser
desorption/ionization—mass-spectrometry imaging (MALDI-MSI). Controlled cortical
impact (CCI) was induced on adult male rats resulting in direct mechanical injury to
the cortical tissue on the right ipsilateral hemisphere of the brain. Images of lipid
distribution in coronally sectioned injured brains were acquired using a high-resolution
mass spectrometer (MALDI-LTQ-Orbitrap-XL). Results reveal unique lipid signatures for
the injured cortical tissue, which further segregate into two subgroups of injury (lesion
interior and lesion exterior). Although both subgroups show different profiles from that of

“‘ MS Imaging acquisition

Histological staining

Injury Site

3D Spatial segmentation

the noninjured cortical tissue, the lesion interior is more similar to the ventricular system than the lesion exterior. For
example, m/z 725.56 showed expression in both injured tissue and the ventricular system, whereas m/z 856.59
(phosphatidylcholine 42:9) is uniquely expressed in injured tissue. On the other hand, m/z 797.59 (also a phosphatidylcholine)
showed unique expression to the ventricular system and not to the injured cortical tissue. Our results can help in further
monitoring and identifying lesion-specific lipids in a 3D manner to obtain a better understanding and visualization of molecular

and cellular events occurring post-TBI.

raumatic brain injury (TBI) is an alteration in brain

function due to the application of an external force to the
brain, such as head strike, rapid acceleration or deceleration
movement, or object penetration.1 On average, the annual
death rate due to TBI is 1.5 million people worldwide,” with
men being at higher risk than women. TBI is not only
restricted to an individual’s health; it also expands to being a
major financial burden for families.”

The neurological outcomes postinjury are divided into two
main phases, namely, primary and secondary phases. Primary
injury is due to direct mechanical insult resulting in direct
damage or penetration of the underlying tissue and disruption
of brain function. On the other hand, secondary injury occurs
as a direct consequence of the primary injury; however, it is
characterized by complex molecular mechanisms, such as
altered metabolic changes, oxidative stress, ischemia, hypoxic
damage, cerebral edema, and infection.* This leads to cell
death, inflammation due to the involvement of different

© 2018 Tous drOiiS@ﬂcs Publications  © 2018 American Chemical Society
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immune cells, and neurological dysfunction within injured
patients.5

Many techniques have been used to visualize the main
histological changes within the brain, aiming to follow up on
patients post-TBIL. For example, magnetic-resonance imaging
(MRI) and computed-tomography (CT) scans allow one to
visualize hemorrhages or even brain deformation.” On the
contrary, the lumbar-puncture method helps in analyzing the
cerebrospinal fluid (CSF) when looking for molecular-
signature markers. Because of a lack of information at the
axonal-injury level with conventional techniques, diffusion-
tensor-imaging (DTI) MRI was later introduced and applied to
TBI in 2002.” Although conventional MRI shows changes at
the macroscopic level of the brain, DTI has the advantage of
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detecting microstructural changes, especially in the white
matter.® Indeed, the latter technique is highly sensitive to
axonal-fiber injuries in the white matter of the brain, such as in
the corpus callosum. However, this characteristic could also be
a disadvantage because changes to other compartments of the
brain with possible injury, mainly the cortex, could be difficult
to visualize using such a technique. In the pursuit of a
therapeutic window for TBI, protein biomarkers have been
identified, mainly employing immunofluorescence (IF) techni-
ques and other advanced proteomics-based techniques.”'’
However, proteins are not the only players involved in diseases
and injuries. To better characterize pathophysiological out-
comes post-TBI, a full understanding of the different molecules
present must be considered.

With the advances of mass spectrometry in the field of mass-
spectrometry imaging (MSI) such needed approaches are now
possible. Among the different modalities of MSI, MALDI-MSI
is currently the technology that offers the broadest panel of
applications as a result of its ability to analyze a large variety of
analytes, including small organics,11 metabolites, and lip-
ids'*'’as well as peptides and proteins in their intact
forms,"*'® even providing cellular-level spatial resolution in
routine experiments. Conventionally, MALDI-MSI is per-
formed from a single tissue section, leading to the mapping of
the analytes in the (x, y) plane. However, increases in the
acquisition speed of MS instruments dedicated to MSI
together with improvements in spatial resolution has led to
the gradual development of 3D MSI, which corresponds to the
reconstruction of 3D volumes from the 2D mapping of serial
sections.'”” 3D MSI is not a routine operation, because it
requires a large amount of tissue sections, and thus, it is
definitely not always required. However, it is very relevant in
certain situations to monitor the extent of molecular changes
when these cannot be gathered by other means. This is, for
example, the case when studying physio-pathological situations
in model organisms from which complete organs can be
studied. In 2005, 3D MSI was initially performed on acquired
protein-ion images of a complete mouse brain'® as a proof-of-
concept, but 10 years of developments were required so that
3D MSI could be used for biological applications."”

Lipids are essential players in the central nervous system
(CNS) because they suggort homeostasis and normal
functioning of the brain.””*" However, lipids and their
associated metabolites are also known to be involved in
inflammatory processes and are therefore of major importance
in the cascade of secondary events occurring after brain
injury.”” Certain lipids have been identified as drivers of
inflammation, such as arachidonic acid, which is metabolized
into prostaglandins (e.g., PGE2) and leukotrienes (e.g., LTA4,
LTB4) and promotes the activation of the immune response.
Although metabolic pathways of certain lipids have been well
described for TBI, a more global picture enabling both the
identification and localization of various lipids using untargeted
approaches is also of interest and can help identify new targets.
MALDI-MSI is particularly well-suited to monitor lipid
molecular changes in the study of TBIL Previously, 2D
MALDI-MSI was used to study TBI by several groups. Most
studies dealt with lipid changes after brain injury using mouse
and rat models subjected to controlled cortical-impact injury
(CCI).**** Injured mice with sensorimotor and learning
deficits showed decreased levels of cortical and cerebellar
phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) levels, whereas hippocampal levels of PC, PE, and
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sphingomyelin were elevated.””> In addition, MALDI-MSI
studies were used to investigate the ischemia—reperfusion
injury model of TBI'® and showed a large increase in ion
abundance at m/z 548.5, which corresponded to ceramide
(d18:1/18:0), a lipid family known to be associated with the
regulation of signaling processes including cellular apoptosis.”®
More recently, using a rat fluid-percussion model, Guo et al.
studied lipid changes post-TBI in a time-course manner, but
they used a developed liquid-extraction-ESSI device for MSI
rather than MALDI-MSL”” Their findings suggest a role for
docosahexaenoic acid (DHA) in brain injury, as they tracked
elevated levels of DHA expression in the acute phase of injury
(0 to 1 days post-trauma) and an increase of DHA-containing
lipids, such as PE, in the chronic phase of injury (up to 7 days).
Recently, Roux et al. used MALDI-MSI in time-course
experiments post-TBI (CCI model) and revealed an increase
in ceramides and a decrease in sphingomyelins, accompanied
by changes in glycerophospholipids and cholesterol deriva-
tives.”” In these experiments, it was shown that each lipid class
was presenting a distinct kinetics. For example, ceramides were
increased as early as 1 day post injury, whereas other lipid
changes were occurring between 3 and 7 days post injury.”®
The same research group has recently shown the advantage of
using MALDI-MSI to track ceramide-related m/z ratios as
biomarkers of injury with their potential role in monitoring the
effects of injury and drug-treatment approaches.”” Treatment
of CCl-injured rats 3 days post injury with a dynorphin-
binding “decoy peptide”, a peptide shown to prevent NMDA-
mediated dynorphin neurotoxicity, leads to a significant
reduction in four ceramide species (CER 34:1, 36:2, 36:1,
and 38:1) when compared with the levels in non treated
injured rats. This finding suggests the use of such ceramide
species as lipid biomarkers in brain injury and therapeutic
approaches.

In this study, 3D MALDI-MSI was applied, for the first time,
to a controlled-cortical-impact (CCI)-TBL-rat-brain model,
using high-resolution MS. 3D MALDI-MSI was used to assess
the extension of the injury at the molecular level, which is not
obtained by using conventional IHC or 2D MALDI-MSL
Indeed, we were looking for the molecular changes not only at
the injury site but also at regions distant from the injury site as
a result of brain plasticity. For this, adult male rats were
subjected to CCI on the right cortical ipsilateral hemisphere
and sacrificed 3 days post injury; 2D ion images were acquired
from serially sectioned samples to reconstruct the 3D volumes.
Combining this volume reconstruction with clustering was
shown to be very useful in accessing changes in cell phenotypes
in three dimensions and extracting the corresponding changes
in lipid regulation.

B EXPERIMENTAL SECTION

Reagents. Absolute methanol (MeOH), water (H,0),
chloroform (CHC,), analytical-reagent (AR)-grade trifluoro-
acetic acid (TFA), ethanol (EtOH), and xylene were obtained
from Biosolve B. V. (Dieuze, France). 2,5-Dihydroxybenzoic
acid (DHB) and a ProteoMass MALDI Calibration kit were
purchased from Sigma-Aldrich (Saint-Quentin Fallavier,
France). Mayer’s Hemalun solution was purchased from
Merck KGaA (Darmstadt, Germany), phloxine B was
purchased from RAL Diagnostics (Martillac, France), and
saffron was purchased from Labonor (Templemars, Belgium).
EUKITT slide-mounting medium was bought from O. Kindler
GmbH (Freiburg, Germany).
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Animals. Procedures were performed on adult male
Sprague—Dawley rats (225-250 g, 7—8 weeks old) in
accordance with the National Institutes of Health Guidelines
for Animal Research (Guide for the Care and Use of
Laboratory Animals) and with the approval of the Institutional
Animal Care and Use Committee (IACUC) at the American
University of Beirut (AUB). Rats were maintained and housed
under pathogen-free conditions with constant temperature and
humidity control at the AUB Animal Care Facility (ACF).

Controlled-Cortical-iImpact Model. Rats were anesthe-
tized, and their cortices were exposed by craniotomy; this was
followed by controlled cortical impact (CCI) to induce
mechanical damage to the cortex tissue.’’ Briefly, after
anesthesia using a ketamine (10 mg/kg)—xylazine (100 mg/
kg) mix, rats were fixed on a stereotactic frame, where ear and
incisor bars were used to secure the position of the rat head.
Using a blade, a midline incision was performed to expose the
underlying tissue, and the skin was retracted on the right
hemisphere (ipsilateral). After scalping the excess tissue, a
target was set halfway between the bregma and lambda using
machine software (ipsilateral); this was followed by a
craniotomy (5—7 mm diameter) at the target site. An impact
was induced using an impactor tip of 2 mm diameter, 2 mm
depth, and 4 m/s velocity at 0.8 m/s speed. After impact, the
rat was sutured and kept for 3 days.

Brain Harvesting and Tissue Preparation. Three days
post injury, rats (n = 3) were anesthetized by 5% isoflurane and
sacrificed by decapitation. The complete brain was removed,
snap-frozen on dry-ice-cooled isopentane, and then stored at
—80 °C. Using a cryostat (Leica Microsystems, Nanterre,
France), 20 um tissue sections were collected in a coronal view
and thaw-mounted on polylysine slides. Tissue sections
obtained every 200—250 ym (approximately) were subjected
to MSL

Mass-Spectrometry Imaging. Tissue sections used for
imaging were dried in a vacuum desiccator for 15 min prior to
use. The matrix (2,5-dihydroxybenzoic acid, DHB) was
prepared at a concentration of 20 mg/mL in a 70:30 (v/v)
ratio of methanol—0.1% TFA in H,0. The matrix was
manually sprayed for 12 min at an air pressure of 1 bar and
a matrix flow rate of 300 L/h using a nebulizer constructed in
house.’’ Images and full-scan data were acquired on a MALDI
LTQ Orbitrap XL (Thermo Fisher Scientific, Bremen,
Germany) operated by Xcalibur software version 2.0.7
(Thermo Fisher Scientific). The MALDI LTQ Orbitrap XL
is equipped with a commercial N, laser (LTB Laser Technik,
Berlin, Germany) operating at 4 = 337 nm with a maximum
repetition rate of 60 Hz. Spectra were obtained in positive-ion
mode at a spectral-mass resolution of 30 000 (centered at m/z
400) in the mass range of 300—1000 Da. Each spectrum was
acquired by averaging 10 scans with 1 microscan per step with
a raster step size (lateral resolution) of 70 pm. External
calibration in the normal mass range (m/z 150—2000) was
performed before every acquired image using the ProteoMass
MALDI calibration kit.

Data Processing. Images were converted to the vendor-
neutral imzML format using the imzML converter available in
ImageQuest software version 1.1.0 build S4 (Thermo Fisher
Scientific). The converted files were then uploaded and
processed in SCiLS Lab MVS, version 2018b Premium 3D
release 6.01.10194 (SCiLS, Bremen, Germany). With this
version of SCiLS Lab MV, the baseline-removal option is not
available, and the peaks are automatically imported. Normal-
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ization was performed on the basis of the total-ion-count
(TIC) method. The m/z intervals were also automatically set
at +33.155 mDa. All spectra were aligned using the move-
peaks-to-local-max feature with the reference-sample data set
chosen arbitrarily. All ion images were plotted with the weak-
denoising option. Spatial segmentation was performed using
the bisecting k-means algorithm with a Euclidean-distance
metric.”” Regions were specified on the basis of the results of
spatial segmentation. Colocalization analysis was performed
using Pearson’s correlation analysis.”> Receiver-operating-
characteristic (ROC) analysis was performed to discriminate
between the injury area and ventricles.**

3D Image Reconstruction. A total of 16 coronal sections
of 20 pm thicknesses were used to reconstruct the 3D image;
images were taken consecutively every 200—250 ym interval
and covered the entire area of the brain containing the cortical-
impact injury. This spans the bregma —1.30 to —4.80 mm,
starting from the ventral part where the third ventricle starts to
appear up until the sections where the thalamus terminates.
The coregistration of all images was done interactively using
rigid alignment of the 2D optical scans of the tissue taken at 8%
bit resolution using a Nikon scanner (Nikon Technologies,
Tokyo, Japan). After alignment of all tissue, space filling was
performed with each tissue filling a 500 ym gap.

Lipid Assignment. Preliminary assignments based on
accurate mass measurements were done by interrogation of the
METLIN metabolomics database (public domain: http://
metlin.scripps.edu/) using a threshold of +4 ppm. MS/MS
spectra, if possible, were acquired using an off-tissue approach
that involved liquid—liquid extraction using the Folch method.
Four 20 pm thick brain sections were suspended in 60 uL of
CHCI,, and to this, 30 yL of MeOH and 30 uL of H,O were
added. The mixture was vortexed for 1 min, sonicated for 5
min, and then centrifuged at 10000 rcf for 10 min. After
centrifugation, the CHCl; extracts in the lower phase of the
Eppendorf tube were collected. To ensure maximum lipid
extraction, CHCI; extraction was performed twice. CHC,
extract (1 uL) was spotted on a MALDI target and combined
with 1 L of matrix (20 mg/mL DHB dissolved in 70:30
MeOH—0.1% TFA). Full scans were acquired at 100 000
resolution (centered at m/z 400) in positive mode in the same
mass range used during image acquisition (m/z 300—1000) by
averaging 10 scans acquired with 2 microscans at 2 microscans
per step. Precursor-ion isolation was performed using an
isolation window between +1 and 2 Da, and the fragments
were scanned with a maximum accumulation time between
120 and 200 ms. The normalized collision energy (NCE) was
optimized for the individual precursor ions.

HPS Staining. After MALDI-Orbitrap acquisition, the
matrix was removed by dipping the slide in methanol for 30 s.
After drying in the desiccator, the tissue was treated with
hematoxylin solution for 1 min and rinsed with tap water. The
tissue section was then stained with phloxine (0.1% aqueous
solution) for 10 s and rinsed with tap water. Then, a
dehydration step in 70 and 100% ethanol was performed. The
tissue was then dipped in saffron for 5 s, rinsed twice in
alcohol, and given a final rinse in xylene before the mounting
with the EUKITT slide-mounting medium and the addition of
a coverslip.

B RESULTS AND DISCUSSION

Unsupervised Spatial Segmentation and 3D Image
Reconstruction. Spatial segmentation was employed to
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Figure 1. (A) Spatially segmented cluster image obtained after processing of MALDI-MSI lipid data of a rat brain 3 days post injury. (B) HPS
staining of the same tissue section MALDI imaged previously. (C) Coregistration of spatial-segmentation and HPS-staining images revealing the
depth of injury induced by controlled cortical impact (zoom). (D) Cluster tree corresponding to the same tissue slice after segmentation based on

the Euclidean-distance-calculation method.

Lesion Exterior

Lesion Interior

Figure 2. 3D representation of the spatial-segmentation results after superposing all consecutive MS-imaged tissues. Images show a series of
clippings made at various depths with the plane perpendicular to the coronal axis. Clusters pertaining to regions with no tissue (i.e., only matrix

present) where hidden for clarity.

visualize regions sharing similar molecular profiles within the
tissue (Figure la). The depth of the cluster was chosen
interactively such that the anatomical features of the rat brain
could be discerned by comparison with the HPS-stained
section as reference (Figure 1b). The resulting segmentation
maps were then superimposed on the optical scans of the HPS-
stained tissue section to verify the colocalization of individual
clusters to their corresponding anatomical regions (Figure 1c).
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In this manner, it can be shown that the white matter (corpus
callosum, red, corresponding to 64462 spectra) can be
distinguished from the gray matter (cortical tissue, blue,
corresponding to 283 470 spectra). More importantly, spatial
segmentation reveals that the injured cortical tissue in the right
hemisphere clearly clusters distinctly from the rest of the brain
(Figure 1a). In fact, spectra corresponding to the injured tissue
cluster into two different groups (one colored light blue and

Anal. Chem. 2018, 90, 10568—10576
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Figure 3. (A) 2D image of spatial-segmentation result with the regions of interest (lesion interior, lesion exterior, ventricles, and cortex
contralateral) that were selected for further statistical analysis highlighted. (B) Scores plot of the first three components of the PCA of the selected
regions: cortex contralateral (blue), lesion interior (red), lesion exterior (yellow), and ventricles (green).

corresponding to 1125 spectra and the other colored light red
and corresponding to 1631 spectra, annotated as lesion
exterior and lesion interior, respectively; Figure 1d), with
each group separated clearly from the other and at different
depths in the clustering tree. The surface area of the region
covered by the two clusters is in agreement with the
approximate area of the impact region expected on the basis
of the diameter of the impactor tip (2 mm, Figure lc, zoom).
The underlying hippocampus shows no physical evidence of
damage, as confirmed by the spatial-segmentation result and
HPS staining. The two clusters can be further discerned from
each other when the 3D volume image is rebuilt by
superposing the spatial-segmentation images of all sections
and taking cross-sections of the 3D volumes at different depths
(Figure 2). The surface of the cortex at the site of the impact is
dominated by the light-red cluster, and the impact site is
bordered by the light-blue cluster. At deeper depths of the
cross-section, the size of the red cluster reduces whereas that of
the light-blue cluster increases until only the latter can be
observed at cross-section depths closer to the corpus callosum.

The segmentation results also revealed a cluster whose
distance was close to that of the lesion exterior but which was
not present in the injured tissue region. Comparison with the
rat-brain atlas shows that this cluster corresponds to the left
and right lateral ventricles and the third dorsal ventricle.
Spectra from these regions all group in the same cluster (light
brown, 3287), thus showing the same molecular profile for the
three ventricles (Figure 1d). The localization of the ventricles
and their progression deeper in the tissue is clearly shown in a

coronal view of the brain when the cluster corresponding to
the ventricle regions is 3D-rendered separately (Supplementary
Figure 1). The evolution of the ventricle cluster within the
brain, from the frontal part close to the olfactory bulbs toward
the rear part close to the cerebellum, is in coherence with the
shape of the ventricle expected on the basis of the rat-brain
atlas.®® In the same 3D plots, the images of the clusters
corresponding to the lesion interior and exterior are also
shown.

Differential Lipid Expression within Different Re-
gions of the Injured Brain. Data from unsupervised spatial
segmentation were used to select regions of interest (i.e., lesion
interior, lesion exterior, ventricles, and contralateral cortex;
Figure 3a). Spectra from these regions were then subjected to
principal-component analysis (PCA) to create a model that
would explain the observed differences in the spectral profiles
between the lesion interior and exterior, between the injured
cortical tissue and the uninjured cortical tissue in the opposite
hemisphere of the brain (contralateral cortex), and among the
three ventricles (left lateral, right lateral, and third dorsal
ventricles). The first principal component explains 7.125% of
the variance observed across the groups, and the second and
third components explain 6.659 and 4.878%, respectively.
From the scores plot of the first three PCs, it can be observed
that the clusters are distinctly separated from each other
(Figure 3b). The contralateral-cortex group (blue) is clearly
separated from the lesion interior (red), the lesion exterior
(yellow), and the ventricles (green). On the other hand,
although the lesion-interior and -exterior clusters were very
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Figure 4. (A) Scatter plot of the loadings for the first two PCs with the selected m/z ratios highlighted. (B) 3D representation of m/z 804.542,
832.593, 869.463, and 774.536. (C) Box plot of the intensity variation of the selected regions (ventricles, lesion interior, lesion exterior, and cortex
contralateral) for each of the chosen m/z values in (B).
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Figure 5. (A) 3D representation of m/z 741.54S in three different view panels. (B) 3D representation of m/z 725.564, 543.501, and 683.455.
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close to each other in the PCA grid, they nonetheless showed a
complete separation, as demonstrated in Figure 3b.

A scatterplot of the loadings of the first two PCs is plotted in
Figure 4. The variables (m/z intervals) corresponding to the
heaviest loadings after the 99% error quantile was defined are
labeled (Figure 4a), and examples of their ion images are
projected in 3D, as shown in Figure 4b. A total of 159 m/z
intervals were noted and are shown in Table S-1. Loadings
with high contribution to the first component show intense
distribution in the contralateral-cortex regions but are absent in
the other two lesion groups and in the ventricles, as
exemplified by PE(38:1)/PC(35:1) (m/z 774.536) and m/z
869.463. Plots of the normalized intensities of these m/z
intervals are shown in the box-plot representation (Figure 4c).
On the other hand, loadings with highly positive correlations
with the second component, such as PC(38:7) (m/z 804.542)
and PC(38:4) (m/z 832.536), show a very intense distribution
in the lesion but not in the contralateral cortex or the ventricles
(Figure 4c). It should be noted that some of these signals are
not lesion-specific but can also be observed in the hippo-
campus, as in the case of PC(38:7) (m/z 804.542, Figure 4b).

Lesion- and Ventricular-System-Specific Signal after
TBI. Data from the spatial segmentation suggest a trend in the
lipid distribution along the lesion site and the ventricular
system upon induction of TBI. Visualization of lesion-elevated
m/z ratios was then performed in the brain 3 days post-TBI
(Figure S). Using SCiLS Lab MVS software, processing of the
data was performed in order to retrieve all m/z values that
colocalized with the site of injury. A total of 30 m/z values
were identified with a threshold of 0.3 (Table S-2). Further
classification of the data allowed us to obtain high expression
values that colocalized in both the ventricles and the lesion
found in the cortical tissue. For instance, m/z 741.545
localized in the injury area as well as in the ventricular system
of the brain (Figure Sa). As tissue slices progressed further
toward the cerebellum in a coronal view, the sizes of the left
and right ventricles increased along with a concomitant
expansion and distribution of the expression of this m/z in
the ventricles. Similarly, m/z 683.454 and 725.564 showed the
same localization along the ventricles (Figure Sb). In contrast,
m/z 543.501 showed a similar response to those of the
previously mentioned molecules at the cortical-injury site,
whereas its expression in the ventricles was restricted to the
frontal part of the brain, which has a very small ventricular size
(Figure Sb).

Lesion-Specific and Ventricle-Specific Signal Post-
TBl. In order to identify the m/z that showed increased
expression in the cortex-lesion area without any expression in
the ventricles, receiver-operating-characteristic (ROC) analysis
was performed between the two regions. This analysis allowed
us to discern the discriminative values that differentiate the two
areas. Indeed, a total of 10 m/z intervals with high AUC values
were identified as being responsible for discriminating between
the lesion area and the ventricles, after the application of a
threshold value of 0.95 for the lesion-discriminative values and
a threshold value of 0.12 for the ventricle-discriminative values
(Table S-3). Four of these m/z intervals are represented in
Figure 6, which shows the clear distribution of lesion-specific
and ventricle-specific m/z values within the rat brain. Both m/z
723.508 and PC(42:9) (m/z 856.598) show clear distributions
within the cortical tissue of the brain, with elevated expression
at the injury site (Figure 6a). Interestingly, the signals can also
be observed in the same site as the injury in sections unaffected
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Figure 6. (A) 3D representation of m/z 723.508 and 856.598 viewed
in clippings mode with the dissecting plane perpendicular to the
coronal axis. (B) 3D representation of m/z 797.580 and 398.044.

by cortical impact; for example, m/z 856.598 appears as a
continuous streak in the injury site when the 3D image is
clipped horizontally along the z axis, whereas it appears
cylindrical in the spatial-segmentation cluster corresponding to
the lesion in Figure 2. At the same time, these two molecules
show no expression within the ventricular system of the brain.
In contrast, one PC (m/z 797.580) and m/z 398.044 show
clear increased distribution within the ventricular system
(Figure 6b). Along with the increased expression in the
ventricles, baseline expression can be found in the cortical
tissue for m/z 797.580 but not in the injury, and m/z 398.044
shows unique expression in the ventricle system alone. Similar
profiles of expression and localization were obtained for the
other two replicates analyzed, as shown in the box-plot
representation showing the intensity variations of the lipid
markers in the different areas of the rat brains (Supplementary
Figure 2).

In the present study, we performed 2D MALDI lipid
imaging on rat-brain serial tissue sections and then superposed
all images to generate a 3D reconstruction of the injured part
of the brain, showing altered lipid distributions after cortical-
impact injury. This 3D reconstruction definitely enables us to
get a global picture of the molecular changes in the brain
postinjury at a larger extension. For example, the distribution
of the ventricular system is not uniform throughout the brain
from the rostral part to the caudal part. In fact, the lateral
ventricle starts with a circular node shape in the rostral part of
the brain near the olfactory bulbs and evolves in size as it
moves further into the brain, reaching a large-sized cavity
toward the caudal part. The expression of m/z related to this
system cannot be understood with as much clarity in a 2D
manner as with 3D MSI because of the mentioned size
evolution. A similar explanation can be stated for the
hippocampus, as its progression in size from the rostral part
to the caudal part of the brain is nonuniform.

We believe that the 3D reconstruction helps with spatial and
theoretical understanding of the injured brain along with the
possible involvement of other organs. Unsupervised spatial
segmentation revealed clusters that matched the histological
observation of the brain. For example, the white matter, mainly
the corpus callosum, was grouped together and distinct from
the gray-matter cluster, which was mainly composed of the
cortex. In addition, the spatial-segmentation data also allowed
us to isolate the site of the injury from the remaining parts of
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the brain, thus showing that the lipid contents of the injured
cortical tissue differs from those of its surroundings. This
difference becomes more evident when the injured region in
the ipsilateral cortex is compared with an uninjured region of
the contralateral cortex.

More importantly, the segmentation data allowed us to
distinguish two distinct regions within the injury site. Tentative
assignments of lipids specific to each region show that they
belong to different lipid classes, suggesting perhaps a graded
response to injury. Whether this finding has significant
implications with regard to the induction of injury and
progression of the ensuing secondary damage and inflamma-
tory processes warrants further investigation. Previous reports
on other CNS injuries, such as those induced in the spinal
cord, have demonstrated the presence of different immune
cells (resident and circulating) at specific locations in the
injury site.*

Our results also reveal the presence of signals in the lesion
colocalizing all throughout the ventricles. The ventricular
system plays a crucial role in the mobilization and transfer of
molecules within the brain itself and toward surrounding
organs, such as the spinal cord. Indeed, the ventricular system
is responsible for the production of the CSF, which circulates
in a unidirectional way from the rostral to the caudal 3};arts of
the brain and then into the spinal subarachnoid space.”” Thus,
tracking injury-implicated molecules along the ventricular
system could provide insight into the systemic progression of
TBI and how it affects other regions of the brain and the CNS.

In this study, images were taken with a high-resolution mass
spectrometer with a high mass accuracy (lower than S ppm),
which provided a big advantage over the typical time-of-flight
(TOF) analyzers linked to MALDI sources.”® This is clearly
visualized in our data (Supplementary Figure 3), where a mass
difference of 0.07 (m/z 725.564 and 725.497) revealed
molecules with different distributions. Both molecules were
expressed within the injury site, and m/z 725.564 was also
localized in the ventricles but not in the white matter, whereas
m/z 725.497 was localized in the white matter, mainly the
corpus callosum, but not in the ventricular system.

B CONCLUSION

In conclusion, we have demonstrated the capability of using
high-resolution MALDI-LTQ-Orbitrap-XL in 3D lipid mass-
spectrometry imaging of traumatic brain injury. Our findings
suggest a unique lipid profile in the area of injury, with some
resemblance to the ventricular system in the brain post injury.
We have shown injury-specific lipid distribution in a 3D
manner throughout the injury in the right hemisphere of the
brain.
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Supplementary Tables
Table S-1.PCA Loadings Corresponding to the Heaviest Loadings after Defining the 99% Error Quantile.

Centroid [m/z] + [0.03315]

300.995 579.542 682.460 723.508 749.503 774.602 794.596 813.495 838.694 869.463
307.029 599.503 683.455 724.503 751.525 775.531 798.541 814.523 840.418 870.458
459.250 600.497 694.529 725.497 752.520 776.591 799.536 815.517 841.446 870.557
466.346 605.537 695.458 725.564 753.515 778.614 800.564 818.601 842.440 871.452
478.316 621.485 695.524 726.558 753.581 780.537 801.558 820.458 844.529 871.551
487.268 622.480 697.480 727.520 754.576 781.565 802.487 824.436 845.524 872.546
504.344 627.520 698.475 728.515 755.537 782.560 802.553 825.431 848.541 873.574
506.366 628.548 709.516 731.499 756.565 783.554 803.481 826.426 851.625 874.503
543.501 645.490 710.477 739.456 757.560 784.582 804.542 828.581 852.487 875.497
546.353 649.503 711.439 740.484 768.601 785.444 808.588 830.504 852.653 896.485
551.492 650.531 711.505 741.479 769.496 785.577 809.450 830.570 853.481 897.480
552.520 656.300 712.500 741.545 769.562 786.472 809.582 832.593 853.647 912.467
558.952 657.328 713.462 742.540 770.557 790.617 810.610 833.588 856.598 913.462
570.524 658.322 714.456 745.491 772.513 791.578 811.472 835.676 857.593 914.456
577.520 666.446 715.451 746.485 773.541 792.573 811.605 836.671 860.610 935.444
578.515 667.440 721.485 747.480 774.536 794.463 812.600 837.666 868.468




Table S-2.Colocalization m/z with the area of injury

© 2018 Tous droits réservés.

These de Khalil Mallah, Université de Lille, 2018

Centroid Maximlfm Centroid Maximlfm

(m/2] c‘or‘relatlon (m/2] c.or.relat|on

in interval in interval
682.460 0.535 795.590 0.369
683.455 0.486 807.626 0.365
741.545 0.480 779.609 0.361
825.630 0.465 838.694 0.350
826.625 0.454 626.591 0.345
809.649 0.454 796.585 0.335
823.641 0.431 542.507 0.334
853.647 0.424 562.334 0.333
725.564 0.415 764.489 0.325
742.540 0.414 818.601 0.311
750.531 0.411 854.675 0.304
726.558 0.398 832.593 0.300
794.596 0.384 833.588 0.299
778.614 0.378 827.653 0.294
837.666 0.372 543.501 0.293
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Table S-3. Lesion- and ventricle-discriminative m/z intervals obtained by ROC analysis.
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Lesion-discriminative

Ventricle-discriminative

Centroi Centroi

Tm /;] o AUC Tmt /ZO] T AUC*
551.492 0.955 398.043 0.118
697.480 0.975 614.920 0.081
698.475 0.966 738.528 0.100
723.508 0.951 790.915 0.118
755.537 0.958 797.580 0.074
756.565 0.983 808.156 0.070
757.560 0.978 809.151 0.107
784.582 0.973 825.630 0.072
785.577 0.968 826.625 0.087
856.598 0.960 982.891 0.109

*Maximum area under the curve in the interval
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Table S-4: MS/MS of selected m/z ion intervals
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. . . . Lipid Class
m/z interval m/z exact mass Fragment ion Fragment ion Fragment ion attribution
738.513 673.514
791579 791581 (Neutral loss= trimethyl amine) |(Neutral loss= cyclophosphate) PC
797.507 673.515
856.598 856.58 (Neutral loss= trimethyl amine) | (Neutral loss=cyclophosphate) PC @429)
723.507 723.491 599499 PA (362)
) ) (Neutral loss=cyclophosphate) )
627.530 601.518
7253 725507 (Neutral loss= phosphoric acid) |(Neutral loss= cyclophosphate) PA (384)
730.011 715.453 650.518
. . : 35:
774.536 774.598 (Neutral loss= ethylamine) (Neutral loss= trimethyl amine) | (Neutral loss= cyclophosphate) PE G8:D/PC (35:1)
745.476
804.542 804.549 (Neutral loss= trimethyl amine) PC (387)

MS/MS spectra used to annotate the m/z ions are found below. The parent ion is designated by an arrow

(—) and the corresponding fragment ions shown in the table above are designated by asterisks (*). Peaks
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Supplementary Figure 1: 3D representation of the spatial segmentation result after superposing all
consecutive MS imaged tissues for clusters corresponding to lesion interior, lesion exterior, and ventricular
system alone and combined.
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Supplementary Figure 2: Box plot representation of ion intensity of m/z peaks selected in the figures 5,

6, and 7 of the manuscript for all three replicates (number of replicates=3).
A) Box plot intensity representation of m/z 804.542, 832.58, 774.53, and 869.46 corresponding to all

three replicates.
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B) Box plot intensity representation of m/z 741.54, 725.54, 543.50, and 683.45 corresponding to all

three replicates.

m/z 741.54

=2
[
-

N=2

i = ull
L T 1 ~ - __
LA [ [o3
%, ‘3 @, %, 4, @, @, 3,
%, EN o, % %, N o, £
o S %, %, fol
“ %, %, %, % ", %, %
N . > % %. >
N=1 N=2
B piE | | i
imews } | 1 2 - 1
-H [ ! . = :‘
. I L EN ! oy
% < o} % Q
%o % %, % % Y, %@, %,
%, 2, L %, % % %, s
% 5, % S %, S 4 3
% 5, %, 72, & %, %, 22,
%, . > %. %. d

S-10

4 % % 2}
“, %, %, i
% K %, e
%
& KN %%, D,
. . e
-
% s, &, h
%, £ o, A
% % %, G,
@ X % %,
o %, )

lilliad.univ-lille.fr



These de Khalil Mallah, Université de Lille, 2018

m/z 543.50

N=1

D v;
& %, % S, A G, % [ £ G, G, S,
%, 0, % % <, b P x 2 o, % %,
%, & °, % %, % o, ©, %, % % *
% < % Q, (A < 2, o % S, %, [
© %, %, s, & %, “, i ‘ % %, 7,
5 %. ) %, . % o % d

m/z 683.45

N=1

i
> %, e, 4 %, 4 %,
,)’7 07(0 £ sf(\ 2%, o, I""r, %
(2 < %, T & 4 [o}
£ %, %, % ) Y, %%, %
. %, > N %. >

C) Box plot intensity representation of m/z 723.50, 856.59, 797.57, and 398.04 corresponding to all
three replicates.
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Supplementary Figure 3: 3D distribution of m/z 725.497 (red) and 725.564 (green) at 3 days post injury.
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Conclusion — Chapter 1

We have provided in this paper, an applicable technological workflow to perform 3D MS
imaging of tissue/organs using high resolution MALDI-LTQ-XL orbitrap. The use of this
instrument showed further advantage of 3D MSI, as it proved the specificity factor when compared
to other 3D conventional techniques and other mass spectrometry analyzers (such as the Time-of-
Flight), as we were able to differentiate between 2 molecules with a difference of 0.07 Da in size.
This workflow shows that by converting large data sets generated by the MALDI-LTQ-XL
orbitrap into an imzML neutral vendor format, and then processing the data in SCiLS (Gmbh)
software, we can obtain a volume filled reconstructed image of the injured rat brain. We also
showed the advantage of performing several statistical analysis studies such as ROC analysis and
co-localization results in depicting m/z ions corresponding to lipid species that are co-expressed
in the ventricular system of the brain and the injured cortical tissue in same manner, or other lipid
species which are expressed in each of the mentioned regions solely. Our data clearly showed the
expression of lipid species throughout the ventricular system as it evolves from a small circular
node the frontal part of the brain to a wide cavity in the rear part near the cerebellum, thus showing
again the strength of applying such technique on tissue samples such as TBI. The expression of
m/z within such size-evolving organs is much more clearly understood and visualized in 3D
manner when compared to a 2D approach. The spatial segmentation, depicted two lesion specific
clusters, which by visualizing the complete 3D reconstruction, showed no expression in any other
regions of the brain.

After determining such lesion related molecules, and in an aim to obtain a deeper
comprehension of the lipid involvement within the cortical tissue, I then carried out a lipid
MALDI-MSI analysis of TBI with time course and correlated with proteins involved in the injury
which will be acquired in a micro-proteomic approach. These two main points are addressed in

Chapter 2.
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Chapter 2: Spatially and Temporally Resolved Omics Approach
applied to Traumatic Brain Injury

Introduction

In any disease or injury, such as TBI, the analysis and identification of biochemical markers is
important in diagnosing dysfunction in the related organ or group of organs. These biochemical
markers, “Biomarkers”, can help in explaining the cellular and physiological changes occurring
post injury, resulting in a more accurate assessment and case diagnosis, in addition to their possible
targeting in a therapeutic approach based on their function. In TBI, many protein biomarkers and
other lipid ones have been realized. In fact, there are three main sources to identify TBI-related
biomarkers: Brain Tissue, Blood (serum/plasma), and Cerebrospinal Fluid (CSF) (Wang et al.
2005). In CSF, biomarkers such as “Total Tau Protein” and “Gamma-Enolase” as potential fluid
biomarkers in mild TBI (Zetterberg et al. 2013), along with Ubiquitin C-terminal hydrolase-L1
(UCH-L1) and Spectrin Breakdown Products (SBDP) have been shown to have highly elevated
levels post injury (Kobeissy et al. 2006). Also, glial fibrillary acidic protein (GFAP), an
intermediate filament only found in astrocytes, and its breakdown products have emerged as a

strong candidate protein biomarker released into the bio-fluids of the body after injury (Yang &

Wang 2015).

Along with protein biomarkers, several research groups have focused on identifying lipid
biomarkers for TBI. One perfect example is the work done by Roux et. al, where the expression
level of abundant lipid families, such as ceramides were tracked using MALDI MSI with respect
to days post TBI (Roux et al. 2016). The ceramide expression levels increased as early as 1 day
post impact while that of sphingomyelin didn’t increase until the third day after trauma. Nielsen
and co-workers identified bis(monoacylglycero)phosphate (BMP) species as biomarkers for
macrophage/microglia cells performing phagocytosis and N-acyl-phosphatidylethanolamine as a
biomarker of dead neurons in a mice cerebral ischemia injury model (Nielsen et al. 2016). This is
one of the few studies which linked such identified biomarkers with the cells found in the injured

brain, either neuronal cells, or immune system ones.

Although many biomarkers have been characterized for TBI, this form of injury remains a

major burden on society with no effective treatment. Several factors can contribute to this slow
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progression in treatment for TBI, including lack of a complete understanding of the different
protein and lipid factors implicated in the early phases post injury. The link between such species
of biomolecules (proteins and lipids as an example) is yet to be studied. In addition, not many
studies have tried to link these identified biomarkers with the surrounding systems of the body,
mainly the immune system. To add, most of the proteomic studies have been performed on liquid
samples (as in the case of plasma/serum related studies) or on large-sized tissue samples, which in
turn may lead to inaccurate identification or even loss of detection of several proteins. Such
proteins could have low non-abundant expression within the injured tissue. Thus, by studying a
large tissue sample, the detection of such low expressed proteins can be more difficult as they may

be masked by the higher expression of other abundant proteins.

In this context, I decided to perform a fundamental spatially and temporally resolved study on
an open-head TBI model while focusing on the proteomic and lipid changes within the injured
microenvironment of the brain tissue. A rat animal model was subjected to TBI, and the animals
were kept for 1 day, 3 days, 7 days, and 10 days in order to mimic the acute and sub-acute phases
of the injury which last up to 10 days post impact. Using several Omics approaches, including
MALDI MSI and LC-MS/MS, we desired to track and possibly identify new biomarkers
corresponding to either lipids or proteins. 2-dimensional MALDI-MSI was performed using the
same high resolution MALDI-LTQ-XL-Orbitrap as before on injured rat brain at previously
mentioned time points, as well as non-injured sham. The injured microenvironment in the tissue
sections directly consecutive to the imaged ones, were subjected to a microproteomic approach.
Finally, the MALDI imaged data, along with the microproteomic data, were all linked together
with involved cells present in the microenvironment of injury in order to have a complete
understanding of the involved processes in time manner and location. These results are present in

Article 2.
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Article 2: Systemic Biology Study of Mild-TBI Unveils the Role of Long Chain

Acylcarnitines
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Summary: Experimental manipulations, along with sample preparation and data analysis was
performed by Mr. Mallah. He also wrote the paper, along with his co-authors, and participated in

the revision. In detail, my contributions include:

- Performing the experimental TBI procedure and collection of tissue.

- MALDI-MSI experimentation and sample preparation including cryosectioning the
tissue, matrix deposition and image acquisition on the MALDI-LTQ-XL Orbitrap
instrument.

- Lipid extraction and MS/MS analysis for designated m/z identification.

- Performing on-tissue digestion and peptide collection for the micro-proteomics
experiments.

- Protein extraction from cell lines along with preparation and digestion for the LC-
MS/MS analysis.

- Participated in performing the systems biology proteomic pathway analysis, and
ClueGO data analysis. .

- Data interrogation post LC-MS/MS analysis using Maxquant software, followed by
statistical analysis using Perseus Software (Heatmaps, Scatter Plots, etc.).

- Data processing on Scils software, including spatial segmentation analysis, ROC
analysis, coloc analysis, and principal component analysis.

- In terms of writing the manuscript, Mr. Mallah wrote the initial drafts which were then

built upon in the subsequent writing of the final manuscript.
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SUMMARY

Traumatic brain injury (TBI) is a major cause of death worldwide and the leading cause of seizure
disorders. In a therapeutic approach, protein biomarker hunting has led to the identification of
protein markers such as glial fibrillary acidic protein (GFAP) but in relatively large size tissue
samples or liquid samples as serum/plasma. In our work, we performed spatiotemporal systemic
biology approach post-TBI using spatially-resolved proteomics within cortical area coupled to
lipidomics generated by Mass Spectrometry Imaging (MSI) to deeply understand the processes
involved in the microenvironment of the injury. This enabled to establish the molecular
spatiotemporal map of TBI markers in time course and highlighted the role of the acylcarnitines.
Finally, through microglia production of acylcarnitines in substantia nigra 3 days after lesion and
overexpression of leader proteins such as GPR158, HGMBI1, Synaptotagmin and Glutamate

Decarboxylase proteins, we can correlate mild-TBI with Parkinson’s disease.
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INTRODUCTION

Traumatic brain injury (TBI) is a leading cause of mortality and morbidity worldwide. TBI is
characterized by the transfer of a force from an external object to the head leading to
neuropathology damage and dysfunction (Mckee & Daneshvar 2015). This external force may be
a blow or jolt to the head and results in an altered mental state. Due to the lack of awareness, TBI
has long been known as a “silent epidemic” contributing massively to the increase in number of
worldwide death and disability. In the USA, according to the center of disease control and
prevention, and based on data between the years of 2002-2006, approximately 1.7 million people
sustain a TBI annually (Faul et al. 2010). Of the 1.7 million cases, 1.4 million are treated and
released from the emergency room, 275,000 are hospitalized, and 52,000 die. In addition,
approximately 69 million people are estimated to sustain a TBI each year worldwide (Dewan et
al. 2018), with majority of the cases being either of mild severity (81%) or moderate severity
(11%). Dewan et al. concluded that low and middle income countries witness nearly 3 times more
TBI cases when compared to high income countries. Using animal models, several therapeutic
strategies have been proposed and studied in TBI, mainly: neuroprotection, neurovascular
regeneration, and neurorestoration (Galgano et al. 2017). In the neurorestoration approach, cell-
based therapy, mainly neural stem cell (NSC) /neural progenitor cells (NPC) treatment, have been
studied in both endogenous and exogenous transplantation methods. One example of exogenous

transplantation was the work done by Blaya et al, NPC transplantation led to neuroprotection,
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along with enhancement of hippocampal neurogenesis, and improvement of functional outcomes
in a fluid percussion TBI model (Blaya et al. 2015). Although several efforts over decades have
been put to develop treatment strategies, TBI still lacks an effective therapy. This may be due to a
deficiency in the full understanding of molecular mechanisms occurring within the
microenvironment of the injury considering the different biomolecule partners including lipids,
proteins, and metabolites along with their potential interactions. Such integrative biology study is
missing and would clearly benefit to find new therapeutic targets.

The biological processes occurring post injury have been shown to follow two main phases.
The so-called primary phase is due to direct mechanical insult to the brain resulting in shearing or
stretching of the brain tissue. The secondary phase is characterized by diffuse axonal injury and
inflammation (Das et al. 2012). It has been suggested that TBI is implicated in several other
neurodegenerative diseases such as Parkinson’s disease (PD)(Gardner et al. 2018) and Alzheimer’s
disease (AD) (Johnson et al. 2010)(Roberts et al. 1994). In fact, Acosta et. al showed that the
expression of a-synuclein-positive dopaminergic neurons in the Substantia nigra pars compacta
was elevated in the ipsilateral hemisphere of a rat TBI model at 60 days post injury, when
compared to the contralateral hemisphere of the same injured condition from one side, and either
hemispheres of sham non-injured rat on the other hand (Acosta et al. 2015). The aggregation and
accumulation of truncated forms of a-synuclein in the Substantia nigra, along with the continuous
loss of dopaminergic neurons is a hallmark of Parkinson’s disease (Xu & Pu 2016). In addition,
the expression a-synuclein was shown to be regulated by microglia in the Substantia nigra and not
astrocytes at 30 days post controlled cortical impact injury in a mouse model (Impellizzeri et al.
2016). Microglia and astrocytes are important mediators of inflammation and cellular response in
TBI (Karve et al. 2016).

Lipid metabolism dysfunction is believed to be involved in several neurological disorders such as
schizophrenia and neurodegenerative diseases such as Parkinson’s and Alzheimer’s diseases
(Wenk 2005) and CNS injury such as TBI. Thus, studying the lipid change in the nervous system
in such cases is of major importance, as this system contains the second highest concentration of
lipids in the body (Adibhatla et al. 2006). One of the most advanced and sensitive method for
monitoring lipid changes within biological samples 1is Matrix Assisted Laser
Desorption/lonization-mass spectrometry imaging (MALDI-MSI). MALDI-MSI allows to track

and visualize the spatial distribution of a broad panel of lipids within a sample in a single
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experiment (Zemski Berry et al. 2011). Several studies have been realized for tracking lipid
changes post injury to the brain. Using a controlled cortical impact (CCI) rat model, Sparvero et
al. monitored the spatial distribution of cardiolipins within the brain after acute brain injury by
performing MALDI-MSI (Sparvero et al. 2016). They showed that the expression level of several
cardiolipin species, including CL(72:6) and CL(74:7), decreased in the injured impacted side of
the brain when compared to the contralateral non-injured side, and this decrease was also witnessed
in the underlying hippocampal and thalamic regions. In similar decreasing expression pattern,
several phosphatidylinositol family members, especially PI(38:5) and P1(38:4) were identified. In
a rat ischemic/reperfusion injury model, Hankin et al. showed an increase in ceramide (d18:1/18:0)
when compared to sham non-injured condition (Hankin et al. 2011). Finally, Roux et. al, conducted
a temporal study on the CCI model to visualize the differences in lipid expression up to 7 days
post impact while conducting MALDI MSI in the abundant lipid mass range from 630 — 950 Da
(Roux et al. 2016). In the grey matter post injury, the most significant changes with respect to time
were visualized in the lipid classes of ceramide, diacylglycerol, and cholesteryl ester. Ceramides
showed the highest expression at 1 day post injury and then this expression decreases gradually to
reach lowest levels at 7 days post injury. Diacylglycerol had minimum expression at 1 day, reached
maximum at 3 days, and then decreased again at 7 days post injury. Thus the study of such lipid
change post impact, along with the molecular mechanisms is of great impact in understanding the
processes that occur post injury.

In the present study, we performed a spatiotemporal MALDI MSI analysis on a rat CCI model.
The experiments were conducted by considering the acute and sub-acute phases post injury (1 day,
3 days, 7 days, and 10 days) and taking into account different segments within the injured brain
(rostral, lesion, and caudal) which correspond to different areas of the brain. Contrary to previously
performed MSI studies on TBI, we used a high spectral resolution mass spectrometer instrument
while not only focusing on the abundant m/z range (600-900 Da), but also on the lower mass range
(<600 Da). In addition, we focused on studying lipid changes in lesion containing tissue segments,
along with other segments that contain no direct mechanical damage in an approach to identify
other affected parts of the brain rather than only focusing on the impacted cortical tissue. We
considered monitoring the proteomic changes within the injured microenvironment (1 mm? surface
area) of the cortex by spatially-resolved microproteomics (Quanico et al. 2013), in an aim to have

a more accurate characterization of such changes when compared to previously performed studies.
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Finally, in a systemic biology view, spatially-resolved microproteomics and lipidomics data were

linked to obtain a better understanding of the TBI and possibly identify new biomarkers for TBI.

RESULTS

Spatially-resolved microproteomics analysis reveals time point-specific
proteomic phases

The complete workflow of our study design is represented in Figure S1. With respect to
time, the injured cortical tissue was subjected to on-spot tryptic digestion followed by liquid micro-

junction extraction within a total surface area of 1 mm?

as seen in the zoom picture of the optical
scan of a lesion segment at 3 days post injury (Figure S2A). The extracted peptides were subjected
to shotgun analysis followed by label free quantification. 1950 proteins were identified across all
samples, and 306 proteins showed significant difference in expression based on LFQ values after
subjecting the data to multiple ANOVA tests with a p-value = 0.01. Principal component analysis
(PCA) was applied on the 306 quantified proteins comparing all injured time points and the non-
injured sham, in order to describe the variance across all samples of different conditions. The first
component explains 63.2% of the variance of samples, while the second component explains
12.8%, thus yielding 76% of the variance observed. Plot of the first two PCs shows that for each
time point, all three replicates clustered together with no interference from the other conditions
(Figure S2B). Time points 3 and 7 days cluster separately from the rest of the time points and are
positively correlated to the first component. Hierarchal clustering performed on the 306 proteins
shows 5 main clusters (Figure 1A), from which we can deduce 4 main phases of protein processes
that progress throughout the first 10 days of TBI. Phase 1 is characterized by the proteins which
are upregulated in the sham condition and at 10 days post injury, thus showing a possible restore
of function at this time point. This phase is divided into two parts: phase la corresponding to
cluster 1 and phase 1b corresponding to cluster 2 in Figure 1A. Phase 1a corresponds to a group
of proteins that are elevated at sham and surprisingly at 1 day post injury. This expression
decreases at 3 and 7 days post injury and then re-elevates again at 10 days. This cluster includes
all proteins which are found in normal cell functions. Detected proteins such as: Atpla2, Brskl,
Napa, Ppplr9a and Slca3 are all implicated in neurotransmitter transport as seen in the ClueGo
analysis (Figure S3A). Several proteins involved in normal cellular respiration were also up-

regulated at the mentioned time points including: Sco2, Aldh5al, Cox4il, and Dlat. Phase 1b
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(cluster 2) shows elevation in expression of 22 proteins at sham condition. This expression
decreases at directly after injury i.e. 1 and 3 days, and then restores its upregulated expression at
7 and 10 days. Several proteins in this cluster such as Slc27al, Acsf2, and Acsbgl are associated
with lipid processes within the cells such as lipid transport and energy production. Phase 2 is
represented by cluster 4 in Figure 2A, and mainly is characterized by the set of proteins that are
upregulated just after injury (1 day post injury) and continue their overexpression throughout 3
and 7 days post impact, were after that, the expression decreases again at 10 days to similar
conditions as the sham. Phase 2 is mainly characterized by blood related processes including
platelet activation and aggregation (Figure S3B), resulting in a platelet plug formation due to the
increase in expression of the several fibrinogen proteins including: F2, Fga, Fgb, Fgg, and Hrg.
In this phase also, many proteins involved in acute inflammation are overexpressed including
complement protein C3, Mugl, and Serpinal. Phase 3 ,corresponding to cluster 5, in the first 10
days is also injury related, but is not present until 3 days post injury and only stays elevated until
7 days post injury were the expression levels of these proteins return to the sham levels at 10 days
post injury. In this phase, several proteins involved in apoptotic execution phase are detected,
including: Gsn, Lmnb1, and Vim. In addition, as Hspbl, Pak2, Psmel, and Psme2 involved in
MAPK6/MAPK4 signaling pathway are increased. Finally, and within the same phase several
DNA related proteins, especially ones involved in translation have increased expression (Figure
S3C). These mainly include elongation factor proteins such as Eefld and Eef2 along with a major
amount of ribosomal proteins including: Fau, Rpl10a, Rpl13, Rpll5, Rpl18, Rpl4, Rpl6, Rplp0,
Rps13, Rps3, and Rps8. Phase 4 within the first 10 days corresponds to cluster 3 which contains a
small group of proteins including GFAP and Heat shock-related protein (Hspa2), and FABP7 that
have increased expression at 3, 7, and 10 days post impact. These proteins are mainly injury related
but are not expressed until 3 days after impact and remain with high expression even after 10 days
of impact. The proteins found in this cluster are mainly implicated in the initiation of regeneration,
astrocytosis, and re-myelinization. A representative scheme summing up all described phases is

found in Figure 1B.

MSI followed by spatial segmentation reveals lipid lesion-specific expression

Tissue segments from rostral, lesion, and caudal positions of non-injured rat brain (sham)

and open head injured rat brain at 1 day, 3 days, 7 days, and 10 days post injury were subjected to
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lipid MALDI-MSI using MALDI-LTQ-Orbitrap-XL. The CCI instrument allows the injury of the
same position, and thus allowing all rat samples to be reproducible with regard to injury position
within the brain. All rat replicates received an injury in the same position on the right parietal
cortex using an impactor tip of 2 mm surface area. As a result, we were able to image lipids on the
same rat atlas position (Bregma -3.60 mm) in all brains (injured and sham) corresponding to our
chosen lesion segment. In addition, position (bregma -1.80 mm) and position (bregma -5.60 mm)
were chosen for the rostral and caudal segments, respectively. Due to the impactor tip size, the
selected rostral and caudal tissue segments had little or no tissue loss when compared to the lesion
segment. After MALDI-MSI, unsupervised spatial segmentation was performed using Manhattan
distance calculation method to visualize regions sharing similar lipid distribution within the same
tissue, and in comparison with the remaining time points and tissue positions. Figure 2A shows
an example representative results for one replicate; other segmentation results can be found in the
supplementary data. By dissecting further the cluster tree, a cluster emerged corresponding to the
injured cortical tissue (cluster 6742-yellow) can be observed (Figure 2B). This injury-unique
cluster is localized in the microscopically observed injured area and had little to no presence in all
three segments (rostral, lesion, and caudal) of the sham brain as seen in the optical images (Figure
2C). In addition, cluster 4396 (light blue) also shows distinct localization within the injury site.
However, it is present not only in the cortical tissue, but also in cavities formed after injury. Inter-
comparison between the time points shows a wider spread of this injury-related cluster at 3 days
post injury, as the cluster can now be also observed in the rostral and caudal segments. Co-
registration of optical images of the MALDI imaged brain segments with the spatial segmentation
results of the lesion tissue from at all time points shows the precise co-localization of the
histologically altered injury site and the obtained injury-related clusters (Figure 2C).

To further validate our obtained results, the same unsupervised spatial segmentation
approach was applied on only lesion segments from all three replicates in one batch of analysis
(Figure S4A). Injured cortical tissue at all time points and in all three replicates grouped together
in the same cluster (cluster 8087 — green) with very little or no distribution in the sham. To
visualize the different and similar profiles corresponding to the area of injury when compared to
the uninjured cortical tissue, PCA was applied on manually drawn cortical regions between all
conditions of all lesion segments in all three replicates (Figure S4B). The data corresponding to

the 3 selected cortical tissue regions from sham clearly separate from the remaining clusters
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corresponding to the injured cortical tissue (Figure S4C). Although this result shows a clear
difference in lipid content between sham and injured tissue, no clear separation was observed
between different time points post injury. The PCA corresponding to all injured tissues at different
time points tend to mix thus yielding an unclear observation for the lipid profile regarding injury

at different time points.

MALDI MSI shows altered lipid expression between injury and non-injury

PCA analysis allowed a separation between injured cortical tissue and non-injured sham,
but did not separate between the selected time points with respect to the presence or not of certain
lipids, and the variation in expression level between different time points post injury. For this
reason, receiver operating characteristic (ROC) analysis was performed by comparing the same
selected regions that were previously used in the PCA analysis (Figure S4B) in order to depict
unique signals corresponding to both injured tissue and non-injured tissue (sham). In addition, we
aimed to monitor the expression variation of the injury related signal in time course along all the
replicates of our lesion segments. With a threshold of 0.75, ROC analysis reveals 67 m/z peaks
specific to sham condition when analyzed against all four injury time points (Table S1). Of these
67 ion intervals, two examples m/z 769.57 and 798.53 + 24.967 mDa corresponding to PA(39:0)
and PS(37:4) show elevated expression within the sham non-injured cortical tissue and a lower
level of expression for the injured cortical tissue at all selected time points (Figure S5). The box
scatter plot clearly demonstrates this decrease in expression in injured tissue for all replicates of
the study.

We then performed the same ROC analysis as before, but now comparing lesion segments
from 1D, 3D, 7D, and 10D all combined versus the non-injured sham tissue, in order to obtain
lesion-specific signatures and visualize their variation in time. With a threshold of 0.75, the ROC
analysis yielded 82 peaks allowing to distinguish injured tissue from non-injured one (Table S2).
In the most abundant mass range of lipids, which is between 600-900 m/z, molecules such as
666.48 and 780.56 +24.967 mDa assigned as PS and PC(36:5) respectively had elevated levels
within the injury area when compared to sham (Figure 3). These 2 m/z values show a slight
increase of expression intensity at 1 day post injury. The expression continues to increase until
reaching a maximum expression at 3D post injury and followed by a decrease at 7 and 10 days

post injury but still higher than 1D.
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Meanwhile, in the lower mass range, m/z < 600, we identified several injury specific m/z
including: 400.35, 459.25, 475.22, 487.28, 518.32, 534.30, 544.34, 546.36, and 562.34 +24.967
mDa. M/Z 400.35 came to our attention as this lipid showed not only an increase and localized
expression within the cortical tissue but in the corpus callosum of both hemispheres as well, with
a higher intensity in that of the injured hemisphere. This lipid had no expression on the no-injured
cortical tissue of the opposite hemisphere within the same brain. A slight increase within the
injured tissue is seen at 1D post injury, but the maximum expression intensity is visualized at 3D
post injury (Figure 4). However, in all injury time points, the m/z 400.35 (green) is outlining the
injured tissue along with slight diffusion into the interior, unlike m/z 518.32 (red), assigned as
Lysophoshpatidylcholine (16:0), which shows clear involvement and direct localization within the
center of the lesion and not on the injury border. At 7D and 10D post injury, and although the
expression of m/z 518.32 stays localized within the injury, the intensity expression of m/z 400.32
is no longer localized much within the cortical tissue, rather its expression stays focused in the
underlying corpus callosum, but is still increased when compared to the sham. Neither m/z 400.35

nor m/z 518.32 were found to be expressed within the non-injured sham tissue.

Injury-related Lipid Biomarker at m/z 400 is Palmitoylcarnitine

m/z 400.35 became of high interest since it has never been described or discussed in the
context of traumatic brain injury. In addition, our results suggest that the expression level of this
lipid is relevantly high and only detected post injury with highest expression at 3D post injury. We
therefore decided to focus our study on understanding the localization of m/z 400.35 along with its
identification and possible function post injury. To confirm the identity of m/z 400.35, we
performed MS" analysis using MALDI-LTQ-XL on lipid extracts from the injury site at 3 days
post injury. We identified this molecule and assigned it as Palmitoylcarnitine (C23H46NO4)
(Figure S6A). To further validate the identity of our palmitoylcarnitine molecule, we subjected a
commercial pure palmitoylcarntine standard (AVANTI Polar Lipids) to MS" in the same manner
on MALDI-LTQ-Orbitrap-XL (Figure S6B). In addition, we searched in literature for the MS2
fragmentation pattern of m/z 400.35 and the peaks found by Hulme et al. (Hulme et al. 2017) and
those obtained from the MS2 of our standard lipid were the same MS fragments for m/z 400.34 as
in our lipid extract at 3 days post injury. The MS2 spectrum of m/z 400.34 yielded one strong
intensity peak at m/z 341.268 and one small intensity peak at m/z 239.236. When compared to the
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molecular structure of palmitoylcarnitine, the peak at 341.268 corresponded to the
palmitoylcarnitine with the neutral loss of the N-trimethylamine group (a loss of 59). The second
observed signal at m/z 239.236 corresponded to the loss of the glycerol backbone after subjecting
the sample to MS3.

In order to obtain a clearer localization of palmitoylcarnitine within the other brain areas,
and other possible lipids with same spatial distribution, we performed co-localization analysis with
the m/z 400.346 using the sum of spectra from the injured areas for each time point alone. At a
threshold of 0.3, 15 peaks were found co-localizing with m/z 400.35 including: 525.39, 518.27,
426.36, 398.32, and 372.31 (Table S3). Surprisingly, by preliminary annotation using Metlin
online database and later on by MS2, we assigned the peaks at m/z 372, 398, and 426 as
tetradecanoylcarnitine, O-palmitoylcarnitine, and oleoylcarnitine respectively which all belong to
the same family of lipids as palmitoylcarnitine, the acylcarnitines (Figure S7). The difference
between palmitoylcarnitine and o-palmitoylcarnitine is the presence of a double bound in the
carbon side chain of the Ilatter. Meanwhile the difference of palmitoylcarnitine with
tetradecanoylcarnitine and oleoylcarnitine is the number of carbons in the side chain, as
palmitoylcarnitine is 16:0, O-palmitoylcarnitine is 16:1, tetradecanoylcarnitine is 14:0, and
oleoylcarnitine is 18:1. All four acylcarnitine members had the same distribution as
palmitoylcarnitine regarding both time point and distribution within the tissue structures (Figure

S8).

Expression of Palmitoylcarnitine in the Substantia nigra three days post injury

To further confirm the presence of our detected palmitoylcarnitine (16:0) in other possible
affected regions within the remaining parts of the brain, other than the injured cortical tissue, we
plotted the ion images of m/z 400 in the rostral and caudal segments of the different time points
that we previously described in our paper. Surprisingly, in the caudal segment at 3D post injury
and partially within the midbrain area, palmitoylcarnitine intensity was highly elevated in the
Substantia nigra of the injured hemisphere (Figure SA). The intensity of expression is equivalent
to that present within the injured cortical tissue and not found in the remaining areas of the brain
within the same tissue. At the same time, no other Substantia nigra at the caudal segments
corresponding to different time points, neither did the sham show any expression of

palmitoylcarnitine. The same spatially-resolved microproteomics approach applied to the injured
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cortical tissue was now applied on tissue segments containing Substantia nigra of both ipsilateral
(hemisphere of injury) and contralateral hemispheres (hemisphere opposite to injury) at 3 days
post injury. The shotgun proteomics yielded the identification of 1513 proteins in which 55 were
statistically significant between the ipsilateral Substantia nigra and the contralateral based on the
LFQ expression with a p-value = 0.05. The generated heat map showed that 41 proteins are
upregulated within the ipsilateral Substantia nigra when compared to the contralateral side (see
Supplemental Spreadsheet 1). Interestingly, among these different proteins some, including
synaptotagmins, High-Mobility Group Protein 1 (HMGB-1), Glutamate Decarboxylase (GAD),
and GPR158, have been previously reported to be involved in Parkinson (Figure 5SB). This was
further shown using Anova statistical analysis for the LFQ value of the mentioned proteins and
all showed increased significant expression within the ipsilateral substantia nigra when compared

to the contralateral substantia nigra.

Localization of palmitoylcarnitine with resident microglia of lesion margins

Due to the blood brain barrier breach occurring post injury, circulating macrophages can
infiltrate into the injured area of the brain. In addition, resident microglia have been shown to be
attracted to the injured cortical tissue and surround the injured tissue. As previously stated, the
palmitoylcarnitine expression surrounds the injured tissue in a possible role to isolate this area
from the remaining intact non-injured tissue. In order to confirm the localization and correlate it
with the resident microglia or infiltrating microglia/macrophages, immunofluorescence staining
experiments where performed. For this, we double stained lesion segment at 3 days post injury
with CX3C chemokine receptor 1 (CX3CRI1) and beta-galactoside-binding S-type lectin galectin-
3 (Mac-2) which are expressed on both resident microglia and bone marrow-derived
macrophages/microglia. However, it is the intensity ratio difference of expression between these
two markers which allows to differentiation between them. In fact, cells expressing high intensity
of CX3CR1 when compared to Mac-2 (CXCR17/Mac-2*") corresponds to resident microglia.
On the other hand, the more intense signal of Mac-2 when compared to CX3CR1 correspond to
bone marrow-derived macrophages/microglia, thus infiltrating cells into the injured environment
(Wang et al. 2015). Staining of the tissue at 3D post injury reveals more intense CX3CR1 on the
surrounding of the injury thus resident microglia a possible role to sequester and isolate the

damaged tissue while the core of the injury shows a more intense signal of Mac-2 thus resembling
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the infiltrating macrophages (Figure 6). By performing MALDI imaging on consecutive tissue of
the one subjected to IF, palmitoylcarnitine clearly co-localizes with the resident microglia of the

brain in the same expression pattern, thus forming a barrier around the injured tissue.

Palmitoylcarnitine induces inflammatory action in macrophages and
neurogenesis in astrocytes

In order to understand the biological effect of palmitoylcarnitine on different cells present
in injured environment, the lipid was used to stimulate macrophage and astrocyte cell lines. Post
stimulation, a shotgun bottom-up proteomics approach was performed on the protein extracts from
the mentioned cell lines, along with label-free quantification (LFQ). These were then compared
with protein extracts from their corresponding non-stimulated controls. Proteomic results were
subjected to principal component analysis and (PCA) and results show that the proteomic profile
upon palmitoylcarnitine stimulation of all three cell lines differs from the corresponding control
non-stimulated condition (Figure S9).

Shotgun bottom-up proteomics analysis of astrocytes yielded 1744 protein identifications across
all samples, 74 of which showed significant difference in LFQ expression between
palmitoylcarnitine-stimulated astrocytes and control (Figure S10). 28 proteins were upregulated
in the control when compared to the palmitoylcarnitine-stimulated astrocytes including TFRC,
CDK?2, SKP1, and HSP90AAL, proteins which are implicated in cell homeostasis, meiosis, cell
cycle, DNA repair and DNA replication. In addition these same proteins are involved in signaling
mechanisms mainly NF-kB signaling along with other proteins such as BST2 and PABPCI.
Finally, upregulated control proteins such as ICAM1, CDK2, and PSMAS all have function in
immunity related proteins. In contrast, 46 proteins were found to be upregulated upon the
stimulation with palmitoylcarnitine when compared to the control. Such upregulated proteins
include SPARC, CTNNBI, VIM, and LOX proteins which are implicated in axonogenesis and
regeneration. At the same time, these same proteins, along with others such as PLEC, CAPG,
PTPNS, and SERPINEI are all involved in cellular processes like invasion, cell adhesion,
migration, and spreading. At the mitochondrial level, proteins involved in fatty acid oxidation and
lipid metabolism such as PC, ALDH6AIl, ACAAI, and ATP5B were all overexpressed after

palimtoylcarnitine stimulation. Thus, stimulation of astrocytes by palmitoylcarnitine leads to

101

© 2018 Tous droits réservés. lilliad.univ-lille.fr



These de Khalil Mallah, Université de Lille, 2018

altered lipid metabolism, along with increase in the aggressiveness of such cells by performing
actions such as cellular invasion and spreading but also trigger the neurogenesis.

A similar approach of palmitoylcarnitine stimulation was applied on WT macrophage cell line.
Proteomic analysis yielded a total of 1099 proteins identified across all samples of which 789 were
statistically significant between the stimulated and control conditions. Surprisingly, only 19
proteins were upregulated in control condition when compared to stimulated one, while 764
proteins were significantly upregulated after palmitoylcarnitine stimulation (Figure 7). In the
control condition, proteins involved in synaptogenesis, PLC and phospholipase D signaling such
as TXN, CFLI1, and MARCKS were identified. However, upon stimulation, major inflammation
reactions and inflammatory signaling pathways were overexpressed. Examples of proteins such as
LGALS3, PLAA, ASCL1, and RAF1 which are implicated in inflammation were all over expressed.
These proteins, along with others such as STATSB, TMED7, CCDC22, MSN, VAVI1, and RPL27A
are precisely implicated in NF-kB signaling, a signaling pathway known for involvement in
inflammation (Liu et al. 2017). In addition, a large amount of proteins involved in processes such
as immune response and phagocytosis were overexpressed. These include: STAT3, HMGB2, GLS,
CD48, GAPDH, PARP1, FBL, PDIA3, and FTH1. Along with the previously mentioned processes
observed post palmitoylcarnitine stimulation, others such as ROS generation, cell damage,
neuronal death, and injuries where all enhanced by overexpression of several proteins including:
RAF1, PLA2G4A, HSPA9, RHOA, PRKCD, and ANXAIl. Taken altogether, stimulation of
macrophages with palmitoylcarnitine led to an increase in pro-inflammatory response and
enhancement of the phagocytic role of these cells. This stimulation led to an activation of such
cells towards a full inflammatory phenotype with the ability to induce damage and clear cellular
debris, thus possibly explaining one mode of activation of macrophages post-injury as a pro-

inflammatory stimulator.

DISCUSSION

In the present study, we performed a spatiotemporal analysis on an open head rat TBI
model using MALDI-MSI and spatially-resolved microproteomics. Our microproteomic results
collected from within the injured microenvironment allowed us to characterize 4 phases of
biological processes occurring within the first 10 days post impact. While phase 1 (a and b) were

both characterized by conventional proteomic pathways that occur in uninjured conditions, phases
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2, 3, and 4 explained better the injury related processes in time course. Phase 1 (a and b) showed
the proteins that loss their expression after impact, but eventually regain the same expression at 10
days after impact. However, phase 2 characterizes the proteins that are elevated from 1 day after
impact until 7 days. This phase is mainly characterized by acute inflammation and infiltration of
blood-related proteins, which was expected as our injury CCI model induces breach within the
blood-brain barrier, thus blood from the circulatory system can enter the injured environment.
Surprisingly, phase 3, which corresponds to the proteins elevated at 3 and 7 days post impact,
showed dual effect with regard to survival and death of cells within the injured tissue. While the
dying cells are undergoing apoptotic execution, the surviving cells are initiating cellular repair at
the DNA level by upregulating many ribosomal proteins involved in the translation process. Thus,
the initiation of repair at the DNA level occurs as early as 3 days after impact. Taken together,
compared to spinal cord injury, in which the inflammatory process when activated fully becomes
chronicle without any repair (Cizkova et al. 2014; Devaux et al. 2016) the whole of the proteomic
data establishes 4 phases which at the end reveal high brain plasticity in mild-TBI. This leads the
central question of the lipid role in this physiological mechanism, as it is well known that they act
as central players in the regeneration process (Knobloch et al. 2012). To reply to this question, a
lipidomic approach coupled to MALDI MSI has been performed and reveals the presence of the
long chain acylcarnitine.

Long chain acylcarntines (LC ACs, including palmitoylcarnitine and oleoylcarnitine) seem
to be injury-related lipid biomarkers. In fact, during -oxidation, these molecules are intermediate
compounds in the shuttle of free fatty acids into the inner mitochondrial membrane. Thus, any
mitochondrial damage or dysfunction can lead to the accumulation of these acylcarnitines. These
LC ACs have been studied by several groups and in different fields of research. Using MALDI-
MSI, palmitoylcarnitine was detected with high abundance at the loci of Salmonella typhimurium
infection and mesenteric lymph node (MLN) disruption (Hulme et al. 2017). By culturing MLN
cells (which include B and T cells, along with macrophages and dendrites) ex-vivo, stimulation
with palmitoylcarnitine induced the apoptosis of one subset of T-cells (CD4+CD25+) via the
caspase-3/7 pathway. Also palmitoylcarnitine co-localizes with disrupted immune cells,
suggesting its possible mode of apoptotic action within the MLN. In MDA-MB-231 breast cancer
cell lines, MALDI-MSI revealed the localization of acylcarnitines, mainly palmitoylcarnitine and

stearoylcarnitine at m/z 400.3 and 428.3 respectively, along with lysophosphatidylcholine (LPC)
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and other lipid species. The two acylcarnitine species were mainly located in the hypoxic regions
of the tumor (Chughtai et al. 2013). Our study also revealed the presence of acylcarnitines and
LPCs along the injured tissue. In addition, LC ACs are believed to have a pivotal role in the
development of atherosclerosis. Treatment of apoE-/- mice with methyl-y-butyrobetaine (methyl-
GBB) phosphate, an inhibitor of L-carnitine biosynthesis and transport, decreased the expression
level of short chain (C2 to C4) acylcarnitine by 17 fold, and the expression level of medium chain
(C6 to C12) and long chain (C14 to C18) acylcarnitine by 7 fold in aortic tissue. This treatment
led to a significant attenuation of atherosclerotic lesions in the whole aorta thus suggesting a
possible role of acylcarnitines in the development of atherosclerosis (Vilskersts et al. 2015).
Methyl-GBB treatment also decreased the level of infiltration of macrophages and monocytes,
thus explaining a possible mode of action for acylcarnitines by activating immune cells in the case
of atherosclerosis.

LC ACs and even the medium chain acylcarnitines (MC AC) were proposed to have a pro-
inflammatory effect on immune cells. Treatment of bone marrow-derived macrophages with
lauroyl carnitine induced an “M1” pro-inflammatory phenotype in these cells (Sampey et al. 2012).
In addition, treatment of RAW 264.7 cells, a murine monocytic cell, by acylcarnitine with a 14-
carbon side chain led to an increase in COX-2 expression, an important toll-like receptor (TLR)
target gene product, along with the increase in reactive oxygen species (ROS) production (Jennifer
M Rutkowsky et al. 2014). This same treatment also induced the phosphorylation of JNK and ERK
via MyD88 signaling pathway. Deeper into our proteomic data of macrophages stimulated with
palmitoylcarnitine, several proteins that can stimulate or are involved in the MyD88 pathway are
detected. One detected protein, high mobility group box 1 protein (HMGB1), has been shown to
activate macrophages by acting as a ligand for TLR 2 and 4, resulting in the activation of the
MyD88 signaling pathway (Peng et al. 2017). Another protein upregulated upon palmitoylcarnitine
treatment, tyrosine protein kinase (SYK), plays a critical role as a regulator of MyD88 post-
translational modifications, precisely by phosphorylating MyD88 (Gurung et al. 2017). In addition,
signal transducer and activator of transcription 3 (STAT3), was also elevated post stimulation with
palmitoylcarnitine. In the hypothalamus of mice, and in the state of infection and inflammation,
MyD88 was shown to play an important role in the activation of STAT3 (Yamawaki et al. 2010).
Thus, the increased expression of this protein post stimulation with palmitoylcarnitine may be an

indication of the involvement of MyD88 inflammation in this process. Two major proteins of
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importance, which were also increased post stimulation with palmitoylcarnitine are Galectin-3 and
Heat shock Protein (HSPD1). HSPDI, also known as 60-KDa heat shock protein (HSP60),
mediates neurodegeneration via the TLR4-MyD88 pathway in the cerebral cortex of a mouse
model (Rosenberger et al. 2015). Finally, Galectin-3 has been shown to induce the proliferation
and survival of cancer cells by signaling through TLR4 pathway, such as in the case of lung
adenocarcinoma by activating the TLR4/MyD88/p-p65 pathway expression (Zhou et al. 2018). In
a recent study of traumatic brain injury, galectin-3 has been shown to be largely expressed in
microglia and detected in cerebrospinal fluid. Galectin-3 is known to bind to TLR-4, and
administration of a neutralizing antibody against galectin-3 decreases the expression of IL-18, IL-
6, TNFa and NOS2 and promotes neuroprotection in the cortical and hippocampal cell populations
after head injury (Yip et al. 2017). Galectin-3 is constitutively expressed in the subventricular zone
(SVZ) and the rostral migratory stream (RMS) (Comte et al. 2011). Gal-3 does not affect
neurogenesis, but, instead, regulates neuronal migration. Gal-3-null mice exhibit aberrant SVZ
astrocyte morphology and reduced SVZ neuroblast migration. Explants treated with Gal-3-
blocking antibody also show decreased neuronal migration, whereas expression of recombinant
Gal-3 increases migration distances.

By comparing with our micoproteomic data, we were able to detect the presence of
Galectin-3 and HSPDI in cluster 5 of the heatmap in Figure 2, i.e., with elevated expression at 3
and 7 days post injury. Galectin-3 has been previously described in the context of TBI (Nishikawa
& Suzuki 2018). Our work suggests a possible further explanation for the activation mechanism
of Galectin-3 post-injury. The expression time point at 3 days post injury in the spatially-resolved
microproteomic data is in coherence with the maximum expression of several acylcarnitine
members at 3 days post injury. Galectin-3 is a chimeric galectin that possesses both a C-terminal
carbohydrate-recognition domain (CRD), and an N-terminal aggregating domain that can interact
with non-carbohydrate ligand partners. It has been suggested to act as a pathogen pattern
recognition receptor that can detect pathogen-associated molecular patterns (PAMPs) and
endogenous ligands from tissue injury, and has been reported to bind to LPS via both C* and N’
terminals (J. M. Rutkowsky et al. 2014). Saturated medium and long-chain fatty acids have been
reported to mimic the pro-inflammatory effect of the Lipid A moiety of LPS, by activating NF-
KB via TLR mechanisms. As such, acylcarnitines containing these long chain fatty acids could

likewise act in a similar manner, by serving as ligands for galectin-3 binding. This needs to be
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further confirmed by PRR reporter gene assays. Both can act as alarmins in this process. The
upregulation of Galectin-3 and enhanced presence of LC ACs within the lesion site at specific time
points lead us to the proposal of the cycle of events that occur within the 10-day timeframe after
injury.

Interestingly, we also demonstrate that 3 days after lesion, acylcarnitines are present in
Subtantia nigra. Spatially-resolved microproteomic experiments performed at this level
established the over-expression of several main proteins including the glutamate decarboxylase,
synaptotagmin 11, Hmgb1, palmitoyl-protein thioesterase 1 and GPR158. Most of these proteins
have been linked to Parkinson’s disease. Synaptotagmin proteins are involved in
neurodegeneration (Glavan et al. 2009) . High mobility group box-1 (HMGB1) is expressed in
neuron, microglia and astrocytes and act as a neurite outgrowth promoting factor and participates
in neuronal cell migration. HMGBI1 has been reported to induce neuroinflammation, and interact
with a-synuclein, in addition to participating in pathogenesis of Parkinson’s disease (Ko et al.
2012). Glutamate decarboxylase enzyme is one key enzyme involved in Parkinson’s (Lloyd and
Hornykiewicz 1973). Gpr158 is abundant in neurons of the CA3 region of the hippocampus, the
brain’s memory center. Recently it has been shown that Gpr158 mediates osteocalcin’s regulation
of cognition (Khrimian et al. 2017). Its over-expression in Substancia nigra 3days after TBI can
also be link to depression. Recently GPR158 has been shown to be involve in depression following
chronic stress. GPR158 affects key signaling pathways involved in mood regulation in the region
of the brain called prefrontal cortex (Sutton et al. 2018).

These results lead us to hypothesize a link between acylcanitine produced by microglia in
Substantia nigra and the initiation of changes associated to Parkinson disease 3 days after injury.
As we found all these proteins which are over expressed are directly link to the disease and
chronicle stress. It is also known that boxers are developing Parkinson after chronicle TBI.
Acylcarnitine expression in Substantia nigra, produced by microglia can be an inducer of the early
stage of the disease. Chronicle stress will produce much more of such lipids in this region leading
to a local inflammatory environment in which GPR158, synaptotagmin, GAD, HMGB1 will be
over-expressed and will be the precursors of the disease. The last question is related to correlation
between the location of the head shock and acycarnitine production in the Substantia nigra. We
hypothesize that Extracellular Vesicles (EVs) containing acylcarnitines produced by microglia at

the lesion site, will impact microglia cells in Substantia nigra or inflammation propagation from
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the injury site to the other brain regions or neurite production from these region sites to Substantia
nigra. Inflammation is restricted to the lesion site and inflammation linked lipids do not go to the
Substantia nigra post TBI as we already published (Mallah et al. 2018). EVs containing carnitine
transporter OCTN2 have been recently demonstrated (Console et al. 2018) and even immune cells
are known to produce EVs containing acylcarnitines (Colombo et al. 2014). There are growing
evidence indicating the role of EVs are implicated in Parkinson (Russo et al. 2012). We can thus
speculate as we present in Figure 8, that EVs from lesion site can target microglia in Substantia
nigra leading a local inflammatory environment stimulating expression of proteins involved in
stress. Multiple shocks will provoke a chronicle stress which start the Parkinson disease process
at the end.

In conclusion, the spatiotemporal study of mild-TIB conducted by integrative biology
combining data from spatially-resolved proteomics and lipid imaging by means of MALDI-MSI
together with cross-validation by immunofluorescence enables to better depict molecular
mechanisms occurring post-TBI. These integrative data lead to unveil the central role of
acylcarnitines lipid family in the inflammation and associated molecular mechanisms giving a
more detailed view of the different phases occurring at the lesion. Very interestingly, such study
gives also new insights on how TBI can affect at longer spatial distance other area of the brain
such as Substantia nigra giving molecular support to clinical observation relating repetitive TBI

events and emergence of Parkinson disease.

ACKNOWLEDGEMENT

This research was supported by by funding from Ministeére de I’Enseignement Supérieur, de la
Recherche et de I’Innovation (MESRI), Institut National de la Santé et de la Recherche Médicale
(Inserm) and Université de Lille. KM received a scholarship from the Association of Scientific

Orientation and Specialization (ASOS).

AUTHOR CONTRIBUTIONS

Conceptualization, F.K., K.Z., LF. and M.S.; Methodology, I.LF. and M.S.; Software, J.Q. and
K.M.; Validation, A.R-R., LF., J.Q., K. M. and M.S.; Formal Analysis, J.Q. and K.M.;
Investigation, A.R-R., J.Q., K.M. and S.A. ; Resources, F.K., K.Z., LF. and M.S.; Data curation,
LF., J.Q., K.2M. and M.S. ; Writing — Original Draft, LF., J.Q., K.M. and M.S. ; Writing - Review

107

© 2018 Tous droits réservés. lilliad.univ-lille.fr



These de Khalil Mallah, Université de Lille, 2018

& Editing, FK., LF, J.Q., KM., KZ, and M.S. ; Supervision, LF. and M.S.; Project
Administration, L.LF. and M.S.; Funding Acquisition, LF., K.Z. and M.S.

DECLARATION OF INTERESTS

The authors declare no competing interests.

REFERENCES
Acosta, S.A. et al., 2015. Alpha-Synuclein as a Pathological Link Between Chronic Traumatic

Brain Injury and Parkinson’s Disease. Journal of Cellular Physiology, 230(5), pp.1024—1032.

Adibhatla, R., Hatcher, J. & Dempsey, R., 2006. Lipids and Lipidomics in Brain Injury and
Diseases. The AAPS Journal, 8(2), p.E314.

Alexandrov, T. & Kobarg, J.H., 2011. Efficient spatial segmentation of large imaging mass
spectrometry datasets with spatially aware clustering. Bioinformatics, 27(13), pp.1230-1238.

Blaya, M.O. et al.,, 2015. Neural progenitor cell transplantation promotes neuroprotection,
enhances hippocampal neurogenesis, and improves cognitive outcomes after traumatic brain

injury. Experimental Neurology, 264, pp.67-81.

Bonnet, A. et al., 2009. Pathway results from the chicken data set using GOTM, Pathway Studio
and Ingenuity softwares. BMC Proceedings, 3(Suppl 4), p.S11.

Chughtai, K. et al., 2013. Mass spectrometry images acylcarnitines, phosphatidylcholines, and
sphingomyelin in MDA-MB-231 breast tumor models. Journal of Lipid Research, 54(2), pp.333—
344.

Cizkova, D. et al., 2014. Alterations of protein composition along the rostro-caudal axis after spinal

cord injury: proteomic, in vitro and in vivo analyses. Frontiers in Cellular Neuroscience, 8.

Colombo, M., Raposo, G. & Théry, C., 2014. Biogenesis, Secretion, and Intercellular Interactions
of Exosomes and Other Extracellular Vesicles. Annual Review of Cell and Developmental Biology,

30(1), pp.255-289.

Comte, I. et al., 2011. Galectin-3 maintains cell motility from the subventricular zone to the

108

© 2018 Tous droits réservés. lilliad.univ-lille.fr



These de Khalil Mallah, Université de Lille, 2018

olfactory bulb. Journal of Cell Science, 124(14), pp.2438-2447.

Console, L. et al., 2018. Characterization of Exosomal SLC22AS5 (OCTN2) carnitine transporter.
Scientific Reports, 8(1), p.3758.

Cox, J. & Mann, M., 2008. MaxQuant enables high peptide identification rates, individualized
p.p.b.-range mass accuracies and proteome-wide protein quantification. Nature Biotechnology,

26(12), pp.1367-1372.

Das, M., Mohapatra, S. & Mohapatra, S.S., 2012. New perspectives on central and peripheral

immune responses to acute traumatic brain injury. Journal of Neuroinflammation, (c), pp.1-12.

Devaux, S. et al., 2016. Proteomic analysis of the spatio-temporal based molecular kinetics of
acute spinal cord injury identifies a time- and segment-specific window for effective tissue repair.

Molecular & Cellular Proteomics, (October), p.mcp.M115.057794.

Dewan, M.C. et al., 2018. Estimating the global incidence of traumatic brain injury. Journal of

Neurosurgery, pp.1-18.

Faul, M. et al., 2010. Traumatic Brain Injury in the United States: Emergency Department Visits,
Hospitalizations and Deaths, 2002-2006. , (Atlanta, Georgia: Centers for Disease Control and

Prevention, National Center for Injury Prevention and Control).

Franck, J. et al., 2013. Quantification-Based Mass Spectrometry Imaging of Proteins by Parafilm
Assisted Microdissection. Analytical Chemistry, 85(17), pp.8127-8134.

Galgano, M. et al., 2017. Traumatic Brain Injury. Cell Transplantation, 26(7), pp.1118-1130.

Gardner, R.C. et al., 2018. Mild TBI and risk of Parkinson disease. Neurology, 90(20), pp.e1771—
el779.

Glavan, G., Schliebs, R. & ZI@Eivin, M., 2009. Synaptotagmins in Neurodegeneration. The
Anatomical Record: Advances in Integrative Anatomy and Evolutionary Biology, 292(12),
pp-1849-1862.

Gurung, P. et al., 2017. Tyrosine Kinase SYK Licenses MyD88 Adaptor Protein to Instigate IL-
la-Mediated Inflammatory Disease. Immunity, 46(4), pp.635-648.

Hankin, J.A. et al., 2011. MALDI Mass Spectrometric Imaging of Lipids in Rat Brain Injury
Models. Journal of The American Society for Mass Spectrometry, 22(6), pp.1014-1021.

109

© 2018 Tous droits réservés. lilliad.univ-lille.fr



These de Khalil Mallah, Université de Lille, 2018

Hulme, H.E. et al.,, 2017. Mass spectrometry imaging identifies palmitoylcarnitine as an

immunological mediator during Salmonella Typhimurium infection. Scientific Reports, 7(1),

p.2786.

Impellizzeri, D. et al., 2016. Traumatic Brain Injury Leads to Development of Parkinson’s Disease

Related Pathology in Mice. Frontiers in Neuroscience, 10, p.458.

Johnson, V.E., Stewart, W. & Smith, D.H., 2010. Traumatic brain injury and amyloid-f pathology:

a link to Alzheimer’s disease? Nature Reviews Neuroscience, 11(5), pp.361-370.

Karve, I.P., Taylor, J M. & Crack, P.J., 2016. The contribution of astrocytes and microglia to
traumatic brain injury. British Journal of Pharmacology, 173(4), pp.692-702.

Khrimian, L. et al., 2017. Gpr158 mediates osteocalcin’s regulation of cognition. The Journal of

Experimental Medicine, 214(10), pp.2859-2873.

Knobloch, M. et al., 2012. Metabolic control of adult neural stem cell activity by Fasn-dependent
lipogenesis. Nature, 493(7431), pp.226-230.

Ko, E.A., Min, H.J. & Shin, J.-S., 2012. Interaction of High Mobility Group Box-1 (HMGB1) with
a-synuclein and its aggregation (172.28). The Journal of Immunology, 188(1 Supplement).

Liu, T. et al., 2017. NF-kB signaling in inflammation. Signal transduction and targeted therapy,
2, p.17023.

LLOYD, K.G. & HORNYKIEWICZ, O., 1973. L-Glutamic Acid Decarboxylase in Parkinson’s
Disease: Effect of L-Dopa Therapy. Nature, 243(5409), pp.521-523.

Mallah, K. et al., 2018. Lipid Changes Associated with Traumatic Brain Injury Revealed by 3D
MALDI-MSI. Analytical Chemistry, 90(17), pp.10568—-10576.

Mckee, A.C. & Daneshvar, D.H., 2015. The neuropathology of traumatic brain injury. In
Handbook of clinical neurology. pp. 45-66.

Nishikawa, H. & Suzuki, H., 2018. Possible Role of Inflammation and Galectin-3 in Brain Injury

after Subarachnoid Hemorrhage. Brain Sciences, 8(2), p.30.

Peng, H.-H. et al.,, 2017. Mineral particles stimulate innate immunity through neutrophil

extracellular traps containing HMGB1. Scientific Reports, 7(1), p.16628.

110

© 2018 Tous droits réservés. lilliad.univ-lille.fr



These de Khalil Mallah, Université de Lille, 2018

Pyatnitskiy, M. et al., 2014. Clustering gene expression regulators: New approach to disease

subtyping N. H. Bishopric, ed. PLoS ONE, 9(1), p.e84955.

Quanico, J. et al., 2013. Development of liquid microjunction extraction strategy for improving

protein identification from tissue sections. Journal of Proteomics, 79, pp.200-218.

Roberts, G.W. et al., 1994. Beta amyloid protein deposition in the brain after severe head injury:
implications for the pathogenesis of Alzheimer’s disease. Journal of neurology, neurosurgery, and

psychiatry, 57(4), pp.419-25.

Rosenberger, K. et al., 2015. Intrathecal heat shock protein 60 mediates neurodegeneration and
demyelination in the CNS through a TLR4- and MyD88-dependent pathway. Molecular
Neurodegeneration, 10(1), p.5.

Roux, A. et al., 2016. Mass spectrometry imaging of rat brain lipid profile changes over time

following traumatic brain injury. Journal of Neuroscience Methods, 272, pp.19-32.

Russo, I., Bubacco, L. & Greggio, E., 2012. Exosomes-associated neurodegeneration and

progression of Parkinson’s disease. American journal of neurodegenerative disease, 1(3), pp.217—

25.

Rutkowsky, J.M. et al.,, 2014. Acylcarnitines activate proinflammatory signaling pathways.

American Journal of Physiology-Endocrinology and Metabolism, 306(12), pp.E1378—E1387.

Rutkowsky, J.M. et al., 2014. Acylcarnitines activate proinflammatory signaling pathways. AJP:
Endocrinology and Metabolism, 306(12), pp.E1378-E1387.

Sampey, B.P. et al., 2012. Metabolomic Profiling Reveals Mitochondrial-Derived Lipid
Biomarkers That Drive Obesity-Associated Inflammation M. B. Aguila, ed. PLoS ONE, 7(6),
p.e38812.

Sparvero, L.J. et al., 2016. Imaging mass spectrometry reveals loss of polyunsaturated cardiolipins
in the cortical contusion, hippocampus, and thalamus after traumatic brain injury. Journal of

Neurochemistry, 139(4), pp.659—-675.
Sutton, L.P. et al., 2018. Orphan receptor GPR158 controls stress-induced depression. eLife, 7.

Vilskersts, R. et al., 2015. Methyl-y-butyrobetaine decreases levels of acylcarnitines and attenuates

the development of atherosclerosis. Vascular Pharmacology, 72, pp.101-107.

111

© 2018 Tous droits réservés. lilliad.univ-lille.fr



These de Khalil Mallah, Université de Lille, 2018

Wang, X. et al., 2015. Macrophages in spinal cord injury: Phenotypic and functional change from

exposure to myelin debris. Glia, 63(4), pp.635-651.

Wenk, M.R., 2005. Erratum: The emerging field of lipidomics. Nature Reviews Drug Discovery,
4(7), pp-594-610.

Wisniewski, J.R. et al., 2009. Universal sample preparation method for proteome analysis. Nature

Methods, 6(5), pp.359-362.

Xu, L. & Pu, J., 2016. Alpha-Synuclein in Parkinson’s Disease: From Pathogenetic Dysfunction
to Potential Clinical Application. Parkinson’s Disease, 2016, pp.1-10.

Yamawaki, Y. et al.,, 2010. MyD88 plays a key role in LPS-induced Stat3 activation in the

hypothalamus. American Journal of Physiology-Regulatory, Integrative and Comparative

Physiology, 298(2), pp.R403—R410.

Yip, P.K. et al., 2017. Galectin-3 released in response to traumatic brain injury acts as an alarmin
orchestrating brain immune response and promoting neurodegeneration. Scientific reports, 7,

p.41689.

Yuryev, A., Kotelnikova, E. & Daraselia, N., 2009. Ariadne’s ChemEffect and Pathway Studio
knowledge base. Expert Opinion on Drug Discovery, 4(12), pp.1307-1318.

Zemski Berry, K.A. et al., 2011. MALDI Imaging of Lipid Biochemistry in Tissues by Mass
Spectrometry. Chemical Reviews, 111(10), pp.6491-6512.

Zhou, W. et al., 2018. Galectin-3 activates TLR4/NF-kB signaling to promote lung
adenocarcinoma cell proliferation through activating IncRNA-NEAT1 expression. BMC Cancer,

18(1), p.580.

STAR METHODS
KEY RESOURCES TABLE
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the Lead Contact, Isabelle Fournier (isabelle.fournier @univ-lille.fr).

112

© 2018 Tous droits réservés. lilliad.univ-lille.fr


mailto:isabelle.fournier@univ-lille.fr

These de Khalil Mallah, Université de Lille, 2018

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Rat TBI Model:

Experiments were conducted on adult male Sprague—Dawley rats (225-250g, 7-8 weeks old) in
accordance with the National Institute of Health Guidelines for Animal Research (Guide for the
Care and Use of Laboratory Animals) and approved by the Institutional Animal Care and Use
Committee (IACUC) at the American University of Beirut (AUB). The rats were maintained and
housed under pathogen-free conditions. They were also provided with constant temperature and
humidity control at the AUB Animal Care Facility (ACF). All surgical procedures were conducted
under deep anesthesia.

Cell Lines

NR8383 were cultured in Ham’s F12 K medium supplemented with 15% FBS, 100 U/ml penicillin
and 100 pg/ml Streptomycin, at 37 °C in a humidified atmosphere (5% CO2). DITNCI1 cell line
was grown in DMEM medium supplemented with 10% FBS, 2% L-glutamate, 100 U/ml penicillin,
100 pg/ml Streptomycin and 1% sodium pyruvate, at 37 °C in a humidified atmosphere (5% COs).
ND7/23 cell line was grown in DMEM medium supplemented with 10% FBS, 1% L-glutamate,
100 U/ml penicillin and 100 pg/ml Streptomycin, at 37 °C in a humidified atmosphere (5% CO?2).

METHOD DETAILS

Experimental Controlled Cortical Impact (CCI), Study Design, Brain Harvesting
and Tissue Preparation

Injury induced to the rats was performed as previously described (Mallah et al. 2018). Post injury,
the rats heads were sutured and maintained until selected time points for the study, including: 1
day, 3 days, 7days, and 10 days. The sham (non-injured) rats received the exact same procedure
except with no craniotomy nor impact to the underlying tissue. At the corresponding time point,
rats (n=3 per condition) were anesthetized using 5% isoflurane and sacrificed by decapitation. The
complete brain was then collected and snap-frozen on isopentane which was previously cooled on
dry-ice. The frozen brains where then stored at -80 °C until the experiments were carried out. At
the time of experimentation, the samples were transferred from -80 °C to -20 °C and kept for 2
hours, prevent possible cracking within the tissue samples. Cryostat (Leica Microsystems,
Nanterre, France) was used to cut the brain samples in coronal view with a thickness of 20 um per

tissue section. The sections where then thaw-mounted on Polylysine-coated slides. Three segments
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per brain were selected for imaging and designated as Rostral, Lesion, and Caudal. With Rostral
and Caudal corresponding to tissue slices with no injured cortical tissue, the rostral part is close to
the frontal part of the brain near the olfactory bulbs, whereas the caudal segment is in the rear part
more close to the cerebellum. Due to the advantage of the reproducibility of injury in the same
coordinates between all samples and conditions, the same atlas positions were selected in all the

brains for all three segments rostral, lesion, and caudal.

MALDI MSI Data Acquisition

15 min before use, selected tissue sections were placed under vacuum in a desiccator to ensure
complete drying. DHB matrix was prepared at a concentration of 20 mg/ml in 70:30 (v:v) ratio of
MeOH/0.1%TFA in H>0. Using a nebulizer which was constructed in-house (Franck et al. 2013),
the matrix was manually sprayed on the tissue sections for 12 min, with air pressure=1 bar and
flow rate= 300 pl/hr. Images were acquired using a MALDI-LTQ-Orbitrap-XL (Thermo Fisher
Scientific, Bremen, Germany) operated by Xcalibur software version 2.0.7 (Thermo Fisher

Scientific) in same manner as previously described (Mallah et al. 2018).

MALDI MSI Data Processing

All images were converted to vendor-neutral *.imzML format using the plug-in available in
ImageQuest software version 1.1.0 build S4 (Thermo Fisher Scientific). SCiLS lab MVS software,
version 2018b Premium 3D release 6.01.10194 (Bruker Daltonics, Bremen, Germany) was then
used to process the uploaded vendor-neutral files. With this version of SCiLS Lab, the baseline
removal option is not available, and the peaks are automatically imported. Normalization was
performed based on the total ion count (TIC) method and m/z intervals were automatically set at
+ 24.967 mDa. All spectra were subjected to the Move-Peaks-to-Local-Max feature with the
reference sample dataset chosen arbitrarily, and the resulting peak list was used in all the
subsequent analyses. Using the bisecting k-means algorithm with Manhattan distance metric,
spatial segmentation was performed. (Alexandrov & Kobarg 2011). Remaining data analysis,
parameters, and data processing including co-localization experiments with injured area and ROC
analysis between sham and injured tissue, and vice versa, were performed in same manner as

previously (Mallah et al. 2018)
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MS/MS Lipids Identification

Four consecutive 20-um tissue sections containing the injured cortical area were obtained using a
cryostat and collected in an eppendorf tube. Lipid extraction using the Folch method and MSn
experiments on MALDI-LTQ-Orbitrap-XL were performed as previously described (Mallah et al.
2018). Palmitoylcarnitine and oleoylcarnitine standards were prepared at a concentration of 50

pg/uL in 50:50 (v:v) of CHCl3:MeOH.

Fluorescent Immunuhisotchmistry (FIHC) Experiments

Immunoflourescence experiments were performed on brain slices directly consecutive to the lesion
area of 3D post injury, only 20 um away. These staining aimed to differentiate between resident
microglia and bone marrow derived macrophages by staining for Mac-2 and CX3CRI1. First, a
saturation phase was applied for 1 hour by using blocking buffer constituted of: 1% bovine serum
albumin, 1% ovalbumin, 1% normal donkey serum, 0.2% of triton 100X, and 0.1 M glycine all
dissolved in PBS 1X. After saturation, primary polyclonal antibodies rabbit Anti-CX3CR1 (1:40
Santa Cruz biotechnology, CliniSciences, Nanterre, France) and mouse Anti Mac-2 (1:40, US
Biological lab science, bought from Euromedex, Souffelweyersheim, France) were diluted in the
same blocking buffer and added to the same tissue section in order to perform the double staining.
In addition, these were not added to the negative control where only the blocking buffer was
applied. The primary antibodies were then kept incubated at 4°C overnight. The following day,
the sections were washed 3 times with PBS 1x. Secondary antibodies Alexa Fluoro donkey anti-
rabbit and Alexa Fluoro donkey anti-mouse (Life Technologies, ThermoFisher Scientific,
Courtaboeuf, France) were then added and incubated for 1 hour at 37°C. The secondary antibodies
were both prepared in same buffer as previously mentioned blocking buffer but with no 0.1M
glycine, nor 0.2% triton 100X. After, several 10 min washes using PBS 1X were performed and
Hoechst solution (1:10000) was added. After, Soudan black 0.3% was added for 10 min in order
to decrease background signal. The slide was then washed 1 more time with PBS 1X and Dako
fluorescent mounting medium was added before adding cover slip. All images were then captured

using confocal microscopy.

Spatially-Resolved Microproteomics Shoteun Tissue Analysis
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a)  On-tissue LysC tryptic digestion: The injured cortical tissue within lesion segments of all
injured time points (1D, 3D, 7D, and 10D) and a corresponding area from the sham tissue,
which were all chosen directly consecutive to the MALDI-MSI imaged segments were
subjected to on-tissue tryptic digestion. Briefly, tissue these tissue segments were dried in
the vacuum desiccator for 15 min prior to experimentation. The, several washes were
performed in a delipidation approach as follows: 30 seconds in 70% ethanol, 30 seconds in
100% ethanol, and 2 x 30 seconds in chloroform. The tissue was subjected to drying in the
desiccator between all steps. Post washing steps, LysC trypsin at 40 pg/ml resuspended in
Tris-HCI (50 mM, pH 8.0) was spotted on the injured cortical tissue using a piezoelectric
microspotter Chemikal Inkjet Printer (CHIP-1000, Shimadzu, CO, Kyoto, Japan). The
digested area was controlled by assigning a 4x4 grid of microspots to obtain a final digested
area of 1 mm?®. Each spot was 200 um in diameter and contains a droplet volume of 150
pL/cycle. The digestion was carried out for 2 hours, and 25 cycles of 0.1%TFA were spotted
post digestion.

b) Liquid Microjunction Microextraction: Using the TriVersa Nanomate platform (Advion
Biosciences Inc., Ithaca, NY, USA) with the installed option of Liquid Extraction Surface
Analysis (LESA), the digested peptides within the injured cortical tissue were collected.
Briefly, three prepared solvents were used in the extraction process: a) 0.1% TFA, b)
ACN/0.1% TFA (8:2 v/v ratio), and MeOH/0.1% TFA (7:3 v/v ratio). After, the tissue is
scanned and digested cortical tissue is designated as the target of extraction. An
automatically controlled tip deposits a volume of each solvent onto the digested area and
performs several aspiration-deposition actions, before finally aspirating all the volume and
depositing in small tubes. Two extraction cycles per mentioned solvent type are performed
to ensure the maximum collection of peptides as possible. The content of the tubes is then

dried using speedvac, and the tubes are stored in -80°C until subjected to LC-MS/MS.

Shotgun Proteomics Analysis after Stimulation with Palmotoyl-carnitine

I)  Cell line stimulation with Palmitoylcarnitine: Using a 6-well plate, approximately 1.8
million cells were plated in a 6 wells plate (300 000 cells/well) for macrophages and 2.7
million cells for astrocytes (450 000 cells/ well). The following day, cells were then starved

overnight at 37 °C in their corresponding medium (F12 for NR8383 and DMEM for
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astrocytes) with lower concentration of serum (2% FBS, 1% penicillin-streptomycin and
sodium pyruvate). Finally the cells were then stimulated by adding palmitoyl-L-carnitine
(0.1 uM) to the medium in the absence of serum, thus 0% FBS in medium for all cells. After
stimulation for 24 hours, cell were collected and centrifuged at 150 RCF/S min for the
macrophages, and at 1000 RPM/5 min for the astrocytes. The controls of the expriments
underwent the same experimental procedure except no stimulation with palmitoyl-L-
carnitine.

II) Protein Extraction: Protein extraction was performed using sodium dodecyl sulfate buffer
(SDS). Precisely, 50 ul of extraction buffer (4% SDS, Tris 0.1M, pH 7.8) was added to each
tube containing the previously stimulated cells, or their corresponding controls. Samples
were then heated for 15 min at 95 °C and sonicated for another 15 min. After, a centrifugation
step was performed at 16,000 g for 10 min at 20 °C. Post centrifugation, the supernatant
containing the extracted proteins were collected. Using Bradford quantification method, all
samples were quantified and stored at -80 °C until further experimentation

IIT) FASP protocol: For protein identification, we performed a shotgun bottom-up proteomic
approach. All sample concentrations were normalized to obtain a final concentration of 1.5
pg/ul per sample. With a normalized concentration, 30 pl volume each sample was prepared
to obtain a final protein concentration of 45 pg for digestion. An equal volume, 30 ul, or
reduction solution (Dithiothreitol- DTT 0.1 M) was added to each of the samples and
followed by incubation for 40 min at 56 °C. Samples were then transferred and
experimentation carried out using filter-aided sample preparation (FASP) method
(Wisniewski et al. 2009). Briefly, this method uses a filter with a nominal molecular weight
limit of 30,000 KDa. (Amincon Ultra-0.5 30K, Millipore). After transferring the samples
into the FASP filters, an alkylation step was performed in the dark by adding lodoacetamide
(IAA) solution (0.05 M) for 20 min at room temperature. The samples were then digested
overnight at an incubation temperature of 37°C by adding LysC/trypsing at a concentration
of 40 pg/ml prepared in 50 mM Tris-HCL solution at pH 8. The following day, the digested
proteins in the filter were eluted with 50 ul of saline solution (NaCl 0.5 M) and the digestion
reaction was stopped by adding an acidic solution (10 ul of TFA 5%) to each of the filters.
Desalting of the samples, along with their enrichment, was performed with ZipTip C-18

(Millipore) just before processing using LC-MS/MS.
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LC MS & MS/MS Data Acqusition for Shotgun Proteomics

MS analysis was performed by a nanoAcquity UPLC system (Waters) coupled with a Q-Exactive
Orbitrap mass spectrometer (Thermo Scientific) containing a nano-electrospray ionization source.
The analysis was carried out in reverse phase, and all samples were loaded into a pre-concentration
column (nanoAcquity Symmetry C18, 5 um, 180 um x 20 mm). The peptides were separated using
an analytical column (nanoAcquity BEH C18, 1.7 um, 75 pm x 250 mm) by applying a linear
gradient of acetonitrile in 0.1% formic acid (5% -35%, for 2 hours) at a flow rate of 300 nL/min.
Within the Orbitrap mass analyzer, the MS analysis was performed with a resolution of 70,000
FWHM, a m/z mass range between 300-1600, an AGC of 3e6 ions and a maximum injection time
of 120 ms. The MS/MS was performed in a data dependent acquisition mode defined to analyze
the 10 most intense ions within the primary MS analysis (Top 10). With regard to the MS/MS
fragmentation parameters, the resolution was set at 17,500 FWHM, a m/z range between 200-
2000, an AGC of 5e4 ions, and a maximum injection time of 60 ms. The isolation window was set

at 4.0 m/z.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data Processing

All raw data were analyzed by MaxQuant software version 1.5.8.3 (Cox & Mann 2008). Proteins
were identified by comparing all raw spectra with a proteome reference database of Rattus
norvegicus (Uniprot, release 20180712, 8027 entries for the palmitoylcarnitine stimulated protein
identifications, and release 20180302, 8022 entries for the on-tissue spatially-resolved
microproteomics identifications). The parameters chosen for the identification include: digestion
enzyme used was trypsin LysC and maximum number allowed of missed cleavages was two. The
oxidation of methionine and N-terminal protein acetylation was chosen as variable modifications.
As for fixed modifications, carbamidomethylation of cysteine was set for the identification of
proteins in the palmitoylcarnitine stimulation case, and this modification was removed for the
micro-proteomics approach. Proteins were identified based on a minimum of 2 peptides per
protein, in which 1 was unique. As for initial mass tolerance, 6 ppm was selected for MS mode,
and 20 ppm was set for fragmentation data with regard to MS/MS tolerance. The false discovery

rate (FDR) was specified to 1% for both protein and peptide. The label-free quantification (LFQ)
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was performed by keeping the default parameters of MaxQuant. After data treatment using
MaxQuant, statistical analysis was done using Perseus software (version 1.6.0.7). Each cell line
was processed alone in its own Perseus file. The beginning matrix was filtered by removing the
potential contaminants, reverse and only identified by site. Then, the LFQ intensity was
logarithmized (log2[x]). The principal component analysis (PCA) was then applied using the
default parameters of the software. Regarding the spatially-resolved microproteomics analysis, the
samples were annotated based on the corresponding time point (sham, 1 day, 3 days, 7 days, and
10 days) resulting in 5 different groups with each group containing 3 replicates (n=3). The
statistical analysis carried out for the spatially-resolved microproteomics data was multiple sample
anova test with a p-value=0.01. For each cell line file (macrophages and astrocytes), the samples
were categorically annotated into two groups: stimulated by palmitoylcarnitine or control with
each group containing 3 replicates (n=3). Statistical analysis was performed using Student’s T-test
with a p-value of 0.05 for the cell line experiments. Normalization was achieved by using the Z-
score. The hierarchical clustering and profile plot of only the statistically significant proteins were

all performed and visualized by Perseus using default parameters.

Sub-network Enrichment Pathway Analyses

Using Elseviers’s Pathway Studio (version 9.0/ Ariadne Genomics/Elsevier), all relationships
between the differentially expressed proteins between all conditions were depicted based on the
Ariadne ResNet database (Yuryev et al. 2009; Bonnet et al. 2009). For proteins identified in the
spatially-resolved microproteomics analysis and the ones identified in the shotgun analysis post
stimulation of cell lines with palmitoylcarnitine, Sub-network Enrichment Analysis (SNEA)
algorithm was used to detect the statistically significant altered biological pathways in which the
identified proteins are involved. This algorithm uses Fisher’s statistical test to detect any
nonrandom associations between two categorical variables organized by a specific relationship.
Also, this algorithm starts by creating a central “seed” from all the relevant identities in the
database, and builds connections with associated entities based on their relationship with the seed.
SNEA compares the sub-network distribution to the background distribution using one-sided
Mann-Whitney U-Test, and calculates a p-value thus representing a statistical significance
between different distributions. In all analysis that we performed, the GenBank ID was used to

form experimental groups based on the different conditions present for analysis. The pathway
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networks were reconstructed based on biological processes and molecular functions for each single

protein, along with its associated targets (Pyatnitskiy et al. 2014).

DATA AND SOFTWARE AVAILABILITY

Spatially-resolved microproteomics, astrocytes and macrophages proteomic datasets including
MaxQuant files and annotated MS/MS datasets, as well as the MALDI imaging datasets, were
uploaded to ProteomeXchange Consortium via the PRIDE database, and was assigned the dataset

identifier PXD011262.

SUPPLEMENTAL ITEM TITLES

Supplemental Spreadsheet 1. Related to Figure 5. List of proteins identified to be upregulated

by spatially-resolved Shotgun proteomics in the Substantia nigra 3 days post-injury.

KEY RESOURCES TABLE

REAGENT or RESOURCE  SOURCE _IDENTIFIER

Antibodies

Rabbit Anti-CX3CR1 Santa Cruz Biotechnology | Cat#sc-30030; RRID:

AB_2245540

Mouse Anti-Mac2 US Biological Lab Cat# 215294
Science

Alexa Fluoro 488 Donkey Anti- Thermo Fisher Scientific Cat# A21206;

rabbit RRID:AB_2535792

Alexa Fluoro 555 Donkey Anti- Thermo Fisher Scientific Cat# A31570;

mouse RRID: AB_2536180

Biological Samples

Injury and Sham rat brains Animal Care Facility- https://website.aub.edu.lb/fm/m
(AUB) edicalresearch/AnimalCareFac/

Pages/Home.aspx

Chemicals and Products

Methanol (MeOH) Biosolve Cat#136847; CAS:67-56-1
HPLC water Biosolve Cat#232106; CAS:7732-18-5
Formic acid (FA) Biosolve Cat#069141; CAS:64-18-6
Acetonitirle (ACN) Biosolve Cat#012078; CAS:75-05-8
Chloroform (CHCls) Biosolve Cat#034806; CAS:67-66-3
Trifluoroacetic acid (TFA) Biosolve Cat#202306; CAS:76-05-1
2,5 dihydroxybenzoic acid (DHB) | Sigma-Aldrich Cat#85707; CAS:490-79-9
ProteoMass MALDI Calibration | Sigma-Aldrich Cat#MSCAL4
kit
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DL-dithiothreitol (DTT)

Sigma-Aldrich

Cat#43819-5G; CAS:3483-12-
3

Iodoacetamide (IAA) Sigma-Aldrich Cat#11149-25G; CAS:144-48-9

Thiourea (CH4N2S) Fluka Cat#88810; CAS:62-56-6

LysC/Trypsin Promega Cat#V5073

Palmitoyl-L-carnitine chloride Santa Cruz Cat#sc-205789; CAS:18877-
64-0

Palmitoyl-L-carnitine Standard Avanti Polar Lipids Cat#870851; CAS:1935-18-8

Oleoyl-L-Carnitine Standard Avanti Polar Lipids Cat#870852; CAS:13962-05-5

OCT embedding Matrix CellPath Cat#KMA-0100-00A

Polylysine Coated Slides Thermo Fisher Scientific | Cat#J2800AMNZ

Penicillin-Streptomycin Thermo Fisher Scientific | Cat#15140122

Dulbecco’s Modified Eagle’s Thermo Fisher Scientific | Cat#31053028

Medium (DMEM)

Ham’s F12K Thermo Fisher Scientific | Cat#21765029

Fetal Bovine Serum (FBS) Thermo Fisher Scientific | Cat#16140071

Phosphate Buffer Saline (PBS) Thermo Fisher Scientific Cat#14190094

L-Glutamine Thermo Fisher Scientific | Cat#25030024

Deposited Data

Raw Data (Microproteomics, ProteomeXchange via PXD011262

Proteomics cell line experiments | PRIDE database

and MS images)

Experimental Models: Cell Lines

NR&8383 rat alveolar macrophage | ATCC Cat#CRL-2192;

cell line RRID:CVCL_4396

Rat brain DI TNCI1 cell line Sigma Aldrich Cat#98102214;

(Astrocytes) RRID: CVCL-0247

Experimental Models: Organisms/Strains

Rat: Adult male Sprague-Dawley
(225-250g, 7-8 weeks old)

Animal Care Facility-
(AUB)

https://website.aub.edu.lb/fm/m
edicalresearch/AnimalCareFac/
Pages/Home.aspx

Software and Algorithms

ImageQuest v1.1.0 build 54

Thermo Fisher Scientific

http://www.thermofisher.com/o
rder/catalog/product/10137985

SCIiLS lab v2018b MVS
Premium 3D

SCiLS GmbH

https://scils.de/

MaxQuant software version

Max Planck Institute of

http://www.biochem.mpg.de/51

© 2018 Tous droits réservés.

1.5.8.3 Biochemistry 11795/maxquant
Perseus software version 1.6.0.7 | Max Planck Institute of http://www.biochem.mpg.de/51
Biochemistry 11810/perseus
Elsevier’s Pathway Studio v9.0 Elsevier https://www.elsevier.com/solut
1ons/pathway-studio-
biological-research
121

lilliad.univ-lille.fr




These de Khalil Mallah, Université de Lille, 2018

Zen Lite Microscopy Software Zeiss https://www.zeiss.fr/microscop
ie/produits/microscope-
software/zen-lite/zen-2-lite-
download.html

Other

Lipid Identification Database \ Metlin \ https://metlin.scripps.edu
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Figure 1: Spatially-resolved microproteomics analysis reveals time point-specific proteomic phases.
A) Heat map based on the hierarchical clustering analysis of the LFQ value corresponding to the detected
proteins within the 1 mm? microenvironment of the following conditions: sham, 1 day, 3 days, 7 days, and
10 days post injury. Distinct clusters are highlighted and assigned numbers from 1 to 5. B) Representative
scheme of all 4 phases concluded from the spatially-resolved microproteomic data. See also figure S2 (A,B)

and figure S3 (A,B,C).
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Figure 2: MSI followed by Spatial Segmentation Reveals Lipid Lesion-specific Expression. A) Rat
Atlas images selected for the rostral, lesion and caudal segments of the study. Spatially segmented cluster
images after processing lipid MALDI MSI data of rostral, lesion, and caudal segments from sham brain and
1 day, 3 day, 7 day, and 10 day injured brains. B) Cluster tree corresponding to the imaged sections based
on Manhattan distance calculation method. C) Optical scans of the lesion segment used in figure 3A for all

conditions, along with the co-registered optical and spatially segmented images. See also figure S4 (A,B,C).
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Figure 3: MALDI MSI shows altered lipid expression between injury and non-injury. Plotted Ion
images of m/z 780.56 and 666.48 along with their corresponding intensity box plot expression for all three
replicates in all conditions: sham, 1 day, 3 days, 7 days, and 10 days. See also figure S5 and tables S1 and

S2.
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Intensity (arb. unif) Intensity (arb. unit)
518.32m/z + 24.967 mDa 727%  866.65m/z £ 24967 mDa

400.35m/z + 24967 mDa - 3917% 769.57m/z £ 24967 mDa

Figure 4: m/z 400 corresponds to Palmitoylcarnitine and is expressed surrounding the injured
cortical tissue. Co-plotted Ion images of m/z 400.35, 518.32, 866.65, and 769.57 for all three replicates in

all conditions: sham, 1 day, 3 days, 7 days, and 10 days. See also figure S6 (A and B), S7, S8, and table S3.

126

© 2018 Tous droits réservés. lilliad.univ-lille.fr



A)

B)

Atlas Figure

LFQ intensity

7

I 1 **
e r L 1
r 1 P s T
— r 1 r 1 ! !
& S & & & & & &
S 4 o & S 53 & L
5 & S ® & @ S & 2
& o« 1% [ I<; &
L l H—:—l ]
L ik EX3 1
[

Protein

These de Khalil Mallah, Université de Lille, 2018

|

qe 1sdi" NS
Qg 1sdi NS

Q€ enuod Nsl

Q€ enuod NS

Figure 5: Expression of Palmitoylcarnitine in the Substantia nigra three days post injury. A) Plotted

Ion images of m/z 400.35 rostral, lesion, and caudal segments in all conditions: sham, 1 day, 3 days, 7 days,

and 10 days. B) Heat map based on the hierarchical clustering analysis of the LFQ value corresponding to

the detected proteins in the spatially-resolved microproteomic experiments performed on the Substantia

nigra in both ipsilateral and contralateral hemispheres at 3 days post impact. Distinct clusters are

highlighted. Expression level of 4 different proteins upregulated in SN ipsi (Syn11l, HMGB1, Gadl, and

GPR158), when compared to the contralateral substantia nigra, along with the significant values with a

threshold of < 0.05 (**).
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* Resident microglia ( /Mac-2*) at
the lesion margins.
* Bone marrow-derived microglia/macrophages

( /Mac-2***) at the lesion core.

Figure 6: Localization of palmitoylcarnitine with resident microglia of lesion margin. Confocal
immunofluorescence images of lesion segment at 3 days post injury along with the zoom images of the

lesion borders stained with two markers: CX3CR1 (green) and Mac-2 (red).
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Figure 7: Palmitoylcarnitine induces inflammatory action in macrophages and astrocytes. Heat map

based on the hierarchical clustering analysis of the LFQ value corresponding to the detected proteins

extracted from macrophages stimulated with palmitoylcarnitine or not. Distinct clusters are highlighted.

The system biology analysis for network identification for each of the highlighted clusters issued from heat

map of proteins is also shown. See also Figure S9 (A, B) and Figure S10.
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Figure 8: Schematic representation of molecular mechanisms associated with acylcarnitines
expression in Subtantia nigra 3 days post-TBI. Acylcarnitines were found to be associated with microglia
and are specifically found by MALD MSI, 3 days post-TBI, in the Subtantia nigra. Spatially-Resolved
Proteomics reveals the expression of proteins known to be involved in Parkinson. Acylcarnitines are known
to activate microglial through TLR4/MyD88 pathway leading to inflammatory cytokines and alarmins
(Galectin-3). GAL-3 is a pro-inflammatory protein known to promote neuron inflammation leading to the
expression of proteins which were recently shown to be involved in Parkinson disease (GPR158, HMGBI,
GAD). This putative physiological pathway could make a link between chronic TBI and Parkinson’s

disease.
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Supplementary Figures:
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Figure S1: Workflow. The experimental design was carried out to perform both microproteomic
analysis and lipid MALDI MSI. At desired time points, the injured brain was obtained and
cryosectioned. For each slide that was subjected to lipid MALDI MSI to find lipid biomarker
candidates, a second consecutive slide was used for the spatially resolved microproteomics
approach. After the proteins were digested and peptides extracted within the injured
microenvironment, samples were subjected to LC-MS and MS/MS analysis followed by

identification and statistical variation analysis.
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Figure S2: Related to Figure 1. A) Optical image of lesion segment at 3 days post injury along

with a zoom image of the area of tryptic digestion and peptide extraction. B) Principal component

analysis showing the first two components (1 and 2) of the microproteomic analysis for all three

replicates of each of the following: sham, 1D, 3D, 7D, and 10D post injury.
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Figure S3: Related to Figure 1. A) ClueGo terms involved in proteins over-expressed in cluster 1.

B) ClueGo terms involved in proteins over-expressed in cluster 4. C) ClueGo terms involved in

proteins over-expressed in cluster 5.
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Figure S4: Related to Figure 2: A) Spatially segmented cluster images after processing lipid

MALDI MSI data of lesion segments for all three replicates of sham brain and 1 day, 3 day, 7 day,
and 10 day injured brains. In addition, the cluster tree corresponding to the imaged sections based
on Manhattan distance calculation method is also shown. B) Transparent image of the spatial
segmentation shown in figure S3A, with the highlighted selected regions that were further
processed in principle component analysis. C) Principle component analysis of the regions selected

in S3B.
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m/z 769.57 m/z 798.53

Sham 1 Day 3 Days 7 Days 10 Days Sham 1 Day 3 Days 7 Days 10 Days

Figure S5: Related to Figure 2 and table S1. Plotted Ion images of m/z 769.57 and 798.53 along
with their corresponding intensity box plot expression for all three replicates in all conditions:

sham, 1 day, 3 days, 7 days, and 10 days.
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Figure S6: Related to Figure 4. A) MS/MS spectra showing the fragmentation pattern of m/z
400.35 from lipid extract at 3 days post injury. B) MS/MS spectra showing the fragmentation
pattern of m/z 400.35 lipid standard.
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Figure S7: Related to Figure 4 and table S3. MS/MS spectra showing the fragmentation pattern
of m/z 372.31, 398.32, and 426.36 from lipid extract at 3 days post injury.
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m/z 372 Sham 1 Day 3 Days 7 Days 10 Days
N=1
N=2
N=3
m/z 3985h 1 Day 3 Days 7 Days 10 Days m/zsﬁgrg 1 Day 3 Days 7 Days 10 Days

Figure S8: Related to Figure 4 and table 3. Plotted Ion images of m/z 372.31, 398.32, and 426.36
for all three replicates in all conditions: sham, 1 day, 3 days, 7 days, and 10 days.
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Figure S9: Related to Figure 7. Principle Component analysis of identified proteins between the

palmitoylcarnitine stimulated condition or not in A) astrocytes and B) Macrophages.
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Figure S10: Related to Figure 7. Heat map based on the hierarchical clustering analysis of the

LFQ value corresponding to the detected proteins extracted from macrophages stimulated with

palmitoylcarnitine or not. Distinct clusters are highlighted. The system biology analysis for

network identification for each of the highlighted clusters issued from heat map of proteins is also

shown.

Supplementary Tables:

Centroid [m/z] £ 24.967 [mDa]

© 2018 Tous droits réservés.

393.93 773.54 844.52
423.99 774.54 845.47
614.92 775.54 845.52
615.97 785.45 846.55
617.99 786.47 848.57
710.50 797.59 849.57
711.50 798.53 852.49
713.44 800.56 853.46
714.47 801.53 868.47
738.51 802.48 869.47
739.46 814.51 870.47
740.48 820.53 870.54
741.48 821.53 871.54
753.59 824.45 872.56
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754.59 825.42 873.56
767.50 826.57 874.51
767.55 827.57 875.51
769.57 830.52 896.48
770.52 831.52 912.46
770.57 840.43 913.46
771.57 841.45 914.46
772.52 844.47 934.43

963.47

Table S1: Related to Figure 3. ROC analysis of Sham versus of all injured area in lesion segments.
List of all 67 m/z values that discriminate the sham region from the injury region after applying

threshold=0.75.

© 2018 Tous droits réservés.

Centroid [m/z] + 24.967 [mDa]

313.03 535.30 744.00
331.04 544.34 752.97
350.98 546.36 757.96
353.03 547.37 758.98
374.00 551.03 759.98
375.00 560.32 760.98
389.98 562.34 768.60
390.98 563.34 780.56
391.98 564.98 780.96
400.35 565.98 781.56
412.95 566.98 792.19
427.39 568.01 808.17
428.38 581.96 808.60
449.36 582.96 809.17
450.36 583.96 809.59
459.25 584.96 835.66
475.22 641.34 851.64
487.28 666.48 919.00
496.35 682.46 928.97
497.35 703.58 933.98
518.32 725.55 934.98
519.32 726.55 935.98
522.36 736.99 949.94
524.39 741.53 950.96
525.39 741.98 951.96
527.01 742.53 952.96
534.30 743.01 956.96
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Table S2: Related to Figure 3. ROC analysis of all injured area in lesion segments versus sham.

List of all 82 m/z values that discriminate the sham region from the injury region after applying
threshold=0.75.

Centroid [m/z] +24.967 [Da]
339.30
344.29
370.28
372.31
398.32
400.35
401.34
426.36
428.38
429.38
438.30
518.27
522.36
524.39
525.39
Table S3: Related to figure 4.m/z ion co-localized with m/z400. List of 15 m/z ions that were found

to be co-localized with m/z 400 at a threshold=0.3.
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Conclusion — Chapter 2
Combining lipid MALDI-MSI and microproteomics in a spatio-temporal study of TBI

allowed to obtain a global comprehension of several biological processes involving both proteomic
and lipid species. Our study yielded the identification of a new family of lipid biomarkers
associated with TBI, the long chain acylcarnitines, with main focus on palmitoylcarnitine. This
family of lipids falls in the lower mass range < 600 m/z and thanks to our high resolution MALDI-
LTQ-Orbitrap-XL, we were able to identify and distinguish them from other mass with close mass
range and higher expression intensity which could have masked their expression. One example, is
the free fatty acids which are usually liberated after impact and come from several sources, such
as cell membranes after shearing. Surprisingly, owing the fact to the spatio-temporal approach that
we used in our study, palmitoylcarnitine not only showed expression within the injured cortical
tissue, but also had elevated levels within the caudal region of the brain, especially the substantia
nigra of the ipsilateral hemisphere at 3D post impact. After identifying such palmitoylcarnitine as
a lipid marker involved in the injury, we aimed to understand the impact of this lipid on the cells
which accumulate within the cortical environment.

Previous work has shown that both astrocytes and macrophages are two of the major
responders to the injury site post impact. We then stimulated both cell types with
palmitoylcarnitine and showed that astrocytes upregulate several proteins implicated in
neurogenesis and astrocytosis, thus possibly explaining one mode of action for astrocytes and its
effect on its surrounding post impact. Also, macrophages over-expressed a large amount of
proteins mainly involved in pro-inflammatory actions, and thus we can claim that
palmitoylcarnitine can be considered as a major stimulator of inflammation in macrophages post
impact. This was further confirmed by further processing the data, that the palmitoylcarnitine
stimulation increased several proteins such as Galectin-3 which are mainly involved in pro-
inflammatory pathways all mainly passing through TLR4-Myd-88 pathway. This family of
molecules also expression linked to the resident microglia of the brain and not infiltrating
macrophages, thus hinting to its possible source, the resident microglia. We started to model the
possible interaction between acylcarnitine and galectin-3 for TLR4 interaction based on
crystallization data obtained on human galectin-3 (Flores-Ibarra et al. 2018) (Figure 24). These
results point out a possible interaction between the protein and the lipid which can lead to autocrine

and paracrine loops between microglia and neurons based on the two molecules integrating
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together in order to stimulate TLR4 activation. Further experiments are needed to explore deeper

this hypothesis.

Figure 24: 3D Model representation of interaction between human galectin-3 and
acylcarnitine (octanoylcarnitine) obtained by surface docking analysis.

Nevertheless, microproteomics data performed on the Substantia nigra of both ipsilateral
and contralateral hemispheres and the same position of palmitoylcarnitine overexpression,
demonstrated a possible link between TBI and Parkinson’s disease as early as 3 days post injury.
We demonstrated that proteins such as synaptotagmin and Glutamate Decarboxylase known to be
implicated in Parkinson’s disease, have elevated levels of expression in the ipsilateral Substantia
nigra at 3 days after impact. The other markers we found (GPR158, HGMBJ1) are clearly highly
interesting for the correlation between mild-TBI and Parkinson’s disease. We started to perform a
model for HMGB1 and o synuclein in order to better understand how the HMGB1 can affect the
synaptic transmission (Figure 25). Docking generated by ClusPro 2.0 confirmed that the two
proteins have a close intimacy as a-synuclein is shown to roll up the HMGBI1. By that way, the a
synuclein cannot play its biological function i.e. synaptic transmission. Moreover, HMGB1 has

been recently indicated to be involved in the autophagic degradation of a-synuclein (Wang et al.

144

© 2018 Tous droits réservés. lilliad.univ-lille.fr



These de Khalil Mallah, Université de Lille, 2018

2016). Taken together, we can hypothesize that TBI can increase HMGB1 level in Substantia nigra

that could promote with other factors Parkinson’s disease.

Figure 25: Docking generate by ClusPro 2.0 HmGB1-Synuclein_ITasser corresponding to
a-synuclein (blue) and HMGB1 (Red).

For GPR158, it has recently been demonstrated to affect key signaling pathways involved
in mood regulation in prefrontal cortex by regulating glutamatergic neurons though AMPA
receptor modulation (Sutton et al. 2018). Similarly to what we hypothesized with HMGBI,
GPR158 can be another key player in the link between open head TBI, repetitive closed head TBI
and Parkinson’s Disease. These results need more investigation using HMGB1 -/- and GPR158-/-
mice in order to confirm these first set of proteomic data. However as we quantified using LFQ
proteomic data, comparisons between ipsilateral and contralateral hemispheres confirmed the
increase of these proteins after TBI. We also pointed out that brain presents a high plasticity factor.
In fact, in 10 days, a complete remission is observed after TBI. Nevertheless, we cannot exclude
that repetitive TBI will affect this plasticity. This is shown in our current study in progress where
we a use a close-head injury model (Figure 26). We performed a series of 1 and 3 hits to the skull
and observed the proteomic pattern 2 days and 1 week after. As it is shown in the heatmap, the
proteomic profile of 3 hits is similar in pattern between 2 days and 7 days post impact, which is
not the case when comparing to 1 hit to the skull. These data are in line with what we previously

demonstrated but need to go further deep into the data to conclude.
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Figure 26: Heat Map based on LFQ value of detected proteins within the cortex ipsilateral
by comparing time point (2 and 7 days) and number of hits (1 and 3 hits) with a control
sham at 2 days.

As my thesis is concerned with studying the injury to the spinal cord and brain, we are
interested in comparing the outcome of both injuries at both proteomic and lipid changes. Also,
based on previous results, I decided to study the impact of RhoA inhibitor treatment on spinal cord

injury in both in-vivo and in-vitro approaches. This will be focused on in Chapter 3.
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Chapter 3: Proteomic Analysis of RhoA Inhibitor Effect on Rat
Model of SCI.

Introduction

A Spatio-temporal proteomic approach performed on rat SCI after balloon compression
has been recently performed in the laboratory. We combined a global proteomic analysis with a
3D molecular mass spectrometry imaging study, to analyze in time course, the infiltration of
immune cells and cytokine microarray quantification (Devaux et al. 2016; Cizkova et al. 2014a).
The whole spectrum of the data has allowed us to depict a complete scheme along the spinal cord
axis of the cellular and molecular sequel of events occurring in time course of the inflammatory
process and abortive regeneration. Specific markers for each spinal cord segment at different time
points (3, 7, and 10 days) contributing to the biochemical-pathophysiological processes were
observed. Surprisingly, segments below the lesion site (caudal segments) host a robust
inflammatory process accompanied by local synthesis of neuroprotective and regenerative
molecules. We demonstrated that the caudal segment adjacent to the lesion site possesses, at least
temporarily, all the intrinsic components/features that may allow axonal regeneration. Such a
caudal-to-rostral altered regenerative potential is likely hampered by inhibitory signals such as
glycans that are abundantly detected or even secreted at the lesion site. Among the identified
proteins from rostral and lesion segments, some are related to chemokines, cytokines or
neurogenesis factors. In contrast, proteins from caudal segments are more related to neurocan,
agrecan, brevican and also to RhoA pathway and immunologlobulins (Devaux et al. 2016). The
conditioned media (CM) from each spinal segment were used in-vitro, for culturing microglial
BV?2 cell lines and DRGs explants, showing a lesion site-dependent impact on microglia activation
and DRGs neurite outgrowth. In addition, while naive BV2 cells exhibited insignificant staining
for CX3CRI1 receptor, the level of CX3CR1 was strongly enhanced in some BV2 cells after their
stimulation by CM collected from SCI. The molecular data may perhaps correlate with different
polarization of activated microglia and macrophages along the rostro-caudal axis following acute
injury. This was partially confirmed in-vivo by mapping CX3CRI1 receptor distribution, revealing
higher expression in the rostral segment, with potential neuroprotective action (Cizkova et al.
2014a). We also established that when considering different time points after SCI, cytokine
production between rostral and caudal segments appear different by means of qualitative and

quantitative properties. At three days post injury, cytokines involved in attracting T regulator
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lymphocytes have been detected in rostral but not in caudal segments which is line with the
immunocytochemical detection of these cells only in rostral segment. These cells expressing
CCL20 were found with a certain delay, at 7 days in caudal segments. Taken together, the obtained
data clearly establishes a discrepancy in nature of cells and cytokines produced between rostral
and caudal segments (Devaux et al. 2016). These data suggest that regionalization in terms of
inflammatory and neurotrophic responses may occur between rostral and caudal segments in acute

SCL

Based on the previously obtained data, and in a therapeutic approach, we aimed to target
RhoA protein using both in-vivo and in-vitro. We also aimed to further investigate the presence

and expression patterns of IgG in SCI. These results are further discussed in Article 3.
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induce neurite outgrowth and synaptogenesis.
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1) Performing the data interrogation and statistical analysis of the proteomic data, including
the LFQ value and heatmaps of the selected proteins in the different conditions.

2) Performing the in-vitro experiments including neurite outgrowth measurement upon
stimulation with different conditioned medium from different segments of SCI, and with
or without RhoA inhibitor.

3) Participated in performing all sub-network enrichment pathway analysis including the
protein pathway maps and sub-cellular localization of the involved processes for the
selected proteins, in addition to all venn analysis within the manuscript.

4) With regard to the manuscript, Mr. Mallah participated in writing and reviewing the final
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RhoA Inhibitor Treatment At Acute Phase of
Spinal Cord Injury May Induce Neurite
Outgrowth and Synaptogenesis*s

Stephanie Devauxt§ §§, Dasa Cizkova1§1)§§, Khalil Mallah1§s,
Melodie Anne Karnoubz, Zahra Laoubyt, Firas Kobeissy|, Juraj Blasko**,

Serge Natafti, Laurent Paysitt,
and © Michel Salzet111

The therapeutic use of RhoA inhibitors (RhoAi) has been
experimentally tested in spinal cord injury (SCI). In order
to decipher the underlying molecular mechanisms in-
volved in such a process, an in vitro neuroproteomic-
systems biology platform was developed in which the
pan-proteomic profile of the dorsal root ganglia (DRG) cell
line ND7/23 DRG was assessed in a large array of culture
conditions using RhoAi and/or conditioned media ob-
tained from SCI ex vivo derived spinal cord slices. A fine
mapping of the spatio-temporal molecular events of the
RhoAi treatment in SCl was performed. The data obtained
allow a better understanding of regeneration/degenera-
tion induced above and below the lesion site. Results
notably showed a time-dependent alteration of the tran-
scription factors profile along with the synthesis of growth
cone-related factors (receptors, ligands, and signaling
pathways) in RhoAi treated DRG cells. Furthermore, we
assessed in a rat SCI model the in vivo impact of RhoAi
treatment administered in situ via alginate scaffold that
was combined with FK506 delivery. The improved recov-
ery of locomotion was detected only at the early postin-
jury time points, whereas after overall survival a dramatic
increase of synaptic contacts on outgrowing neurites in
affected segments was observed. We validate these re-
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Isabelle Fourniert,

sults by in vivo proteomic studies along the spinal cord
segments from tissue and secreted media analyses, con-
firming the increase of the synaptogenesis expression
factors under RhoAi treatment. Taken together, we dem-
onstrate that RhoAi treatment seems to be useful to stim-
ulate neurite outgrowth in both in vitro as well in vivo
environments. However, for in vivo experiments there is a
need for sustained delivery regiment to facilitate axon
regeneration and promote synaptic reconnections with
appropriate target neurons also at chronic phase, which
in turn may lead to higher assumption for functional
improvement. Molecular & Cellular Proteomics 16:
10.1074/mcp.M116.064881, 1394-1415, 2017.

Among the inhibitory factors that prevent axonal regrowth
in spinal cord injury (SCI)', RhoA, an intracellular GTPase, is
considered as a key target for the design of proregenerative
strategies. Previous experiments have shown that lysophos-
phatidic acid, via activation of the RhoA pathway, induced
neurite retraction and neuronal soma rounding (1). Con-
versely, the use of C3 transferase to inactivate Rho in primary
neuronal culture confirmed the role of Rho in neurite out-
growth inhibition (2-4). Thus, blockers of the post-receptor
components of RhoA are now used to improve long-distance
axon regeneration and sprouting (5). Furthermore, there is
evidence that RhoA-ROCK signaling mediates the inhibitory
effects of chondroitin sulfate proteoglycans (CPSG) in neu-
rons; whereas, the sustained delivery of Rho inhibitor and
BDNF promotes axonal growth in CPSG region after SCI.
Along this line, novel inhibitors i.e. cholesterol and sphingo-
myelin as novel myelin-associated inhibitors have also dem-
onstrated to operate via RhoA-dependent mechanism(s) (6—
8). On this basis, the RhoA pathway in neurons is considered
to mediate the intracellular signaling of several major extra-
cellular cues that inhibit neuroregeneration in SCI. Accord-

' The abbreviations used are: SCI, spinal cord injury; DRG, dorsal
root ganglia; CPSG, chondroitin sulfate proteoglycan; RhoGDle, rho
GDP dissociation inhibitor alpha; FASP, filter aided sample prepara-
tion; PSM, peptide spectrum matches.
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RhoA Inhibitor and Spinal Cord Injury

ingly, the RhoA inhibitor Cethrin is currently under phase I/lla
clinical trials for the treatment of SCI (9).

One of the mechanism by which RhoA signaling inhibits
neurite growth involves the p75 neurotrophin receptor. In-
deed, several studies, using for some of them the p75 neu-
rotrophin receptor- (p75NT7) -null mutant mice (7) showed that
RhoA binds to p75N™ and forms part of the membrane raft
receptor complex responsible for growth inhibition signaling
(10-12). However, a pan-proteomic approach that would
identify the whole range of effects exerted by RhoA inhibition
on neurons is still missing. In this context, we have recently
demonstrated, based on spatial and temporal proteomic
studies, that major differences between the rostral and caudal
segments adjacent to the lesion could be demonstrated at
day 3 post-SCl, in terms of injury mechanisms, inflammatory
regulation and regeneration processes (13). In the rostral or
lesion segments, multiple proteins belonging to the chemo-
kines/cytokines family or exerting neurotrophic functions were
identified. In contrast, multiple proteins identified in caudal
segments appeared to relate with injury and necrosis events.
Our data suggest that in acute SCI regionalization in terms of
inflammatory and neurotrophic responses may occur be-
cause of alterations in protein dynamics between rostral and
caudal segments (13). In addition, the proteomic profile in
caudal segments was characterized by the neuronal expres-
sion of IgG2a neuronal and by a signature of axonal regrowth
inhibition associating CSPG and proteins of the MEMO1-
RHOA-DIAPH1 signaling pathway (14). The MEMO1-RHOA-
DIAPH1 signaling pathway plays an important role in ERBB2-
dependent stabilization of microtubules at the cell cortex and
inhibits neurite outgrowth. Interestingly, a comparative pro-
teomic approach performed by Liu et al. (2015) (15) at the
caudal segment level has shown that the eukaryotic transla-
tion initiation factor 5A1 (elF5A1) and Rho GDP dissociation
inhibitor alpha (RhoGDla), a member of Rho GDI family,
played a major role in determining the extent of spontaneous
functional recovery (15). In vitro, elF5A1 overexpression in
primary neurons increased cell survival and elongated neurite
length whereas elF5A1 knockdown reversed these effects
(15). Moreover, elF5A1 and RhoGDIla were involved in the
same pathway as, both in vivo and in vitro, RhoGDla up-
regulation or down-regulation rescued the neuroregeneration
impact of elF5A1 down- or upregulation respectively (15).

In this context, the present study was designed to: (1)
optimize SCI neurotherapy with RhoA inhibitors (RhoAi) and
(2) gain further molecular insights on the mechanism(s) by
which RhoAi may exert its neuroregenerative effects in SCI.
For this purpose, we developed an in vitro neuroproteomic-
systems biology platform in which the pan-proteomic profile
of the dorsal root ganglia (DRG) cell line ND7/23 DRG was
assessed in a large array of culture conditions using RhoAi
and/or conditioned media obtained from SCI ex vivo derived
spinal cord slices. In addition, pan-proteomic analyses and
identification of functional biochemical pathways were cou-

pled to the assessment of a large array of transcription
factors.

This innovative analytical platform allowed a fine mapping
of the spatio-temporal molecular events supporting the neu-
roregenerative impact of RhoAi in SCI. We then validate our
finding by in vivo proteomic study at the level of the tissue
segments and conditioned media. Our findings highlight the
large molecular effects of RhoAi and provide an integrated
mapping of such effects on the secretome, regulome and
intra-cellular proteome of injured neurons.

Finally, our work points to the possible therapeutic potential
of RhoAi administered in alginate scaffolds and delivered in a
time- and segment-specific fashion. In particular, we show
that RhoAi is able to promote neurite outgrowth and synaptic
reconnection, but is not sufficient to induce and maintain a
real beneficial outcome evaluated by BBB score. Thus our
work open the door for new treatment scenario where a RhoA
is a key player.

MATERIALS AND METHODS

Reagents—DMEM media, Phosphate buffer saline (PBS), fetal calf
serum (FCS) were purchased from Invitrogen Life Technologies (Mi-
lan, Italy). All chemicals were of the highest purity obtainable. Water,
formic acid (FA), trifluoroacetic acid (TFA), acetonitrile (ACN) were
purchased from Biosolve B.V. (Valkenswaard, the Netherlands). So-
dium dodecyl sulfate (SDS), pL-dithiothreitol (DTT), and iodoacet-
amide (IAA) were purchased from SIGMA (Saint-Quentin Fallavier,
France). Trypsin/Lys-C Mix and Trypsin Mass Spec Grade was pur-
chased from Promega (Charbonnieres, France). RhoA inhibitor was
purchased from Cytoskeleton, Inc (Denver, CO). FK506 was pur-
chased from Invivogen (Toulouse, France).

Experimental Design and Statistical Rational—All the experiments
were performed with biological replicates. For protein extraction was
performed from SCI tissues from control rats (n = 3) and rats 12 h
after SCI treated with RhoAi + FK506 (n = 3) or not treated (n = 3).
For the collection of the conditioned media, control rats (no balloon
inflation, n = 6), rats 12 h post-injury (n = 6) and rats 3 days
post-injury (n = 6) were sacrificed. For the behavioral experiments, 5
rats received saline and 5 rats received RhoAi + FK506. Statistical
analysis: For the proteomic statistical analysis of conditioned media,
as a criterion of significance, we applied an ANOVA significance
threshold of p < 0.05, and heat maps were generated. Normalization
was achieved using a Z-score with a matrix access by rows. Obtained
data from tissue analyses and behavioral testing were reported as
mean *+ S.E. Mean values among different experimental groups were
statistically compared by one-way ANOVA and Tukey’s post hock
tests using Graph pad PRISM software. Values of p < 0.05 were
considered statistically significant (p value of < 0.05, **p value of <
0.01, **p < 0.001).

Intraspinal Delivery of RhoAi—Seven days after SCI, animals (n =
10) were anesthetized with 1.5-2% isoflurane and partial laminectomy
at Th6-12 level was performed. Using a 50-ul Hamilton syringe (30G
needle, Cole Parmer, Anjou, Quebec) connected to Ultra-
MicroPump Il with Micro4 Controller, 4-Channel (World Precious
Instruments, Inc., Sarasota, FL) and stereotactic device, 2 intraspinal
injections per animal were applied bilaterally to the lesion site and to
the rostral and caudal segments (6 injections total). In most cases the
lesion cavity was apparent through the dorsal site of spinal cord.
Bilateral delivery of (1) saline (n = 5), (2) RhoAi, 0.1 pug/ul (n = 5) (2
injections of 2 ul of alginate containing RhoAi per injection on left and
right sides with delivery rate of 0.5 ul/min, was performed at lesion
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cavity and 1 ul of pure RhoAi per injection at rostral and caudal
segments. The volume of 1 ul was used in the case of intraspinal
injections, whereas 2 ul injections for administration to the cavity site.
Each delivery was positioned 1 mm from the spinal cord midline and
injected at the depth of 1.8—2 mm from the pial surface of the spinal
cord. The distance between injections was 1 mm, avoiding vessels.
Intraspinal injections were followed by procedure published in our
study (16). After injecting the dose of saline or RhoAi, the needle was
maintained in the tissue for an additional 30 s. No antibiotic treatment
was performed. Rats treated with RhoAi received daily intraperitoneal
(i.p) injection of FK506 0.5 mg/kg/animal/3X during the first week,
followed by dose of 0.25 mg/kg/animal/3X during the second week,
whereas rats with vehicles received i.p saline. A separate group of SCI
rats (n = 6) injected with RhoAi with respective saline controls (n = 6)
that survived 12 h was performed for proteomic analyses.

Collection of Conditioned Media (CM) from Control and Lesioned
Spinal Cord Segments—Experimental SCI rats at 3 days (n = 3) and
at 12 h with (n = 3) or without RhoAi treatment (n = 3) and respective
controls (n = 3/3D; n = 3/12h) were sacrificed by isoflurane anesthe-
sia followed by decapitation. The spinal cord was pressure expressed
by injecting sterile saline (10 ml) throughout the vertebrate canal,
along the caudo-rostral axis. Each spinal cord was macroscopically
observed to check that lesion was well centered at the Th8-Th9 level
on the longitudinal axis. Entire spinal cord was divided into transver-
sally sectioned slides (~1.0 cm thick each) obtained from the lesion
site (Th7-Th11) and from the segments rostral (C1-Th6) and caudal
(Th12-L6) to the site of injury. Slides were then chopped into 0.5 cm
thick sections (2 sections per segment) and deposited into a 12-well
culture plate containing 1 ml DMEM without FCS. After 24 h incuba-
tion in a humidified atmosphere with 5% CO, at 37 °C, 1 ml of
SCl-derived conditioned media (SCI-CM) were collected (rostral (R1),
lesion (L), caudal (C1) segments) and centrifuged 30 min at 15,000
rpm at 4 °C. Samples were stored at —80 °C.

Protein Extraction from SCI Tissues—1 mm thick sections from
rostral, lesioned and caudal segments from 12 h post-SCl rats (n = 3)
were ground in 1.5 ml tubes. Two hundred microliters of extraction
buffer (CHAPS 3.5%, Tris 0.1 m, Dithiothreitol (DTT) 50 mm, pH 10.0)
were added in each tube. Samples were mixed for 5 min and soni-
cated for 20 min. Cell debris were removed by centrifugation (15 min,
15000 X g). 30 wl of supernatant were used for FASP analysis using
Amicon 30 kDa (Millipore) and LysC/trypsin enzymatic mix (30 ng/ml
in 0.05 m NH,HCO,) (17). After overnight incubation at 37 °C, the
digests were collected by centrifugation. The filters were rinsed with
50 ul of NaCl 0.5 m. Digestion was quenched by adding TFA 5% to the
digests. The peptides were desalted with a Millipore ZipTip device
before LC-MS/MS analysis.

Protein Digestion of SCI-CM—One hundred fifty microliters of
SCI-CM and control CM were denatured with 6 m urea in 40 mm
HEPES, pH 8.0 by sonication on ice. The proteins were reduced with
50 pl DTT 10 mMm for 40 min at 56 °C and alkylated with iodoacet-
amide 55 mm for 40 min in the dark. The alkylation reaction was
quenched with thiourea 100 mm. The proteins were digested over-
night at 37 °C with 30 ng/ml LysC/Trypsin mixture. The digestion was
stopped with 10 ul TFA 17.5%. The peptides were desalted with a
Millipore ZipTip device before LC MS/MS analysis.

In Vitro Neurite Outgrowth With SCI-CM—ND7/23 cell line (Sigma
mouse neuroblastoma X rat neuron hybrid) was used to visualize in
vitro the neurite outgrowth in presence of R1 and C1 conditioned
media 3 days post injury in combination or not with RhoAi. ND7/23
cells were plated at a density of 18,000 cells/per well in 96- wells
plate. The cells were starved overnight with DMEM medium supple-
mented with 2% Fetal bovine serum (FBS) + 1% antibiotics + 1%
L-glutamine. Afterward, cells were stimulated with 1/3 R1 or C1 CM
and 2/3 DMEM + 1% L-1% L-Glutamine + 1% penicillin-streptomy-

cin (serum free medium) (14). The cells were treated or not with 1
ng/ml RhoAi in combination with 1/3 of CM with 2/3 DMEM supple-
mented medium 24 h after C1 or R1 stimulation in order to reproduce
the injured environment. The optimum split ratio 1/3 (CM, RhAi): 2/3
culture DMEM was set to perform sustained culture conditions for
cells, according to our previous studies (14). Live images of cells not
stimulated with RhoAi were captured 48 h after R1 or C1 CM stimu-
lation and the images of ND7/23 cells stimulated with CM and RhoAi
were captured 24 h after RhoAi stimulation (corresponding to 48 h
after CM stimulation) with a camera mounted on a phase-contrast
microscope (Nikon Eclipse TS100). Measurements were performed
by using ImageJ software to determine the neurite length and statis-
tical significance evaluated with One-Way ANOVA followed by Tukey
Kramer Test (GraphPadInStat 3.0).

Total Protein Extracts and Conditioned Media (CM) Collection—
ND7/23 cells were plated in 6-well plates until confluent. The cells
were starved overnight with DMEM supplemented with 2% FBS, 1%
L-Glutamine and 1% penicillin-streptomycin. Cells were first stimu-
lated with 1/3 of R1 or lesion or C1 CM 3 days post injury and 2/3
DMEM + 1% L-Glu + 1% antibiotics, or left untreated. After 24 h of
CM stimulation, 1 ng/ml of RhoAi is added to the media. 24 h after
RhoAi stimulation, the cell supernatants were collected, centrifuged
(1000 rpm, 5 min) and immediately frozen at —80 °C, and the cells
were collected and then lysed with RIPA buffer for total protein
extraction (150 mm NaCl, 50 mm Tris, 5 mm EGTA, 2 mm EDTA, 100
mm NaF, 10 mm sodium pyrophosphate, 1% Nonidet P-40, 1 mm
PMSF, 1X protease inhibitors). Cell debris was removed by centrifu-
gation (20000 X g, 10 min, 4 °C). For the time course experiment after
RhoAi, the cells were starved overnight. Cells were stimulated with
RhoAi for 30 min (T30), 1 h (T1) and 4 h (T4) followed by the same
protocol for total proteins extraction. The supernatants were collected
and the protein concentrations were measured using the Bio-Rad
Protein Assay. Experiments were performed in triplicates but not for
TO, T30 min, T1 h, T4 h experiment with only one replicate.

Filter-aided Sample Preparation (FASP)—The total protein extract
(0.1 mg) was used for FASP analysis as described previously (17). We
performed FASP using Microcon devices YM-10 (Millipore) before
adding trypsin for protein digestion (40 ug/ml in 0.05 M NH4HCOB).
The samples were incubated overnight at 37 °C. The digests were
collected by centrifugation, and the filter device was rinsed with 50 ul
of NaCl 0.5 m. Next, 5% TFA was added to the digests, and the
peptides were desalted with a Millipore ZipTip device before LC-
MS/MS analysis.

Protein Digestion of Condition Medium—One hundred microliters
of the CM were collected for each condition. Secretome digestion
was performed as previously described (18). In brief, the cell super-
natants were denatured with 2 m urea in 10 mm HEPES, pH 8.0 by
sonication on ice. The proteins were reduced with 10 mm DTT for 40
min followed by alkylation with 55 mm iodoacetamide for 40 min in the
dark. The iodoacetamide was quenched with 100 mwm thiourea. The
proteins were digested with 20 wg/ml LysC/Trypsin mixture overnight
at 37 °C. The digestion was stopped with 0.5% TFA. The peptides
were desalted with a Millipore ZipTip device in a final volume of 20 ul
of 80% ACN elution solution. The solution was then dried using the
SpeedVac. Dried samples were solubilized in water/0.1% formic acid
before LC MS/MS analysis.

LC MS/MS Analysis—Samples were separated by online reversed-
phase chromatography using a Thermo Scientific Proxeon Easy-
nLC1000 system equipped with a Proxeon trap column (100 um ID X
2 cm, Thermo Scientific) and a C18 packed-tip column (Acclaim
PepMap, 75 um ID X 15 cm, Thermo Scientific). Peptides were
separated using an increasing amount of acetonitrile (5-35% over 120
min) at a flow rate of 300 nL/min. The LC eluent was electrosprayed
directly from the analytical column and a voltage of 1.7 kV was
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applied via the liquid junction of the nanospray source. The chroma-
tography system was coupled to a Thermo Scientific Q-exactive mass
spectrometer programmed to acquire in a data-dependent mode Top
10 most intense ion method. The survey scans were done at a
resolving power of 70,000 FWHM (m/z 400), in positive mode and
using an AGC target of 3e6. Default charge state was set at 2,
unassigned and +1 charge states were rejected and dynamic exclu-
sion was enabled for 25 s. The scan range was set to 300-1600 m/z.
For ddMS?, the scan range was between 200-2000 m/z, 1 microscan
was acquired at 17,500 FWHM and an isolation window of 4.0 m/z
was used.

MS Data Analysis of TO, T30 min, T1 h and T4 h Protein Extract After
RhoAi Treatment—Tandem mass spectra were processed with
Thermo Scientific Proteome Discoverer software version 1.4. Spectra
were searched against UniprotKB/Swiss-Prot (version January 2016)
filtered with Rattus norvegicus (31093 sequences) taxonomy using
the SEQUEST HT algorithm (version 1.4.1.14). The search was per-
formed choosing trypsin as the enzyme with one missed cleavage
allowed. Precursor mass tolerance was 10 ppm, and fragment
mass tolerance was 0.1 Da. N-terminal acetylation; and cysteine
carbamidomethylation; methionine oxidation were set as variable
modifications and cysteine carbamidomethylation as fixed modifica-
tion. Peptide validation was performed with the Percolator algorithm by
filtering based on a g-value below 0.01, which corresponds to a false
discovery rate (FDR) of 1%. Proteins were identified with a minimum of
2 peptides with at least one unique peptide per protein. The data
sets used for analysis and the annotated MS/MS spectra were depos-
ited at the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository with the data
set identifier PXD004639 (for review: Username: reviewer60033@
ebi.ac.uk Password: 7008FxXe).

MS Data Analysis of Protein Extract and Secretome After SCI-CM
With or Without RhoAi Treatment—All the MS data were processed
with MaxQuant (version 1.5.6.5) (19) using the Andromeda (20) search
engine. Secretome and protein extract from ND7/23 cell line were
processed in two different files. Proteins were identified by searching
MS and MS/MS data against Decoy version of the complete pro-
teome for Rattusnorvegicus of the UniProt database (21) (Release
June 2014, 33,675 entries) combined with 262 commonly detected
contaminants. Trypsin specificity was used for the digestion mode
with N-terminal acetylation and methionine oxidation selected as the
variable. Carbarmidomethylation of cysteines was set as a fixed mod-
ification, with up to two missed cleavages. For MS spectra, an initial
mass accuracy of 6 ppm was selected, with a minimum of 2 peptides
and at least 1 unique peptide per protein, and the MS/MS tolerance
was set to 20 ppm for HCD data. For identification, the FDR at the
peptide spectrum matches (PSMs) and protein level was set to 0.01.
Relative, label-free quantification of proteins was performed using
the MaxLFQ algorithm (22) integrated into MaxQuant with the de-
fault parameters. The data sets, the Perseus result files used for
analysis and the annotated MS/MS spectra were deposited at
the ProteomeXchange Consortium (23) (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository (24) with the
data set identifier PXD004639 (for review: Username: reviewer
60033@ebi.ac.uk Password: 7008FxXe) for cellular extracts and
secretomes. Analysis of the proteins identified was performed using
Perseus software (http://www.perseus-framework.org/) (version
1.5.6.0). The file containing the information from identification was
used with hits to the reverse database, and proteins only identified
with modified peptides and potential contaminants were removed.
Then, the LFQ intensity was logarithmized (log2[x]). Categorical an-
notation of rows was used to defined different groups after grouping
replicates (1) Replicate (DMEM, R1, L, C1, R1 RhoAi, L RhoAi, C1
RhoAi), (2) Rho versus NT (DMEM, DMEM RhoAi, Rho (R1, L and

C1 + RhoAi) and NT (R1, L and C1 without RhoAi). Multiple-samples
tests were performed using ANOVA test with a FDR of 5% and
preserving grouping in randomization. Normalization was achieved
using a Z-score with a matrix access by rows.

For the statistical analysis, only proteins presenting as significant
by the ANOVA test were used for statistical analysis. Hierarchical
clustering depending protein extract or secretome were first per-
formed using the Euclidean parameter for distance calculation and
average option for linkage in row and column trees using a maximum
of 300 clusters. For visualization of the variation of proteins expres-
sion depending to the condition, the profile plot tool was used with a
reference profile and an automatic selection of the 10 or 15 correlated
profiles. To quantify fold changes of proteins across samples, we
used MaxLFQ. To visualize these fold changes in the context of
individual protein abundances in the proteome, we projected them
onto the summed peptide intensities normalized by the number of
theoretically observable peptides. Specifically, to compare relative
protein abundances between and within samples, protein lengths
normalized to log 2 protein intensities (termed “iBAQ” value in Max-
Quant) were added to the MaxLFQ differences. Functional annotation
and characterization of identified proteins were obtained using
PANTHER software (version 9.0, http://www.pantherdb.org) and
STRING (version 9.1, http://string-db.org).

Subnetwork Enrichment Pathway Analyses and Statistical Test-
ing—The Elsevier's Pathway Studio version 9.0 (Ariadne Genomics/
Elsevier) was used to deduce relationships among differentially ex-
pressed proteomics protein candidates using the Ariadne ResNet
database (25, 26). “Subnetwork Enrichment Analysis” (SNEA) algo-
rithm was selected to extract statistically significant altered biological
and functional pathways pertaining to each identified set of protein
hits (C1, R1, L after RhoA inhibitor treatment sets). SNEA utilizes
Fisher’s statistical test used to determine if there are nonrandomized
associations between two categorical variables organized by specific
relationship. SNEA starts by creating a central “seed” from all relevant
entities in the database, and retrieving associated entities based on
their relationship with the “seed” (i.e. binding partners, expression
targets, protein modification targets, regulation). The algorithm com-
pares the sub-network distribution to the background distribution
using one-sided Mann-Whitney U-Test, and calculates a p value
indicating the statistical significance of difference between two dis-
tributions. In our analysis, “GenBank” ID and gene symbols from each
set were imported to the software to form an experimental data set.
For the reconstruction of networks of pathways, biological processes
and molecular function were evaluated for each single protein hit and
its associated targets (networks and pathways) (27, 28). Integrated
Venn diagram analysis was performed using “the InteractiVenn”; a
web-based tool for the analysis of complex data sets.

Behavioral Testing— Animals were evaluated using Basso, Beattie,
and Bresnahan (BBB) open-field test to assess motor function after
SCl at day 0, 7, 14, 21, 28, 35, 42 and 49 days post injury. Each rat
was tested for 5 min by two blinded examiners. BBB test measures
locomotor outcome (hind limb activity, body position, trunk stability,
tail position and walking paw placement) of rats utilizing the rating
scale ranges from 0 (no observable hind limbs movements) to a
maximum of 21 (plantar stepping, coordination and trunk stability like
control rats).

Immunohistochemistry— After survival period, animals were deeply
anesthetized by intraperitoneal thiopental injection (50 mg/kg) and
perfused transcardially with 500 ml saline, followed by 500 ml of 4%
paraformaldehyde (PFA) in 0.1 m phospate buffer (PB). Spinal cords
were removed, postfixed in 4% PFA at 4 °C overnight, embedded in
gelatin-egg albumin protein matrix (10% ovalbumin, 0.75% gelatin)
polymerized by glutaraldehyde (albumin from chicken egg white,
grade Il, Sigma-Aldrich) subsequently fixed in 4% PFA, and cryopro-
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tected with 30% sucrose in 0.1 M PB at 4 °C. Cryostat sagittal spinal
cord sections (40 wm) were cut from rostral, central or caudal blocks
(each 0.5 cm thick) and collected in 24-well plates with 0.1 m PBS
containing 0.1% sodium aside. For immunohistochemistry, free float-
ing sections (40 um) were immersed in PBS (0.1 M; pH 7.4) containing
10% normal goat serum (NGS), 0.2% Triton X-100 for 2 h at room
temperature to block nonspecific protein activity. This was followed
by overnight incubation at 4 °C with primary antibodies: rabbit anti-
growth associated protein-GAP-43 (GAP-43; 1:500, Merck-Millipore),
and mouse anti-synaptophysin (SYN; 1:500, Merck-Millipore) for 24 h.
Afterward sections were washed in 0.1 m PBS and incubated with
secondary fluorescent antibodies goat anti-mouse, goat anti-rabbit
conjugated with Texas Red (Alexa Flour 594) and fluorescein isothio-
cyanate (FITC) (Alexa Flour 488) at room temperature for 2 h. For
general nuclear staining 4-6-diaminidino-2-phenylindol (DAPI) (1:
200) was added to the final secondary antibody solutions. Finally,
sections were mounted and cover slipped with Vectashield mounting
medium (Vector Laboratories).

Quantification Analysis—Immunohistochemically stained sections
were analyzed using confocal microscope (Leica DM1500) and quan-
tification was performed by Imaged software. Five sections per animal
were analyzed for each staining in rostral, lesion and caudal seg-
ments. For synaptophysin quantification analysis, images were first
transformed into monochromatic 8-bit images and then threshold
was adjusted to optimal value. Synaptophysin positivity was evalu-
ated as a percentage of black pixels in overall image (value 0-255,
where 0 = white pixels, 255 = black pixels). For axonal regrowth
evaluation, GAP-43 positive fibers were measured manually in mi-
crometers. Total length of axon fibers was averaged for each image.

RESULTS

We previously performed a spatio-temporal study of the
SCI from 3 days to 10 days after lesion. Our data suggest that
in acute SCI regionalization in terms of inflammatory and
neurotrophic responses may occur because of alterations in
protein dynamics between rostral and caudal segments (13).
In addition, the proteomic profile in caudal segments was
characterized by the neuronal expression of IgG2a and by a
signature of axonal regrowth inhibition associating CSPG and
proteins of the MEMO1-RHOA-DIAPH1 signaling pathway
(14). The MEMO1-RHOA-DIAPH1 signaling pathway plays an
important role in ERBB2-dependent stabilization of microtu-
bules at the cell cortex and inhibits neurite outgrowth. In this
context, we established an in vitro proteomic system biology
platform in order to better understand the impact of RhoAi on
DRG neurons in time course, followed by in vivo SCI experi-
ments to further compare and validate the similarities and
differences of treatment approaches.

In Vitro Neuroproteomic-systems Biology Platform Target-
ing RhoA Signaling—

Impact of RhoAi Treatment on Neurite Outgrowth—In vitro,
RhoAi was added to ND7/23 DRGs cell line cultivated with
spinal cord conditioned media (CM-SCI) collected from lesion
(L), rostral (R1) and caudal (C1) segments (Fig. 1). Time course
analysis showed that ND7/23 cells in presence of R1 or C1
conditioned media initiated neurite outgrowth at 24 h after
cultivation and the results were statistically significant at 48h
(Figs. 1A, 1B). Afterward, the ND7/23 cells were treated with
1 pg/ml of RhoAi in combination with 1/3 of CM and 2/3

DMEM supplemented medium 24 h after C1 or R1 stimulation
to reproduce the injured environment. In this context, neurite
outgrowth appeared at 48 h with longer extensions when
compared with non-RhoAi treatment (Figs. 1A, 1B). These
results established the ability to block the MEMO1-RHOA-
DIAPH1 signaling pathway and stimulate neurogenesis using
such RhoAi.

Impact of RhoAi Treatment on ND7/23 DRGs Proteome—In
order to identify proteins involved with RhoAi the proteomic
approach was then performed with ND7/23 DRGs cell lines
incubated with CM-SCI collected from L, R1, and C1 seg-
ments in presence or absence of RhoA inhibitor, using iden-
tical scenario as in experiments for neurite outgrowth evalu-
ation (Fig. 1C). Secretomes collected in each condition have
been processed by shotgun analyses. Proteins with an abun-
dance that was significantly different among the samples
were determined according to the MaxQuant and Perseus
software. As a criterion of significance, we applied an ANOVA
significance threshold of p < 0.05, and heat maps were
generated (Fig. 1C, supplemental Data S1). Heat maps were
performed and hierarchical clustering indicated two main
branches i.e. one for Control branch (CTB)(DMEM conditions
with or without RhoAi) and the second one is related to
Conditioned medium branch (CMB) (L, R1, or C1 conditions
with or without RhoAi). This branch is then sub-divided into
two sub-branches: lesion on one side and R1 or C1 on the
other side (Fig. 1Ca). From these data, clear clusters could be
retrieved between the two branches. By contrast, in the CMB,
only one main cluster allowed to differentiate all media in
presence or absence of Rhoi (a yellow boxed area). A zoom of
this cluster is presented in Fig. 1Cb and the ibaq quantitative
values in Table I. Main proteins found in this cluster that could
be sorted according to their over-expressed intensities are in
the following order: immunoglobulins (IgG chains light and
heavy), AKT proteins (AKT1, AKT2, and AKT3), BMP1, syn-
taxin 12, serpin 3, GMP ganglioside activator, meosin, he-
mopexin, protein VSP26b, 14-3-3 protein theta, and protein
disulfide isomerase. The important finding is that the ibaq
value showed that most of these proteins are under-ex-
pressed under DMEM conditions whereas, in presence of
CMB alone or with RhoAi, they are over expressed, with some
exemptions (Table I). Immunoglobulins were overexpressed
particularly in the samples associated with lesion, treated with
CM from Lesion segment alone and with RhoAi and in CM
from C1 alone. For AKT proteins family, real differences could
be registered between AKT3, AKT1, and AKT2 in relation to
CM from rostral and lesion segments. With RhoAi, the level of
AKT3 was diminished when compared with untreated cells.
For AKT1 and AKT2 proteins, RhoAi increased their level in R1
and diminished these in lesion and C1. Serpina3c, Snx12,
Gmz2a, meosin, Timm44, Cthrc1, Stx6, vsp26b, Itih1, Aqp4,
aggrecan core protein, BMP1 were over-expressed in C1 in
presence of RhoAi compared with R1 or lesion with or without
treatment. In R1, with RhoA inhibitor, only AK1 and AKT2 were
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