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Summary

The spinal cord is an extremely vital part of the central nervous system (CNS) and,
although it is well protected by the spinal column, it can be damaged, resulting in serious
consequences. Spinal cord injury (SCI) leads to a disruption of the neuronal networks that
are involved in many physiological functions. Since CNS axons of adult mammals do not
regenerate following the lesion, and dead neurons and glial cells are not successfully

replaced, this results in an irreversible functional loss in patients suffering from SCI.

The pathophysiology of SCI involves two degenerative stages, known as primary
and secondary injury. The first one results from the direct mechanical trauma to the spinal
cord, directly causing cell death, damage to axons, and loss of myelin. This is followed by a
secondary wave of tissue degeneration that can extend for several weeks, in which
inflammation plays a crucial role. Although regeneration of damaged axons and
replacement of lost neurons and glial cells are important goals for the restoration of the
injured spinal cord, minimizing secondary damage to axons, neuronal cell bodies, myelin
and glial cells that follows the initial trauma is likely to be more easily amenable to
treatment. Since inflammation is a major contribution to secondary damage in SCI, targeting
the detrimental actions of this physiological response could result in the development of

novel approaches for the treatment of this pathology.

Lysophosphatidic acid (LPA) is an extracellular bioactive lipid with many
physiological functions. It signals through six known G-protein coupled receptors (LPA1.¢),
which are classified into two families: Endothelial differentiation family gene (Edg) LPA
receptors (LPAi.3) and Non-Edg family gene LPA receptors (LPAs.¢). LPA synthesis is carried
out by two different pathways: (i) by the action of the enzyme named autotaxin (ATX),
which is the main responsible in synthesis of this lipid in plasma, and (ii) by action of the
phospholipase A, (PLA;) family enzymes, which are the main route of LPA synthesis in

tissues.

LPA is a key trigger of secondary damage after SCI, since its increased levels in the
spinal cord parenchyma following injury leads to demyelination. Indeed, the lack of LPA;
and LPA; signalling after SCI enhances functional recovery and myelin sparing. In this thesis,
we show that activation of microglial LPA; and LPA; leads to oligodendrocyte cell death. We
reveal that the cytotoxic actions underlying by microglial cells stimulated with LPA are
mediated by the release of purines and the subsequent activation of P2X; in
oligodendrocytes. We also show that, unlike LPA; and LPA;, LPA4 and LPAs receptors do not
contribute to SCI physiopathology.



In the present thesis, we also show that pharmacological inhibition of ATX does not
have any effect in functional outcomes and secondary tissue damage after SCI, suggesting
that this enzyme is unlikely to be involved in the production of LPA in the spinal cord
parenchyma after injury. We also demonstrate that combinatory targeting of LPA1 and LPA;
does not results in additive effects in SCI. Overall, the results shown here suggest that
pharmacological inhibition of LPA;, and preferably LPA;, may open a new therapeutic

avenue for the treatment of SCI.



Abbreviations

AMPA - a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
ATP - Adenosine Triphosphate

ATX - Autotaxin

BBB - Brain blood barrier

BDNF - Brain-derived neurotrophic factor
CNS - Central Nervous System

DGK - Diacylglycerol kinase

DRG - Dorsal root ganglion

EAE - Experimental autoimmune encephalomyelitis
Edg - Endothelial differentiation gene family
GPCR - G protein-coupled receptors

LCAT - Lecithincholesterol acyltransferase
LPA - Lysophosphatidic acid

LPAR - Lysophosphatidic acid receptor

LPC - Lysophosphatidylcoline

LPL - Lysophospholipids

LysoPLD - Lysophospholipase D

MBP - Myelin Basic Protein

NMDA - N-methyl-D-aspartate

PA - Phosphatidic Acid

PC - Phosphatidylcholine

PL - Phospholipid

PNS - Peripheral Nervous System

PS - Phosphatidylserine

PTEN - Phosphatase and tensin homolog
ROS - Reactive Oxygen Species

S1P - Sphingosine-1-phosphate

SCI - Spinal Cord Injury



Introduction

1. Spinal cord: description and basic anatomy

The spinal cord is an extremely vital part of the central nervous system (CNS).
Functionally, it is in charge of controlling the voluntary muscles of the limbs and trunk, and
receiving sensory information from these regions. It also controls most of the viscera and

blood vessels of the thorax, abdomen and pelvis.

Structurally, the spinal cord is the part of the CNS that is connected to the brain and
is encased by the vertebral column, lying within the ventral canal. The spinal nerves of the
lumbar and sacral levels must therefore span the distance from their exit level in the spinal
cord to the level of the spinal foramen, so they can leave the spinal cord and distribute to
the skin, muscles, and internal organs. The lower the spinal level, the longer this distance,

and the longer the spinal nerve will travel in the spinal canal (Selzer, 2010).

Along all the spinal cord length, pairs of spinal nerves arise from each side of every
medullary segment, constituting the dorsal and ventral roots. Spinal roots leave the spinal
cord through the intervertebral foramina and convey sensory (for the dorsal) and motor
(for the ventral) information. The bodies of the sensory neurons are allocated into the
dorsal ganglia, while the somas of the motor neurons are into the spinal cord. The spinal
cord starts at the foramen magnum, at the base of the skull, and ends at the level of the first
or second lumbar vertebra. However, the spinal nerves called the cauda equine

(Watson et al., 2008).

The column is composed of individual bones called vertebrae. Each vertebra is
separated from the next by a cushion of fibrous, connective tissue called an intervertebral
disc. The spinal cord stretches from the base of the skull to about 3 inches above the top of
the hips; the vertebral column extends to below the top of the hips, all the way to the middle
of the buttocks. Thus, the vertebral column and the spinal canal inside it are longer than the

spinal cord itself (Selzer, 2010).

Besides the vertebral column, the spinal cord is protected by the spinal meninges,
three membranes that surround all the CNS. In mammals, these membranes are the dura
mater, which is the outermost layer, the arachnoid mater, and the pia mater, that is directly
adhered to the surface of the brain and the spinal cord. The meninges are separated from

each other by the subdural and the subarachnoid spaces, respectively. This second encloses



the cerebrospinal fluid, which also provides a mechanical and immunological protection

(Watson et al., 2008).

The spinal cord is composed of grey and white matter. The inner core of grey matter
contains neurons. Surrounding the grey matter is the white matter, in the shape of an H,
which contains axons that carry messages between neurons at different levels of the spinal

cord, and between the spinal cord and the brain (Selzer, 2010).
1.1 Organization of the grey matter

The grey matter of the spinal cord is occupied by neuronal cell bodies, dendrites,
axons and glial cells. It is macroscopically divided in two dorsal and two ventral horns,
which correspond with the dorsally and ventrally projecting arms of the H, respectively. The
central connecting region is called intermediate grey matter. Only in the thoracic and upper
lumbar spinal cord there are two small lateral projections of the intermediate grey matter,
the intermediolateral horns, which contain the cells of origin of the autonomic nervous

system (Watson et al., 2008).

The neuronal bodies in the grey matter are organized in ten successive layers, from
dorsal to ventral, called the Rexed laminae (Fig. 1). Laminae I-VI are located in the dorsal
horns, laminae VII-IX are in the lateral and ventral grey matter and lamina X is in the center,
surrounding the central canal. Whereas the dorsal interneurons are involved in sensory
input, medial are related to autonomic functions and ventral are involved in modulating
descending motor control. Below there is a brief description of the main projections and

functions of each laminae (Watson et al., 2008).

e Lamina I is a very thin layer previously known as the marginal layer of the dorsal
horn. Its neurons receive input principally from A8 and C fibers innervating the skin,
viscera, muscles and joints. These fibers travel through the dorsal roots and carry
information about pain and temperature. Lamina I also respond to innocuous
mechanical stimuli conveyed by Af fibers. The primary target of lamina I in the

thalamus and axons from lamina [ make up about half of the spinothalamic tract.

e Lamina II, also known as substantia gelatinosa, has greater cell density than lamina
I. Itis also a principal region of termination of A§ and C fibers and its neurons mainly
function as interneurons that modulate nociceptive transmission integrating
primary afferent input and modulating the output of ascending projections in the

surrounding laminae.



Lamina III contains many myelinated fibers, and neurons are less densely packed
and larger than in lamina II. Its neurons respond to tactile stimulation from A fibers

and contact with dendrites from laminae IV-VI.

Lamina IV, formerly known as “the head of the dorsal horn”, is thicker than lamina
Il Tt also receives axons from A fibers and responds to light and noxious
mechanical stimuli. Some neurons send ascending projections to the thalamus via

the spinothalamic tract.

Lamina V, formerly called “the neck of the dorsal horn”, is the thickest layer in this
area. It contains neurons whose dendrites are in lamina Il receiving monosynaptic
nociceptive information from AP and C fibers from viscera. From this lamina,
projections arise to the thalamus and the brainstem through the spinothalamic tract.
Descending rubrospinal and corticospinal connections are also received in this

layer.

Lamina VI is the most ventral layer of the dorsal horn and is especially large in the
cervical and lumbar enlargements. Propioceptive information from muscle spindles
arrive to this layer, from where it is originated the spinocerebelar tract. This lamina

contains numerous propiospinal interneurons, mainly involved in reflex pathways.

Lamina VII contains interneurons that communicate the dorsal and the ventral
horns and mainly act as relay points in the transmission of visceral information. It
is also involved in the regulation of posture and movement. Descending motor
pathways control motoneurons by means of connection with interneurons in lamina

VIL

Lamina VIII is found in the ventromedial or ventral region of the spinal cord and its
size is reduced in the cervical and lumbar enlargements, since the motoneuron pools
from lamina XI are larger there. The cells of this layer are propiospinal interneurons
and the large ones project to motoneurons on the same and opposite side. Motor
interneurons in this layer modulate the motor activity through gamma-

motoneurons, which innervate the intrafusal muscle fibers.

Lamina IX is mainly occupied by columns of alpha-motoneurons and smaller beta-

and gamma-motoneurons, which are somatotopically organized. It is especially



large in the cervical and lumbar enlargements, since all motoneurons responsible
for limb muscle control are allocated there. The big alpha-motoneurons launch their
axons through the ventral roots to innervate extrafusal fibers or skeletal muscles,

while gamma-motoneurons innervate the intrafusal fibers.

e Lamina X is found surrounding the central canal and contains neurons that project

to the contralateral side of the spinal cord. It is also known as “central grey matter”.
1.2 Organization of the white matter

The white matter consists mostly of longitudinally running axons and glial cells. A
group of axons in a given area is a funiculus and they are named dorsal, lateral and ventral
funiculus depending on the position into the spinal cord. However, the terms “tract” and
“pathway” are used when there is a common function for a nerve fiber bundler. A tract is a
group of nerve fibers with the same origin, course, termination and function (e.g.
corticospinal tract), and a pathway is a group of tracts with a related function (e.g
neospinothalamic pathway). Thus, ascending tracts and pathways convey sensorial
information, while descending ones consist in motor fibers. There are also many fibers,
called propriospinal fibers, which connect one spinal cord segment with another. A few
differences are found between the tract organization of the spinal cord in different species
ranging from rodents, cats, primates and humans. One of the major differences is the
location of the corticospinal tract: while in humans is placed in the lateral and ventral
funiculi, rodents present an important dorsal component of the corticospinal tract (Armand,

1982). Below, main ascending and descending spinal tracts in humans are briefly described

(Fig. 1).

e Ascending tracts arise from primary neurons whose somas are in the dorsal root
ganglia or from interneurons in the dorsal horn, and convey sensory information to
higher areas of the CNS. Occupying the dorsal column ascend the gracile and
cuneatus tracts, which carry information related to tactile, two-point
discrimination, vibration, position, movement sense and conscious proprioception.
In the lateral column, the lateral spinothalamic tract carries pain, temperature
and crude touch information from somatic and visceral structures. Nearby, the
dorsal and ventral spinocerebellar tracts carry unconscious proprioception
information from muscles and joints of the lower extremity to the cerebellum. In the
ventral column, the anterior spinothalamic tract carries pain, temperature and

touch associated information to the brain stem and diencephalon; the spinoolivary



tract carries information from Golgi tendon organs to the cerebellum; the
spinoreticular tract carries pain information to the thalamus; and the spinotectal
tract carries pain, thermal and tactile information to the superior colliculus for

spinovisual reflexes (Armand, 1982).

e Descending tracts originate from different cortical areas and from brain stem
nuclei and carry information associated with maintenance of motor activities such
as posture, balance, muscle tone, and visceral and somatic reflex activity. These
include the lateral corticospinal (pyramidal) and the rubrospinal tracts, located
in the lateral column, which carry information associated with voluntary
movements. The reticulospinal, vestibulospinal and anterior corticospinal
tracts, in the ventral column, mediate balance and postural movements. Lissauer’s
tract, which is wedged between the dorsal horn and the surface of the spinal cord,
carries the descending fibers of the dorsolateral funiculus, which regulate incoming

pain sensation at the spinal level and intersegmental fibers (Armand, 1982).

Ascending tracts Descending tracts
() Fesciculies gracilis D s ot
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Figure 1. Schematic diagram of the organization of the grey and white matter of the spinal cord.



2. Spinal Cord Injury: description, causes and epidemiology

Spinal cord Injury (SCI) is an impairment that affects conduction of sensory and
motor signals across the site of lesion due to damage to the neural elements within the

spinal canal caused by an external force (Kirshblum et al.,, 2011).

The first spinal cord injuries were documented more than three thousand years ago
and it still does not exist any treatment for them. In fact, the prognosis and the life span of
SCI patients only improved 50 years ago. Nowadays, treatments and medical care make
possible to them to present a life span very close to those without a SCI, despite the loss of
functionality below the lesion site, the appearance of secondary complications, and the

consequent reduction in quality of life (Rossignol et al., 2007).
2.1 Etiology and epidemiology of the SCI

SCI is one of the most prevalent and disabling conditions in the world. Although
reliable information on the epidemiology for traumatic SCI is unavailable for many
countries, it is clear that incidence, prevalence, and injury etiology vary considerably from
region to region (Burns and Connell, 2012), depending, for example, on geographical and
cultural differences, population characteristics, inclusion criteria and differences in data

collection (Ackery et al,, 2004).

The incidence of traumatic SCI varies between 13.1 and 52.2 cases per million
inhabitants in developed countries, and between 12.7 and 29.7 in developing countries
(Wen-Ta et al., 2016). In Spain, 10,274 new patients were admitted for traumatic SCI

between 2000 and 2009, with an annual incidence of 23.5 per million (Pérez et al., 2012).

Among all types of SCI, traumatism is the most frequent (70-80%), and therefore the
most studied. Motor vehicle accidents are the main cause (46%), followed by falls (18%),
that is the most common cause in people over 60 years old, violence (17%) and sports
(13%). The non-traumatic SCI have also an important impact in Spain (20-30%) and the
main causes are tumors (40%), infections (30%) and vascular accidents (20%), among

others (Mazaira et al., 1998).
2.2 Level and severity of the spinal cord injury

The spinal cord can be damaged in different ways and, when this happens, all its
functions can be compromised below the lesion site, resulting in total or partial loss of

movement (tetraplegia or paraplegia), sensation (anesthesia or hypoesthesia), autonomic
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deficits (sexual dysfunction, loss of control of the sphincters, etc.) and pain. The nature and
extent of spinal cord injuries vary widely, depending on the level of the injury (cervical,
thoracic, lumbar or sacral), its severity (partial or complete), and the type of the injury
(contusion, compression, transection, etc.) and will dictate its functional impact and

prognosis.

Functional deficits observed after SCI depend on whether the lesion is complete or
incomplete. Incomplete injuries are characterized by the remaining of some sensory and
motor function due to the percentage of motor and sensory fibers preserved. On the other
hand, complete injuries lead with a total loss of function, despite there is still the presence
of some spared fibers within the cord tissue. Indeed, complete transection injuries are not

very common in humans.

Depending on the level of injury, SCI can be differentiated in cervical, thoracic and

lumbosacral injuries (Creasey et al,, 1997) (Fig. 2).

e Cervical injuries are the most frequent and severe injuries, leading with
tetraplegia. But, depending on the specific location, limited function may be
retained. A patient with high-cervical injury (C1-C4) may not be able to breathe on
his own, cough or control bladder and bowel movements. Even speaking may be
impaired or reduced. However, in the case of an injury located at low cervical level
(C5-C8), breathing and speaking may not be affected, and allows a limited use of

arms and limited wrist control but a complete hand function.

e Thoracic injuries result in paraplegia. Injuries in high segments (T1-T5), whereas
arms and hands are usually normal, it results in the inability to control abdominal
muscles and trunk stability. Moreover, lesions above T6 level can result in
autonomic dysreflexia. On the other hand, in injuries at thoracic low levels (T9-
T12) there is a fair to good ability to control and balance trunk while in the seated
position and limited or absent control of bowel or bladder function. People with T1-
T12 paraplegia have nerve sensation and function of all their upper extremities.
They can become functionally independent, feeding and grooming themselves and
cooking and doing light housework. These patients can transfer independently and
manage bladder and bowel function. Finally, people with this type of injury can

handle a wheelchair quite well and drives especially adaptive vehicles.
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e Lumbosacral injuries lead to decreased control of the legs and hips, urinary
system, and anus. There is usually little or no voluntary control of bowel or bladder
function and sexual function is associated with the sacral spinal segments. People
with sacral or lumbar paraplegia can be functionally independent in all their self-
care and mobility needs. They can learn to skillfully handle a manual wheelchair and

can drive especially equipped vehicles.
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Figure 2. Extent of injury of specific spinal segments (from Thuret et al,, 2006).

Much confusion surrounds the terminology associated with spinal cord injury levels,
severity, and classification. In an effort to systematize the classification of spinal cord
injuries, in 1992, the American Spinal Injury Association (ASIA) developed a uniform way
to classify injuries according to the level and extension: The ASIA International Standards
for Neurological Classification of the Spinal Cord Injury. For this classification, it is used the
ASIA Impairment Scale (AIS), which is based on the examination of neurological functions
to asses on a scale of 5 points (AIS A to E) any improvement or deterioration throughout the

course of the injury (Kirshblum et al., 2011, 2014):

e AIS Aindicates a “complete” spinal cord injury where no motor or sensory function

is preserved in the sacral segments S4-S5.
e AIS B indicates an “incomplete” spinal cord injury where sensory but not motor

function is preserved below the neurological level and includes the sacral segments

S4-S5.
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AlS levels A and B classification depend entirely on a single observation, but for
levels C and D, the usefulness of lower limb function was added as quantitative criteria.
However, these criteria ignored arm and hand function in patients with cervical injury. To
get around this problem, it was stipulated that a patient would be an AIS C if more than half
of the muscles evaluated had a grade of less than 3, which indicates active movements with

full range of motion against gravity. If not, the person was assigned to level D.

e AIS C indicates an “incomplete” spinal cord injury where motor function is
preserved below the neurological level, and more than half of key muscles below the

neurological level have a muscle grade less than 3.

e AIS D also indicates “incomplete” lesion where motor function is preserved below
the neurological level, and at least half of key muscles below the neurological level

has muscle grade of three or more.

e AIS E indicates that motor and sensory functions are normal but even so it is

possible to have a spinal cord injury with neurological deficits.

Generally, the spinal cord normally goes into what is called spinal shock after it has
been damaged. It is a transitory state in which all the spinal functions and reflexes are
abolished. As a consequence, the true extent of many incomplete injuries is not fully known
until 6-8 weeks post injury. Someone who is completely paralyzed at the time of injury may

get a partial recovery after spinal shock has subsided.
2.3 Pathophysiology of the SCI

There are many causes that can lead to SCI, such as tumor growth, infections and
other disorders. However, the mechanical damage is the most common form of acute SCI in
humans (Silva et al, 2014). The pathophysiology of acute SCI involves two different

neurodegenerative phases with distinct events in each phase:

e The primary injury is characterized by the mechanical trauma in where bone or
disk displacement within the spinal column compresses and contusions the spinal
cord. This primary injury is restricted to the site of the impact itself and disrupts
axons, blood vessels, membranes and myelin leading hemorrhage, axonal and
neural necrosis and to an important edema at the impact site (Mothe and Tator,
2013). This is an uncontrollable and unpredictable injury, so little can be done to

reduce or avoid the events of the primary phase. From hours to days after the initial
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trauma, a range of secondary cellular and molecular events takes place, constituting

the secondary phase.

o The secondary phase features a continuation of some events from the acute phase
such as ionic imbalance or edema, excitotoxicity, free radical production,
inflammation, apoptosis, lipid peroxidation and the release of extracellular matrix
components to eventually form a glial scar that represents a physical and chemical
barrier for axonal regeneration and remyelination. Fortunately, unlike the primary
injury, the secondary injury events can be prevented, representing an important
target in developing therapeutic strategies for treatment of SCI (Silva et al., 2014).
A brief description of the different secondary injury events involved in SCI are

summarized below.
Vascular dysfunction and ischemia

Immediately after injury to the spinal cord, vasospasms of the superficial vessels
and intraparenchymal hemorrhage are produced. Hemorrhage is initially localized in the
highly vascularized and most vulnerable central grey matter, and this damage impairs tissue
perfusion. Moreover, right after the mechanical trauma, the disruption of the blood-spinal
cord barrier results in vasogenic edema, and vasoactive factors are released to counteract
it, including leukotrienes, thromboxanes, platelet aggregation factors, serotonin and
endogenous opioids. This situation leads to ischemia by hypoperfusion, hypoxia and
hypoglycaemia (Tator and Fehlings, 1991; Mautes et al, 2000). Moreover, systemic
responses resulting from the loss of autoregulation, as post-traumatic hypotension,
bradycardia, and decreased cardiac output, exacerbate the ischemic damage (Guha and
Tator, 1988). Additionally, intravascular thrombosis may also contribute to this post-
traumatic ischemia (Dumont et al., 2001). Ischemia propagates necrosis in the tissue, which
initiates signaling cascades that will eventually expand the area of tissue damage (Nelson et
al, 1977; Armand, 1982). Although this situation is transitory, the reperfusion implies the
production of reactive oxygen species (ROS), contributing also to the secondary lesion (Basu
etal,, 2001; Chiu etal., 2010). On the other hand, hypoxia increases the anabolic metabolism,
leading to the production of acidic products such as lactic acid. The acidification of the
environment would alter ATP production, affecting ion pumps and ion homeostasis,
stimulate pathologic ROS formation, and inhibit astrocytic glutamate uptake, contributing
to excitatory neuronal damage (Pérez et al., 2012; Chu and Xiong, 2013). Moreover, recent
findings state that acidosis can induce neuronal injury by activating a family of acid-sensing

ion channels (Mazaira et al., 1998; Chu and Xiong, 2013).
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Excitotoxicity and ionic imbalance

During the secondary injury phase, there is also a disruption of cell membranes,
which results in massive release of glutamate into the extracellular space, together with a
global alteration of ion equilibrium. These increased concentrations of glutamate provoke
persistent neuronal depolarization, which will lead to excitotoxic cell death (Mazaira et al.,
1998; Park et al,, 2004). Depolarization is initiated primarily by activation of a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, followed by the activation
of sodium voltage-dependent channels. This event results in sodium influx and further
depolarization (Doble, 1999; Kirshblum et al., 2011) Then, passive influx of chloride occurs
in order to maintain ionic equilibrium (Rothman, 1985; Silver and Miller, 2004; Yiu and He,
2006; Rowland et al,, 2008), and this entire ion imbalance induces changes in the osmotic
gradient, causing the entry of water. Finally, cellular lysis releases cell contents to the
extracellular medium (Doble, 1999; Profyris et al., 2004). In addition, N-methyl-D-aspartate
(NMDA) receptors are also activated by the persistent presence of glutamate, leading to an
excess of the calcium influx, which can stimulate several intracellular mechanisms that
become detrimental for cell survival (Doble, 1999; Ondarza et al., 2003) Some of these
mechanisms include activation of nucleases that fragment DNA; activation of cytosolic
proteases, such as calpain -which will attack the cytoskeleton and other organelles-; or
activation of cytosolic kinases and lipases, such as protein kinase C and phospholipase A2
(PLA2), which will disrupt cell function and attack cell and organelles membranes (Tator

and Fehlings, 1991; Doble, 1999; Mautes et al., 2000).
Oxidative stress and lipid peroxidation

Compared to other organs, the CNS is particularly susceptible to oxidative stress and
free radical damage due to its active oxygen metabolism and low anti-oxidant capacity (Li
etal., 2010). In fact, there are several potential sources for the formation of oxygen radicals
after SCI. As mentioned above, re-exposure of endothelial cells to oxygen during reperfusion
leads to an enzymatic reaction that gives rise to ROS formation (Guha and Tator, 1988; Basu
et al.,, 2001). On the other hand, activation of glutamate leads to an increase in intracellular
calcium, which activates calcium-dependent phospholipases. Phospholipid hydrolysis leads
to the formation of arachidonic acid and its subsequent metabolism in the cyclooxygenase
pathway, producing prostaglandins and ROS. Another source of ROS is neutrophils and
macrophages that infiltrate into the lesion, which induces oxidative bursts resulting in the
production of ROS. In normal conditions, this mechanism has a powerful antibacterial effect

(Carlson et al., 1998; Dumont et al., 2001). Other studies also show that reactive iron is also
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a potent catalyst of ROS formation (Rathore et al, 2008). All these highly oxidizing
compounds can induce damage to cells by modifying their lipids, proteins and DNA. Their
action on lipid peroxidation contributes to cell membrane disruption, promoting cell death
and generation of more ROS in a positive feedback that can expand the secondary damage
These ROS can modulate the action of several proteins and enzymes and oxidize amino acid
side chains, causing fragmentation of proteins. ROS can also react with the nucleobase
thymine producing single strand breaks in the DNA (Profyris et al., 2004). Moreover, ROS

can enhance excitotoxicity by impairing glutamate uptake by astrocytes (Rao et al., 2003).
Cell death, apoptosis and loss of oligodendrocytes

Both necrotic and apoptotic events contribute to cell death after SCI. Primary injury
results in initial necrosis affecting both, the grey and white matter, and induces swelling of
neuronal bodies and glial cells, disruption of organelles and release of the intracellular
contents through the ruptured membrane (Hausmann, 2003; Profyris et al., 2004). On the
other hand, programmed cell death known as “apoptosis” also occurs in the lesion core,
preferably in the grey matter, over the first hours and days after injury and accompanies
necrosis in damaging multiple types of cells. By the end of the first week, the level of
apoptosis in the grey matter decreases, and a second wave of apoptotic cell death is
predominant conducted in the white matter, affecting mainly to oligodendrocytes. This
event lasts for several weeks leading to persistent demyelination (Profyris et al., 2004;
Mekhail et al, 2012). The loss of myelin sheaths results in impairment of axonal
transmission and over time may lead to degeneration of demyelinated axons

(Blakemore et al., 1977).
Neuroinflammation

Inflammation is a basic pathological process produced in response to the breaching
of the tissue integrity, and it is strictly necessary for wound healing. However, peculiarities
of CNS tissue contribute to its characteristics during inflammation, which follows a different
course compared with other organs. The presence of a very selective barrier, the blood-
brain barrier, makes changes in vascular permeability more dramatically, because of the
normally low permeability. In addition, the CNS has no lymphatic vessels, as extra fluid
drains into the cerebrospinal fluid. The CNS also contains a high density of endogenous
immunological cells known as microglia, which participate importantly in the inflammatory
response, but lacks other inflammatory cells, such as mast cells and dendritic cells

(Hausmann, 2003). A small extracellular space also contributes to the particular
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inflammatory response. In contrast to other tissues, CNS inflammation becomes chronic
after injury, contributing importantly to secondary damage, impaired regeneration and
functional deficits. Nevertheless, this inflammatory response is not only detrimental, as it

also contributes to repair.

SCI inflammation involves both cellular and humoral components. Immediately
after the initial necrosis and blood-spinal cord barrier disruption, microglial cells activate
and release pro-inflammatory cytokines, such as IL-1f and TNFq, that can promote the
influx of polymorphonuclear cells and hematogenous macrophages from the circulation
(David and Kroner, 2011). These cytokines, together with a number of other vasoactive
substances released by glia and leukocytes (ROS, kinins, histamines, nitric oxide, elastase,
etc.), enhance vascular permeability (Donnelly and Popovich, 2008a). Moreover, the
damaged endothelial cells also secrete proinflammatory cytokines, such as IL-1a and ,
TNFa and IFNy, and express adhesion molecules, which will further mediate the
recruitment of immune cells. Neutrophils rapidly infiltrate into the tissue, reaching a peak
at about 24 hours (Donnelly and Popovich, 2008a). Once there, neutrophils produce ROS,
eicosanoids and proteases that can cause neuronal and glial toxicity. A number of studies
have reported improvement in functional outcomes and tissue protection after depleting or
neutralizing neutrophils (Taoka et al., 1997; Gris et al., 2004; Lee et al,, 2011). However,
they also support recovery through their ability to phagocytize cellular debris. In fact, a
study shows that depleting neutrophils more selectively, by using a monoclonal antibody
against neutrophil marker Gr-1, worsens tissue damage and functional recovery (Stirling et
al,, 2009). During this first hour after SCI and for the following 7 days, resident microglia
proliferate and shift to a more phagocytic phenotype. Meanwhile, macrophages from
peripheral circulation enter the injured cord within 24 hours and reach a peak by day 3-7
(Donnelly and Popovich, 2008a). Both microglia and macrophage populations become fully
activated and result indistinguishable in their morphology and antigenic phenotype.
Microglia and macrophages also produce inflammatory mediators such as cytokines,
interleukins and prostaglandins that cause cell death, demyelination and the formation of
ROS. Moreover, activated microglia and macrophages are also thought to increase levels of
extracellular glutamate, contributing to excitotoxicity (Piani et al., 1991). Macrophages can
be detected within the injured spinal segments until some months and years after the injury

(Fleming et al., 2006).

Together with microglia and peripheral inflammatory cells, resident glial cells also
play an important role after the SCI. Astrocytes are the most abundant cells in the CNS and

play an essential role in maintaining the homeostasis in the nervous tissue (Araque and
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Navarrete, 2010). A few hours after the SCI, they become activated, lasting in this state for
months or even years (Hausmann, 2003). Astrocytes also secrete pro-inflammatory
cytokines, contributing to the persistence of this inflammatory response. However, they are
also very important for wound healing, as they are the responsible of filling the empty
spaces caused by cell death (Mekhail et al., 2012). Once activated, they form the glial scar,
which, on one hand may inhibit axonal growth due to the expression of inhibitory molecules
such as chondroitin sulfate but, on the other hand, it will limit the extent of tissue damage
(Rolls et al,, 2009). Astrocytes also act as buffers of glutamate, in order to reduce their
increased concentrations, to which oligodendrocytes are especially sensitive (Matute et al.,
2006). Similarly, macrophages also exert beneficial effects during the inflammatory
response that occurs after SCI. Macrophages are very effective phagocytes that are in charge
of cleaning rests of dead cells and myelin debris. They are also known to produce some
neuroprotective molecules, such as TGF-f1, that acts as immunosuppressant, promotes
axonal growth and limits oligodendrocyte cytotoxicity (Merrill et al., 1993; Alvarez-Palomo
et al.,, 2015). Activated macrophages also synthesize neurotrophic factors, such as CNTF,
NGF, BDNF, GDNF and NT-3. A very new line of study suggests that distinct macrophage
activation is responsible for the differential beneficial or detrimental dual properties of
these cells. This is referred as macrophage polarization, in which M1 macrophages,
activated by IFNy, induce them to produce pro-inflammatory cytokines, while IL-4 drives
macrophages towards an anti-inflammatory phenotype, also known as M2, which promotes
tissue healing a repair (David and Kroner, 2011). Our laboratory has recently shown that
the presence of anti-inflammatory macrophages in the injured spinal cord is scarce due to
the lack of IL-4 expression. Indeed, administration of IL-4 into the lesioned spinal cord
redirects macrophages towards a M2-like phenotype and promotes functional recovery

(Francos-Quijorna et al., 2016).

Although immune cells can play both, detrimental and beneficial actions after SCI,
the harmful effects they mediate in the injured CNS are much greater than the beneficial
ones. Indeed, inflammation is considered to be one of the main factors that contribute to
secondary damage, and thus, efforts are being done to modulate its evolution in order to

limit secondary damage and functional deficits (Fig. 3).
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Figure 3. Pathophysiology of the SCI.

2.4 Pharmacological approaches for the treatment of the spinal cord injury

Unlike the peripheral nervous system (PNS), the CNS of adult mammals has limited
abilities for spontaneous self-repair, which makes the damage resulting from primary injury
irreparable without regenerative or replacement therapies. This is due to the poor intrinsic
capacity of central axons to regenerate (Goldberg et al., 2002), the insufficient neurogenesis
to replace dead neurons (Yang et al, 2006; Vessal et al, 2007), and the negative
environment induced by the insufficient expression of growth factors and the presence of
inhibitory molecules at the injury site (Fawcett, 1997). However, damage from secondary
injury is a better candidate to be prevented or reduced. That is why several pharmacological
compounds targeting detrimental processes of secondary injury have been clinically proven
during the last two decades (Baptiste and Fehlings, 2006). Some of these therapies are the
treatment with methylprednidolone, which has an anti-inflammatory effect, or riluzole, a
Na+ channel blocker, which would minimize loss of ionic homeostasis due to membrane
disruption (Xu et al., 1992; Schwartz and Fehlings, 2001). NMDA and non-NMDA glutamate
receptor antagonists improve tissue sparing and prevent loss of neurons and glia, targeting

excitotoxicity (Baptiste and Fehlings, 2006). Minocycline, a synthetic tetracycline derivate
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antibiotic, also attenuates secondary injury by counteracting excitotoxicity and reducing
apoptosis and inflammation (Tikka and Koistinaho, 2001; Wells et al., 2003; Maier et al,,
2007). Some nonsteroidal anti-inflammatory drugs, as ibuprofen and indomethacin, have
been shown to stimulate axonal growth in vitro and promote axonal sprouting after SCI by
Rho inhibition, but they have not been clinically proved yet (Fu et al., 2007). Rho is a small
GTPase protein that mediates many of the growth-inhibitory effects in the mature CNS (Yiu
and He, 2006). Cethrin (BA-210), another Rho inhibitor, has been tested in clinical trials in
patients with SCI (Baptiste and Fehlings, 2006). Also targeting axonal growth inhibition,
another clinically proven pharmacological treatment is anti-Nogo monoclonal antibodies,
which have been shown to allow axonal regeneration and functional recovery in

experimental models of SCI (Bregman et al., 1995; GrandPre et al., 2000).

Although all these drugs have been demonstrated to promote beneficial effects in
experimental models of SCI, so far there are no pharmacological strategies of proved benefit
in humans. Methylprednisolone has been the first widely used drug therapy for the
treatment of SCI. This practice is based on the National Acute Spinal Cord Injury Studies
(NASCIS) I and II, in which high-dose methylprednisolone has been shown to induce
functional outcomes if given within 6 hours of injury. However, the use of
methylprednisolone in SCI has been hardly criticized, due to doubtful correctly analyzed
data and important side effects (Hurlbert, 2000, 2006). Patients in NASCIS III had higher
rates of severe sepsis and pneumonia, as well as other complications found in other studies,
such as higher rates of respiratory and urinary tract infections, gastrointestinal
complications, wound site infection and needs of longer intensive care and hospitalization
(Pandya et al, 2010). This has led to abandon the application of high-dose

methylprednisolone after acute SCI over the last years.

Despite the lack of current therapies for SCI in clinical use, some promising
preclinical results on protective effects of minocycline have led to the initiation of a clinical
trial at University of Calgary (Canada). This trial was conducted between June 2004 and
August 2008, and consisted in a randomized, placebo controlled and double-blinded pilot
trial of 52 patients, in which intravenous minocycline was given within 12 hours of injury,
and twice a day for the next 7 days (clinicaltrials.gov number: NCT00559494). The results
favor minocycline, compared to placebo, in patients with cervical SCI in 14 points for ASIA
motor recovery over 12 months (Casha et al.,, 2012). Although these functional outcomes
lacked statistical significance, this study is suggestive of improvement in patients receiving
minocycline, and warrant further investigation in a multi-center phase III future clinical

trial.
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3. Lysophosphatidic Acid

Lysophosphatidic acid (LPA) is the simplest phospholipid: it is composed of a
phosphate, a glycerol and a fatty acid in its structure (Aoki et al.,, 2008). It was originally
described as a key intermediate in de novo lipid synthesis, until 1990, when it was identified
also as an important intercellular phospholipid messenger. LPA is a pleiotropic molecule,
present in low concentrations in all mammalian cells and tissues and involved in many
cellular processes including cellular proliferation, prevention of apoptosis, cell migration,
cytokine and chemokine secretion, platelet aggregation, smooth muscle contraction, and
neurite retraction. LPA also induces transformation of smooth muscle cells (Aoki et al,,
2008). Moreover, LPA has critical roles in brain development, neuropathic pain, embryo
implantation, hair growth, blood vessel formation, and inflammation (Okudaira et al., 2010).
Most of the LPA actions seem to be mediated by 6 known G protein-coupled receptors

(GPCR) specific to LPA (Aoki et al., 2008).
3.1 Lysophosphatidic Acid synthesis

LPA is a metabolite in the biosynthesis of membrane phospholipids and is
ubiquitously present in all examined tissues. The generic term LPA (mono-acyl-sn-glycerol-
3-phosphate) often refers to 18:1 oleoyl-LPA (1-acyl-2-hydroxy-sn-glycero-3-phosphate),
reflecting its widespread use. However, many other chemical forms of LPA with different

acyl chain lengths, saturation, and position also exist (Yung et al., 2015).

So far, the molecular mechanisms of LPA production have been poorly understood.
LPA is produced in various conditions, both in cells and in biological fluids, where multiple
synthetic reactions take place (Okudaira et al, 2010). Therefore, LPA is produced both
intracellularly and extracellularly from membrane phospholipids. Intracellular LPA is
thought to be fundamentally structural, aside from an intermediate for the lipid synthesis,

whereas extracellular LPA is involved in many biological functions.

There are two major pathways for LPA production. In the first pathway, LPA is produced
from lysophospholipids (LPLs) by a plasma enzyme, autotaxin (ATX), whereas in the second
pathway, phosphatidic acid (PA) is first generated from phospholipids or diacylgycerol and
then deacylated by PLA; or PLA; (Aoki et al.,, 2008).

e LPA production mediated by autotaxin. In this pathway, LPLs are first produced
by atleast two mechanisms. In activated platelets, LPLs are produced by secretory-

type PLA; (sPLA;-1IA) and phosphatidylserine-specific PLA; (PS-PLA,). In plasma,
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lysophosphatidylcholine (LPC) is produced from phosphatidylcholine (PC) by
lecithincholesterol acyltransferase (LCAT) and PLA;-like enzymes. LPLs and LPC
thus generated are subsequently converted by ATX by its lysophospholipase D
(LysoPLD) activity (Aoki et al., 2008) (Fig. 4).

Regarding ATX, this enzyme is abundantly present in blood and it is implicated in
metastatic and invasive potential of tumour cells, as well as in LPA production.
Indeed, recent studies have shown that ATX and LPA levels are strongly correlated
(Nakamura et al,, 2007; Watanabe N1, Ikeda H, Nakamura K, Ohkawa R, Kume Y,
Aoki ], Hama K, Okudaira S, Tanaka M, Tomiya T, Yanase M, Tejima K, Nishikawa T,
Arai M, Arai H, Omata M, Fujiwara K, 2007). In addition, in ATX-depleted serum and
plasma, LPA production is completely absent (Tsuda et al., 2006). Thus, ATX is
considered to be responsible for LPA production, at least, in blood. In this thesis, we

will show the involvement of ATX in the LPA production after spinal cord injury.

\-%Ht/ LPA receptors

ATX ATX LCAT

LPLs > LPA < LPC < PC
PLA,
sPLAx-Irl\
PS-PLA, Activated platelets
T — T T —— e

Figure 4. Action of ATX through LPA production (Adapted from Aoki et al.,, 2008).
LPA production mediated by phospholipases. In this pathway, there is a
breakdown of PA generated by either phospholipase D (PLD) or diacylglycerol
kinase (DGK) from diacylglycerol (DAG), and is mediated by PLA1 or PLA;-type
enzymes. Because PA is probably located in the cell membrane, this reaction may

occur in cells or on the plasma membrane (Aoki et al.,, 2008) (Fig. 5).

DGK PLA,/PLA,
DAG —> PA > LPA
PLD

Figure 5. Action of phospholipases through LPA production.
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As itis previously mentioned, platelets constitute the main source of LPA production
in plasma. However, several cellular types have been documented to produce LPA, including

fibroblasts, neurons, astrocytes, erythrocytes, adipocytes and cancerous cells.
3.2 Lysophosphatidic Acid receptors

In the last century, LPLs have been known to have biological activity, but these
effects were long thought to be the result of nonspecific detergent-like disruptions of the
plasma membrane. However, these studies were performed at very high, non-physiological
concentrations. Nowadays, it is known that the effects of LPA at physiological
concentrations are mediated by 6 high-affinity cognate receptors (LPA:-LPAs) and perhaps
by additional recently proposed or as yet unidentified receptors (Choi et al., 2010).

LPA and sphingosine-1-phosphate (S1P) signal through G protein-coupled
receptors (GPCRs), which are widely expressed and regulate important cellular functions.
S1P;to S1Ps and LPA; to LPAs are encoded by the endothelial differentiation gene family
(Edg), whereas LPA4, LPAs and LPAs belong to a purino-receptor or non-Edg family. Both
families are activated by LPA (Ohuchi et al., 2008). These LPA receptors regulate a broad
range of cellular functions: cell proliferation, survival, migration, cytoskeletal architecture,
and adhesion. They also trigger a variety of biological activities, including vascular/nervous
system development, reproduction, angiogenesis, immunity/transplantation, asthma,
autoimmune diseases, cancer, cardiovascular diseases, hearing loss, and pain transmission

(Choi etal., 2008).

In an extracellular signaling context, the term LPA generally refers to 1-acyl-2-
hydroxy-sn-glycero-3-phosphate, but distinct chemical forms exist, such as 1-alkyl- or 2-
acyl-LPA. These different forms of LPA, together with the distinct degree of saturation of the
fatty acid, may have a differential affinity for each LPA receptor.

Below, a more detailed description of each LPA receptor is presented (Fig. 6):

e Lysophosphatidic acid receptor 1 (LPA:) was the first high-affinity receptor
identified for LPA. The mammalian LPAR1 gene encodes an approximately 41-kDa
protein consisting of 364 amino acids with 7 putative transmembrane domains. In
mice, the open reading frame is encoded on two of five exons with a conserved
intron, which is shared with Lpar2 and Lpar3, and interrupts transmembrane
domain 6. Lpar1 has been observed in both human and adult mice, clearly in brain,

uterus, testis, lung, small intestine, heart, stomach, kidney, spleen, thymus, placenta,
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and skeletal muscle (Choi et al., 2010). Through the activation of three types of G
proteins (Gaio, Gag/11, and Gaiz/13), LPA1 exerts its effects largely through activation
of MAPK, PLC, AKT, and Rho pathways, cytoskeletal changes, intracellular Ca2+
mobilization, changes in cell-cell contact regulated by serum-response elements,
and adenylyl cyclase inhibition (Ohuchi et al., 2008; Llona-Minguez et al., 2015).
LPA1 has been reported to be involved in several biological functions in the nervous
system, such as neurite retraction, growth cone collapse and migration of
neuroprogenitor cells in vitro. In addition, LPA; signaling has been suggested to
regulate astrocyte proliferation, Schwann cell survival, and oligodendrocyte
maturation and myelination during development (Choi and Chun, 2013). LPA;1 plays
a fundamental role in the pathogenesis of cancer, driving cell motility and
metastasis, and LPA; is also involved in neuropathic pain: elevated ATX-mediated
hydrolysis of LPC leads to higher levels of LPA, which regulates levels of pain-related
molecules through LPA; (Llona-Minguez et al, 2015). Using Lparl~/- mice, it is
known that this receptor is also very important during neurodevelopment. These
mice present 50% perinatal lethality, reduced body size and craniofacial
dysmorphism. During colony expansion of the Lparl~/- line, a variant arose
spontaneously in a laboratory in Malaga, Spain. This new mouse line, named
maLPA;, exhibits more severe developmental brain defects than the original line,

yet has very few perinatal lethality (Estivill-Torrus et al., 2008).

Lysophosphatidic acid receptor 2 (LPA:) has a limited expression in humans,
compared to LPA:. It has a high expression in the testes and leukocytes and
moderate expression in the prostate, spleen, thymus, and pancreas. In cancer cells,
aberrant expression of LPAR2 has been reported in several cases, suggesting a
tumor-promoting role for LPA; (Llona-Minguez et al.,, 2015). In humans, LPAR2
encodes a protein that has a predicted aminoacid sequence of 348 residues, yielding
a calculated molecular mass of around 39 kDa (Choi et al., 2010). LPA; activates
Gatijo, Got11/q, and Gotiz/13va, which convey signals through downstream molecules
that include Ras, mitogen-activated protein kinase, phosphatidylinositol 3-kinase,
Rac, PLC, diacylglycerol, and Rho (Choi et al., 2010). Activation of LPA; signaling is
generally associated with such processes as cells survival and cell migration.
Consequently, LPA; signaling has become a potential factor for cancer metastasis.
Interestingly, several reports have provided evidence for the interaction of LPA;
signaling with other pathways, like interactions with focal adhesion molecule TRIP6

and several PDZ proteins, and zinc finger proteins are also reported to interact

25



directly with the carboxyl-terminal tail of LPA,. These studies provide evidence that
LPA; signaling has cross-regulation between classical G protein signaling cascades
and other signaling pathways to regulate the efficiency and specificity of signal
transduction (Choi et al, 2010). Contrary to Lparl/, Lpar27/- mice are
phenotypically normal, with normal prenatal and postnatal viability (Chun, 2011).
In this thesis, we have used this mouse line to study the contribution of the LPA;

activation in the demyelination process.

Lysophosphatidic acid receptor 3 (LPA3) in humans encodes a 40-kDa GPCR that
is around 50% identical to mouse LPA; and LPA; in amino acid sequence. It is
expressed in human heart, testis, prostate, pancreas, lung, ovary, and brain, being
abundant in mouse testis, kidney, lung, small intestine, heart, stomach, spleen, brain,
thymus and uterus. LPA3 can couple with Gaijo and Gog to mediate LPA-induced PLC
activation, Ca2+ mobilization, adenylyl cyclase inhibition, and mitogen-activated
protein Kinase activation (Choi et al., 2010). LPA3; has been involved in cancer and
inflammation, but despite its expression in the CNS, there are no reported neural
deficits in Lpa3~- mice (Yung et al,, 2015). Lpa3/- mice are variable and normal, but
as LPA; has an important function during embryo implantation, this leads to a very

reduced litter size (Choi and Chun, 2013).

Lysophosphatidic acid receptor 4 (LPA4) was the first identified non-Edg LPA
receptor. It is structurally distinct from classical LPA receptors (it shares only 20-
24% sequence homology to LPAi3), more closely related to P2Y purinergic
receptors, so itis also known as p2y9 receptor. The gene LPAR4 in humans is located
in chromosome X, and the molecular mass is around 42 kDa. LPA4 has a specific
binding affinity to 18:1-LPA and structural analogues of LPA, but not to other
lysophospholipids (Choi et al., 2010). In humans, LPAR4 is ubiquitously expressed
and specifically abundant in the ovary, whereas Lpar4 mRNA in mice is expressed
in heart, skin, thymus, ovary, developing brain, and embryonic fibroblasts (Choi et
al,, 2010). LPA induces morphological changes, such as cell rounding and stress fiber
formation through the Gaiz/1i3 and Rho/Rho-kinase pathways in LPAs-
overexpressing cells. In addition, LPA induces intracellular cAMP accumulation
through Gas, and Ca2* mobilization through Gog/11 and Ga; (Lee et al., 2007). LPA4/-
mice display no apparent abnormalities (Choi et al., 2010), so this mouse line has
been used in this thesis to study the role of LPA4 pathophysiology in spinal cord

injury.
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Lysophosphatidic acid receptor 5 (LPAs) shares 35% homology with LPA4, but it
is still more different to classic LPA receptors. Human LPAR5 encodes a 41 kDa
protein consisting of 372 amino acids. It also belongs to the rhodopsin-GPCR family.
Lpar5 is broadly expressed in murine tissues such as embryonic brain, small
intestine, skin, spleen, stomach, thymus, lung, heart, liver, and embryonic stem cells
(Choietal., 2010). LPA induces neurite retraction and stress fiber formation in LPAs-
expressing cells by coupling to Gai2/13 and increases intracellular calcium levels by
activation of Gog. Moreover, LPA increases cAMP levels and inositol phosphate
production through LPAs activation (Rieske etal., 2007). Other lipid-derived ligands
different than LPA have been recently reported for LPAs, such as N-
arachinodylglycin and farnesyl-pyrophosphate (Choi et al., 2010). LPAs/- mice do
not show abnormalities, so this mouse line has been used in this thesis to study the

role of LPAs pathophysiology in spinal cord injury.

Lysophosphatidic acid receptor 6 (LPA¢) is the most recently identified LPA
receptor (Yanagida et al., 2009). Also known as p2y5 receptor, it shares the highest
sequence homology with p2y9/LPAs among all GPCRs. LPA¢-overexpressed cells
showed activation of the G13-Rho signaling pathway when activated with LPA. LPA¢
seems to be involved in regulation of cell morphology, endothelial permeability and
other processes such as human hair growth (Yanagida et al., 2009). Since LPA¢ mice
or antagonist are not currently available, the contribution of this receptor to

secondary injury after SCI has not been studied.
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Figure 6. LPA receptors and signalling pathways.

4. Lysophosphatidic Acid in the Central Nervous System

LPA plays an important role as an intercellular signaling lipid that producing or
regulating many physiological functions. In spite of evoking a variety of cellular responses
in the majority of the tissues, little is known about the role of LPA in the nervous system,
and most of its known functions arise from in vitro studies. Regarding the LPA receptors,
the nervous system is one of the major loci for LPA receptor expression, and LPA exists in
the brain at relatively high concentrations. LPA receptors are expressed in most cell types
of the nervous system, including neural progenitors, primary neurons, astrocytes, microglia,

oligodendrocytes, and Schwan cells (Chun, 2011).

Here, we summarize some of the cellular effects that LPA exert on both, neural and glial

cells.

e Neurons. The effects of LPA signaling have been mainly evaluated in vitro using
primary neurons and neural cell lines. These effects are largely related to
morphological changes involving growth cone collapse and neurite retraction,
especially in primary cultures of different neuron populations (sympathetic
ganglion cells, dorsal root ganglion neurons -DRG-, retinal and cortical neurons),

from both embryonic and adult mice (Saito, 1997; Fukushima et al., 2002; Bouquet
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et al,, 2007). LPA has also effects on inhibiting neural migration in cortical explants
of embryonic mice (Fukushima et al,, 2002). In addition, LPA has the ability to
modulate neuronal activity in vitro, inducing release of neurotransmitters such as
noradrenalin and dopamine (Nishikawa et al., 1989). On the other hand, in vivo
studies showed that LPA elicits neuronal activity in adult rat spinal cord neurons
and in DRG neurons (Elmes et al,, 2004). LPA promotes neuronal death both by
apoptosis and necrosis, associated with mitochondrial alterations and the
generation of ROS (Holtsberg et al.,, 1998). Finally, LPA also regulates other neuronal
function involving migration, cell death and survival, synapse formation, and

synaptic transmission.

Astrocytes. This type of glial cells is in charge of regulating many biological as well
as pathological processes that are epitomized by astrogliosis. In fact, many in vitro
effects of LPA signaling are related to astrogliosis, affecting proliferation, migration,
morphological changes, and activation of related intracellular signaling (Choi and
Chun, 2013). Another prominent function of astrocytes related to LPA signaling is
the neural differentiation, since LPA-primed astrocytes secrete soluble factors that
increase neuronal differentiation. Moreover, this differentiation might be induced
by epidermal growth factor signaling pathway and the activation of the mitogen-
activated protein (MAP) kinase (MAPK) cascade together with PKA activation in
response to LPA (Spohr et al,, 2011, 2014). In terms of morphology, LPA induces
morphological changes in astrocytes through Rho/ROCK pathway, consisting in the
reversion of astrocyte stellation induced by cAMP, a phenomenon that is associated
with astrocyte activation because of its morphological similarities in vivo (Ramakers
and Moolenaar, 1998). LPA has also been found to decrease both glutamate an
glucose uptake and increase lipid peroxidation in astrocytes (Keller et al., 1996).
Such effect may have consequences on neuron health, as it exacerbates
neurotoxicity and reduces energy supply. Finally, LPA stimulate the expression of
several cytokine genes, including IL-1f, IL-3 and IL-6, suggesting a pro-
inflammatory role that would influence wound healing after CNS trauma. However,
LPA stimulates the synthesis and secretion of NGF, suggesting also a

neuroprotective role (Tabuchi et al., 2000).

Oligodendrocytes. This type of glia plays a major role in myelination in the CNS.
Their functions are also important for CNS development as well as repair after

injuries, particularly remyelination that is composed of a series of events like
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proliferation, migration, and differentiation of oligodendrocyte progenitor cells
(Choi and Chun, 2013). LPA effect on oligodendrocytes seems to depend on the
degree of maturation of these cells. For example, in oligodendrocyte progenitor cells
(OPCs) and immature differentiating oligodendrocytes, LPA induces process
retraction and inhibits oligodendrocyte maturation (Dawson et al, 2003).
Moreover, a more recent study found that LPA may play a role in regulating the later
stages of oligodendrocyte maturation, inducing an increase in the extension of
oligodendrocyte’s processes and an up-regulation of the myelin basic protein (MBP)
(Nogaroli et al., 2009). However, in primary cultured mature oligodendrocytes, LPA
did not show any influence in survival, maturation, cytoskeleton organization or

myelination (Stankoff et al., 2002).

Microglia. Microglia are categorized as a non-neural cell type, but are CNS resident
cells. Upon activation, microglia respond to mediate neuroinflammatory processes.
LPA signaling was reported to regulate proliferation, membrane ruffling and
hyperpolarization, metabolic changes, migration, chemokinesis, and growth factor
upregulation upon activation of the different LPA receptors (Choi and Chun, 2013).
More specifically, there are some controversies regarding the LPA receptor
expression on microglial cells, since there are several microglial cell types in vitro.
Regarding cellular effects of LPA, it has been found to induce proliferation of mouse
but not rat primarily cultured microglial cells (Moéller et al., 2001). However, in rat
microglial cells, LPA have been found to promote ATP release via LPA; signaling, and
BDNF expression (Fujita et al., 2008). In the adult mouse spinal cord, LPA is
synthetized by microglia in their early phase of activation and would be responsible

for neuropathic pain (Ma et al., 2010).

Together, these in vitro and in vivo observations suggest that LPA contribute to

inflammation, and other undesirable effects, such as axonal retraction, demyelination and

neuronal cell death in CNS pathologies. These events would lead to functional and cognitive

loss as well as the development of neuropathic pain. Despite the potential role for LPA in

triggering these detrimental responses, so far there are no many studies addressing the role

of LPA in CNS pathologies. As an exception, the involvement of the LPA in the development

of the CNS has been described in detail. Indeed, at least 2 LPA receptors (LPA:and LPA) are

expressed in the developing brain, contributing to neurogenesis. More specifically, the

absence of LPA; signaling has been found to be directly related to defective cortical

development in mice (Estivill-Torras et al, 2008). Moreover, some years ago, a work
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revealed that the administration of B3, an antibody that is able to bind to LPA and other
lysophospholipids, prevented them from interacting with their receptors, promoting
functional recovery after a spinal cord hemisection in mice (Goldshmit et al, 2012).
Although we have tested this antibody after contusion injury, a more clinical relevant model

of SCI, no beneficial effects were found in this pathology.

4.1 Role of Lysophosphatidic Acid in the spinal cord injury
physiopathology

Little is known about the involvement of the LPA in the SCI physiopathology. We
have recently shown that LPA levels are increased following a contusion injury in mice and
that exogenous LPA exposure led to demyelination of the spinal cord tissue and an
activation of the microglial cells surrounding the site of injection (Santos-Nogueira et al.,
2015). As previously mentioned, demyelination and microgliosis are two important

processes that take place during the secondary phase after the injury.

We have also demonstrated for the first time that LPA signaling via LPA; receptor
contributes to the secondary damage after SCI, and that pharmacological blockade of LPA
results in enhanced locomotor recovery and myelin preservation after SCI, revealing the
important contribution of LPA-LPA; axis in secondary damage (Santos-Nogueira et al.,
2015). Interestingly, LPA-LPA; signaling has been recently shown to impede the sprouting
of corticospinal axons after axotomy, and disruption of this axis enhanced axonal
arborization and functional recovery after pyramidectomy (Fink et al., 2017). We have also
unpublished data indicating that LPA-LPA; signaling also contribute to SCI since the lack of
LPA; leads to greater locomotor skills and reduced myelin loss following contusion injury.

However, LPA3z does not seems to contribute to this pathology.

Over the last years, we have therefore collected several evidences that support the
detrimental involvement of LPA to SCI. However, there are several key questions that need
to be elucidated: (i) how LPA;/LPA; signaling leads to demyelination; (ii) are the non-Edg
family LPA receptors involved in secondary damage?; (iii) can we impede the detrimental
actions of LPA following SCI by targeting autotaxin, the main enzyme that synthesizes this

lipid in tissues? The present thesis will address these critical questions.

31



Objectives

Chapter 1. Microglial LPA:1 and LPA: signalling mediates oligodendrocyte cell

death

To identify the glial cells that are associated with the demyelinating lesion induced
by intraspinal injection of LPA.

To study whether microglial cells become cytotoxic after LPA stimulation.

To evaluate the contribution of microglial LPA; and LPA; activation to
oligodendrocyte cell death.

To elucidate the detrimental mediators produced by microglial cells upon LPA

stimulation that cause oligodendrocyte cell death.

Chapter II. Role of non-endothelial differentiation gene family LPA receptors

in secondary damage after spinal cord injury.

To quantify the changes in mRNA levels of LPAs and LPAs in the spinal cord after
contusion injury in adult mice.
To evaluate the contribution of LPAsand LPAs to functional deficits after spinal cord
contusion injury in adult mice.
To assess whether LPA4 and LPAs are important mediators of secondary damage

after spinal cord contusion injury in adult.

Chapter III. Autotaxin inhibition does not enhance functional recovery after

spinal cord injury.

To quantify the changes in mRNA levels of autotaxin in the spinal cord after
contusion injury.

To assess whether the administration of auto