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Introduction

I - Anatomy of the spinal cord

The mammalian central nervous system is constituted by the brain and the spinal cord.
Whereas the brain is localized inside the skull, the spinal cord is hosted inside the vertebral
column. It starts at the foramen magnum, at the base of the skull, connected to the brainstem. It
is protected by the spinal meninges and by the vertebrae, and ends at the first lumbar vertebra,
although rootlets emanating from each segment continue down until reaching the correct exit
point from the vertebral column. Along all its length, spinal nerves exit the spinal cord,
constituting the dorsal and ventral roots (conveying sensory and motor information,
respectively). In a transverse section of the spinal cord it can be distinguished the gray matter,
with an H shape, and the white matter, surrounding it. The gray matter is mainly occupied by

neuronal cell bodies and the white matter by axonal fibers traveling along the spinal cord (Fig.1).

Organization of the gray matter

The gray matter of the spinal cord is placed at the center, and is full of neuronal cell
bodies, as well as other cell components. It is organized in several regions called laminae,
classified by Rexed. Functionally it can be divided in the dorsal, medial and ventral horn,
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 each lamina (Zigmond et al., 1999; Afifi and Bergman, 2005; Purves et al.,

2008; Anderson et al., 2009):

* Laminae I and Il receive sensory information from nociceptors and convey this information
to the thalamus and to deeper laminae. Projection neurons from small afferents in the
anterolateral system arrive to lamina I, whilst interneurons receiving inputs from small
diameter afferents are located in lamina Il, where they integrate forward and feedback inputs
related with pain transmission. These laminae are also known as marginal zone and
substantia gelatinosa, respectively.

e Laminae Ill and IV are more related to the reception of tactile information. Neurons in this

area receive contacts from AP fibers and from neurons in laminae IV, V and VI. They mainly
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act as interneurons and propiospinal interneurons. From these areas, also known as nucleus
propius, arise some ascending projections to the thalamus via the spinothalamic tract.
Lamina V contains neurons that contact to outer laminae (ll). It receives afferent inputs from
AB and C axons, mainly in wide dynamic range neurons (WDR), which respond in front of
noxious and innocuous stimuli with different firing patterns. In this lamina nociceptive
information from the periphery and from the guts is also received. From this lamina
projections arise to the thalamus and the brainstem through the spinothalamic tract. They
also receive descending rubrospinal and corticospinal connections.

Lamina VI is where proprioceptive connections coming from the muscle spindles arrive and
where the spinocerebelar tract is originated. Descending brainstem connections are also
received here. This lamina is especially large in the cervical and lumbar enlargements, and it
contains numerous propiospinal interneurons, mainly related to the spinal reflex circuitry.
Lamina VIl is the intermediate area of the spinal cord, full of interneurons that communicate
the dorsal and the ventral horn. Neurons placed in this area receive contacts from laminae Il
to VI and from visceral afferent fibers. These cells mainly act as relay points in the
transmission of visceral information.

Lamina VIII, in the ventral horn, receives vestibulospinal and reticulospinal descending
fibers, and its motor interneurons modulate the motor activity through gamma-
motoneurons, which innervate the intrafusal muscle fibers. Its size is reduced in the cervical
and lumbar enlargements, since the motoneuron pools from lamina IX are larger there.
Lamina IX is mainly occupied by columns of alfa motoneurons, as well as by smaller
motoneurons (B and y). It is especially large in the cervical and lumbar enlargements, since it
hosts all the motoneurons responsible for limbs muscle control. The big alfa motoneurons
launch their axons by the ventral roots to innervate the extrafusal fibers of skeletal muscle
and the small gamma motoneurons innervate the intrafusal fibers.

Lamina X is placed around the central canal and hosts neurons which project to the

contralateral side of the spinal cord. It is also known as central gray matter.

Organization of the white matter

The white matter is composed by short and long axons, in addition to glial cells. It is

organized in regions (dorsal, ventral and lateral) which allocate the ascending (sensory) and

descending (motor) tracts, as well as some local pathways restricted to the spinal cord itself. A
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few differences are found between the tract organization of the spinal cord in different species
ranging from rodents, cats, primates and humans. In fact, one of the major differences is the
location of the corticospinal tract: while in humans is placed in the lateral and ventral funiculi,
rats present an important dorsal component of the corticospinal tract (Anderson et al., 2009,

Fig1).

The 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 central nervous system. Below there are described the most important tracts for this work,
the dorsal columns and the spinothalamic tract. Apart from these, there are several other tracts,
such as the spinoreticular, the spinomesencephalic, the spinoparabrachial, the
spinohipothalamic, the spinocervical and the spinovestibular, and the spinocerebellar and
cuneocerebellar tracts.

In the dorsal funiculus, the cuneatus and gracilis fasciculi conform the dorsal columns
tracts, which transmit signals of touch, vibration and position. The dorsal columns contain the
ascending central axons of primary afferents (direct dorsal column pathway) and also axons
coming from postsynaptic dorsal column neurons (second order dorsal column pathway). The
dorsal columns are somatotopically organized, with axons of the lower limb placed at the medial
side and those from more rostral segments progressively placed more lateral.

The spinothalamic tract (STT), placed in the lateral and ventrolateral regions brings
nociception, temperature, pressure and gross touch information to the somatosensory region of
the thalamus. The ventral STT transmits mainly crude touch and pressure sensation. The lateral
STT is focused on transmitting pain and temperature information. While the dorsal part of the
STT is more related to the discrimination and the conscious perception of pain, the ventrolateral
tracts are more related to the gross information regarding pain. There is somatotopic
organization of the axons, with the fibers entering from rostral segments being placed in the

medial part of the tract, and the caudal segments in the lateral part.
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Fig. 1: Schematic diagram of the organization of the gray and white matter of the spinal cord.
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The descending tracts arise from different structures in the cortex and the brainstem,
and reach different areas of the spinal cord. Their main function is to control motor functions,
such as posture, balance, muscular tone, locomotion and skilled movements. The main tracts are
the corticospinal and the rubrospinal, in the dorsal funiculus (rat) or in the lateral funiculus
(human), and convey information about conscious movement. The reticulospinal and
vestibulospinal tracts (together with the ventral corticospinal tracts) mediate control of balance
and posture.

The corticospinal tract (CST) is the most known from all the descending tracts, and its
major bundle is placed in a dorsal position in rodents but not in humans, in which is placed in
the lateral funiculus. This tract decussates at the pyramids of the medulla, and travels along the
spinal cord until reaching intermediate and basal lamina of the dorsal horn (laminae IlI-VII) in
most mammals, although some ending connections have been described in other laminae.

The rubrospinal tract influences general locomotion, but it is thought to play a
cooperative role with corticospinal tract in many animals, thus adding the control of skilled
motor tasks. It is also known that in case of injury in the CST, the rubrospinal tract could partially
supply its function. Not all the rubrospinal fibers decussate, and some travel until reaching the
motoneurons in lamina IX. In humans, the corticospinal and rubrospinal tracts merge in the
descending lateral system, focused in controlling fine movements of the distal parts of the
limbs.

On the other hand, the vestibulospinal, reticulospinal and tectospinal tracts constitute
the descending medial system. In this system, neurons are placed in the brainstem and their
axons travel in the medial part of the ventral funiculus. Their main functions are related to the
control of posture and locomotion. The major function of the reticulospinal tracts is related to
the preparation and modulation of some movements, as well as postural control and
modulation of sensory and autonomic functions. The vestibulospinal tracts are supposed to
initiate the coordinated activity in the limbs and the trunk in order to maintain postural control.
The raphespinal tract has neuromodulatory effects on motor function, as well as modulatory
effects in some autonomic functions and in the perception of pain. The tectospinal tract
originates in the superior colicullus where inputs from the retina as well as somatosensory and
auditory information are received. Its main function is to mediate reflex postural movements in

response to visual and auditory stimuli.
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Spinal circuits:

The spinal cord is something more that bundles of axons conveying ascending and
descending information. Several circuits have already been described to be placed in concrete
regions of the spinal cord, together with local interneuron circuits. Although circuits can be
modulated by brain inputs, most can work independently of them. This explains why a
decerebrated animal can, in certain circumstances, maintain some behaviours such as
scratching, walking, breathing or swimming. Spinal networks are also responsible for posture
control, tonus and reflexes.

One example is the locomotion circuit, orchestrated by the central pattern generators
(CPGs) placed in the cervical and lumbar segments. They coordinate extensor and flexor muscles
to generate rhythmic patterns of movements, and using the afferent inputs to adequate the gait
to the environment. Spinal interneurons are usually involved, adding complexity and flexibility
to the circuits (Edgerton et al., 2008). Some other functions, as reaching and grasping were
thought to be organized only in the cortex, but recently it has been described also a spinal
contribution (Alstermark and Isa, 2012). A network of spinal interneurons and motorneurons has
also been described to be involved in respiratory functions in certain pathological conditions
(Lane, 2011). All these circuits can function without the supraspinal inputs that normally
modulate them, and for this reason, even injured spinal cords preserve some functionality below

the injury site.
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Il - Spinal cord injury

A traumatic spinal cord injury (SCI) is a devastating and unexpected event that usually
conditions the rest of the life of those who suffer it. The first spinal cord injuries were
documented more than two thousand years ago, but it was not until 50 years ago that the
prognosis and the life span of those who suffered it have really improved. Nowadays the
treatments and the medical care has evolved, and patients present a life span very close to those
without it, despite the loss of functionality below the lesion site, the appearance of secondary
complications, and the consequent reduction in quality of life. Researchers and clinicians are
working together in order to improve the present therapies to improve the quality of life of
these patients as well as to reduce as much as possible the secondary deficits such as paralysis,

spasticity, pain, sensory loss, and autonomic dysfunctions.

Epidemiological data about spinal cord injury

The most common causes of SCI are car accidents (50%) and fallings (20-30%), followed
by work and sport accidents (4-11%), and violence injuries (1%). Less frequently, SCI can occur
for medical causes such as tumors, vascular diseases and infections. The incidence is higher in
young people (16-30 years), especially in men (4:1 ratio of male: female). Considering only the
developed countries, SCls present an incidence of 12 to 58 cases per million habitants,
depending on the study.

In Spain there are each year around 800-1000 new cases, and it is calculated that around
25.000 people are living with a SCI. The incidence in Spain is around 24 injuries per million
habitants and year, and it maintains the global ratio of male and females, as well as the main
factors causing them (Herruzo-Cabrera et al., 1993). Regarding traumatic SCls, a slow but
constant decrease has been recorded in Spain in new cases of spinal cord traumas, presenting
every year a mean decrease of 3.5%. In fact, the rate of new SCls is lower in Spain than in other
European countries.

SCls represent a high economical cost, calculated in 2007 as more than 150 millions euros
only for injuries derived from car crashes, and almost 400 millions for injuries caused by other
factors, only in Spain. Some secondary costs are not included in these figures, such as additional
medical care (ambulance and transport services, psychological and social attention, etc) and

lavour costs regarding the loss of productivity, which enormously increase these numbers.



Introduction

Consequences and classification of spinal cord injuries

When the spinal cord is damaged all its functions can be compromised below the lesion
site. The usual consequences are total or partial loss of movement (tetraplegia or paraplegia),
sensation (anesthesia or hypoesthesia), and autonomic deficits (sexual dysfunction, loss of
control of the sphincters, etc). Despite the evident loss of sensation below the injury site, SCI
usually course with pain, being this one of the most devastating symptoms, which severely
affects the quality of life of the patient.

Different factors account for the magnitude of final deficits and consequences of a
traumatic SCI, such as the level of the spinal cord, the severity (partial or complete), as well as the
type of injury (contusion, compression, section ...). The severity of the lesion is evaluated
attending an international classification: Standards for Neurological Classification of Spinal Cord
Injury, elaborated by the American Spinal Injury Association (ASIA) and the International Spinal
Cord Society (ISCOS) (Marino et al., 2003). The neurological level is defined as the last unaffected
segment (in sensory, motor and autonomic terms). This scale indicates the neurological level as
well as if the lesion is complete or not (it is incomplete if there is still some partial preservation of
function below the level site). In any case, due to the poor regenerative capacities of the adult
central nervous system in mammals, most of the consequences are permanent.

Amongst traumatic SCls, there are some different mechanical insults, such as contusion,
compression, hemisection or complete transection. Although sharing many physiopathological
mechanisms, these different lesions present some intrinsic features and therefore can produce
deficits of different severity. The contusion injury is the most frequent and implies the contusion
itself as well as secondary lesions such as the impact of fractured bones. This is the kind of lesion
that most frequently occurs in car crashes (the most common cause of SCls), and consequently is

the one that presents more animal models trying to mimic their pathological features.
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Physiopathology of traumatic spinal cord injuries: primary and secondary

injury

There are several animal models reproducing features occurring after a SCl. Despite
intrinsic differences, animal injury models are quite similar to human injuries, so they are a really
useful research tool and will be further discussed in this thesis. Below the main features

occurring after a contusive SCl are presented (Fig. 2):

* Time course

The events following a traumatic SCI are divided in two phases. The first is known as the
primary injury, characterized by the mechanical trauma and the subsequent hemorrhage,
edema, axonal and neuronal necrosis, as well as an important edema. This phase is located in the
site where the impact has taken place, and is uncontrollable and unpredictable, since it depends
on the trauma itself. In human injuries, it usually implies the fracture of bones and disk
displacement within the spinal canal. Little can be done to reduce or modulate the events
occurring in this phase. The initial trauma causes a transitory state called spinal shock in which
all the spinal functions and reflexes are abolished. The main cause is the transient disruption of
ionic homeostasis. Potassium ions shift from the intracellular to the extracellular space,
provoking the interruption of the generation of action potentials. The spinal shock varies its
duration depending on the species, and although most related to the primary injury, it prolongs
with events occurring in the secondary injury phase.

From hours to days after the initial trauma, a range of secondary cellular and molecular
events occur, constituting the secondary injury. In this phase, the lesion is not restricted to the
injury site itself but tends to expand rostral and caudally to the lesion, increasing the affected
area and the cell death of neurons and glial cells.

There are several physiopathological mechanisms acting simultaneously and usually
forming synergies during the secondary phase, such as changes in the ion homeostasis and ion
channels, changes in neurotransmitters and release of excitatory aminoacids, production of
reactive species of oxygen, mitochondrial dysfunction, lipid peroxidation, and cell death. Despite
being the main responsible for the deficits occurring after the injury, the secondary phase
presents possibilities of modulation, so any therapy or treatment aimed at reducing any of its

components may reduce also the negative consequences of the SCI.
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* Ischemia and vascular alterations

The initial impact causes vascular disruption and hemorrhage, edema and thrombosis
(Tator and Fehlings, 1991). In order to counteract this massive effect, several vasoactive factors
are released, such as thromboxanes, leukotrienes, platelet aggregation factors, serotonin and
endogenous opioids. These agents lead to hypoperfusion, hypoxia and hypoglycemia. In
addition, there are also some problems regarding autoregulation, microcirculation and loss of
neurogenic tone in the vessels. For all this reasons, after an SCI there is an important ischemia
that specially affects the gray matter, since it normally receives more blood than the white
matter. Although this situation is transitory, the reperfusion implies the production of reactive
oxygen species, exacerbating the damage already caused by the ischemia. Moreover, the
ischemia also leads to cell death, which acts as an initiator of signaling cascades that will
eventually expand the area of tissue damage.

Problems regarding the normal blood supply cause a decrease in the supply of oxygen to
the tissue. This anoxia increases the anabolic metabolism, leading to the production of acidic
products such as lactic acid. These molecules reduce the pH of the injured tissue, and affect the

ATP levels, which would eventually affect ion pumps and therefore ion homeostasis.

* Excitotoxicity

One of the consequences of the disruption of cell membranes, by the primary cell death
and the ischemia, is the massive release of glutamate into the extracellular space, together with
a global alteration of ion equilibrium. Increased concentrations of glutamate provoke persistent
neuronal depolarization, which will lead to excitotoxic cell death. The initial activation of AMPA
receptors is followed by the activation of sodium voltage-dependent channels, which results in
sodium influx followed also by chloride influx and the entrance of water. 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. Taken together, these changes produce osmotic cell lysis, as well as the consequent
release of cell contents into the extracellular medium, therefore enhancing apoptotic and

necrotic actions.
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* Oxidative stress

After the SCl there is also an increase in the formation of free radicals and reactive oxygen
species (ROS), in part secondary to the activation of glutamate mediated intracellular pathways.
This activation leads to an increase in intracellular calcium, COX2 and prostaglandins synthesis,
and obviously to the formation of ROS. These compounds are highly oxidizing and cause the
oxidation of lipids, proteins and DNA, leading to metabolic dysfunction, as well as to neuronal
and glial death. They can also enhance the already existent excitotoxicity by impairing
glutamate uptake by astrocytes (Rao et al., 2003), as well as by modulating the action of several
proteins and enzymes. Their action on lipid peroxidation also contributes to cell membrane
disruption, contributing again to cell death and generation of more ROS; then promoting a
positive feedback that can expand the secondary damage from the epicenter of the injury to
rostral and caudal regions. Another source of ROS is provided by leukocytes that invade the
spinal parenchyma after the SCI, as well as activated microglia and astrocytes. It has also been
proposed that ROS contribute to hyperexcitability by mechanisms barely known, but that could

include modulation of glial reactivity or second messenger systems (Hulsebosch et al., 2009).

* Inflammation

SCls include an important inflammatory component, starting just after the injury, and
involving both cellular and humoral components. After the initial trauma, neutrophils rapidly
infiltrate into the tissue (Yang et al., 2004; Fleming et al., 2006), where they produce ROS and
promote the release of lysosomal enzymes and phagocytosis. The damaged endothelial cells
secrete proinflammatory cytokines such as IL-1 TNFa and IFNy, contributing to the recruitment
of blood and immune cells. During the first hour after the SCI, the resident microglia become
activated and begin to proliferate. This population shifts to a more phagocytic phenotype, and
starts to release proinflamatory cytokines in the area of the lesion, affecting neurons, astrocytes
and other glial cells. Inflammatory signaling cascades promote the recruitment of more immune
cells within the first hours, and contribute to extend tissue damage. Nevertheless, this
inflammation has also a positive effect on cleaning the area of rests of dead cells and myelin
debriss. Macrophages do this task, and can be detected within the injured spinal segments
during the first week and until some months after the injury. Macrophages also produce
inflammatory mediators such as cytokines, interleukins and prostaglandins that cause cell death,

demyelination and the formation of ROS. Macrophages are also known to produce some
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neuroprotective molecules, and contribute to the restoration of the tissue functions after the
injury.

Together with the inflammatory cells arriving to the injured area, resident glial cells also
play an important role after the SCI. The microglial populations become reactive, proliferative
and phagocytic after the lesion, and release inflammatory mediators. The astrocytes, the most
abundant cells in the CNS, play an essential role in maintaining the homeostasis in the nervous
tissue. A few hours after the SCI they become activated, and last in this state for months or even
years. They are the main responsible of filling the empty spaces caused by cell death as well as to
form the glial scar, and act as buffers of glutamate, in order to reduce their increased
concentrations. Moreover, they secrete some proinflammatory cytokines (IL-1, IL-6, IL-10, MCP-1,
TNF-a, etc.), contributing to the maintenance of the inflammatory process. Although the
inflammatory response is necessary to heal the injured tissue, inflammation is one of the most

detrimental features of the SCI, and a lot of efforts are being done to modulate its evolution.

* Cavity formation and inhibitory environment

One of the typical features of the spinal cord contusions is the formation of a cystic cavity
in the epicenter, although it can be extended rostrally and caudally. This cavity is filled at the
beginning with cellular debiris, rests of injured axons, inflammatory cells and astrocytes, but it is
progressively replaced by liquid as the immune cells scavenge the debris and the myelin. The
cavity is tightly surrounded by reactive astrocytes and condroitin sulphate proteoglycans,
although it can include also fibroblasts, microglial cells and oligodendrocytes. The glial scar is
one element designated to limit the expansion of the lesion to the intact tissue, but it also
constitutes an important barrier for the regeneration of the spared axons.

Together with the glial scar and the cavity, the presence of inhibitors of neuronal growth
also difficults the regeneration of the neural elements after the SCI. The three more potent
inhibitors are Nogo, myelin-associated glycoprotein (MAG) and oligodendrocyte myelin

glycoprotein (OMgp), all of them associated to myelin.
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Primary injury Secondary injury

Fig. 2: Pathophysiology of a traumatic SCI: 1: Contusion; physical disruption of spinal tracts, cell death of neurons
and oligodendrocytes; breakdown of the blood brain barrier. 2: Infiltration of immune cells to remove cell and
myelin debriss, initial formation of a cavity surrounded by glial scar and full of death cells and immune cells. 3:
Degeneration of caudal segments of the injured axons, as well as demyelination of axons partially alterated.
Activation of glial populations and infiltration of inflamatory cells in the surrounding tissue. 4: Changes in ion
concentrations, release of excitatory aminoacids and proinflammatory mediators. 5: Final stablishment of the cavity,
and progressive normalization of aminoacid levels; spared axons can sprout. 6: The glial scar is full of inhibitory cues
that difficult the regeneration across the injury site. Progressive reduction in glial reactivity and inflammation.
Adapted from (Ronsyn et al., 2008)
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lll. Physiology of pain

Pain is a physiological experience, designed to alert us from potential damages to our
body, so it has a clear protective role. When the pain circuits are correctly working they aware us
from external (abnormal heating, pinch stimuli, etc) or internal stimuli (cardiac ischemia) that
would potentially hurt the tissues. Ideally, the sensation we perceive should be unpleasant
enough so it cannot be ignored, and the sensation should continue as long as the stimulus is

|ll

present. Different types of “normal” pain can be distinguished depending on their origin and
characteristics: acute (or pricking), chronic (or burning) and continuous or visceral.

The inflammatory pain is that pain related to inflammation affecting peripheral tissues
that are supplied with nociceptive fibers. The neuropathic pain would be then that caused by a
lesion or dysfunction in the central or peripheral nervous tissue. Although the neuropathic pain
can be sometimes accompanied by inflammatory processes, it is important to distinguish the

two kind of pain, since their processes and mechanisms can differ (Graeber and Christie, 2012)
Nociceptors and nociceptive fibers

There are two main types of nerve fibers conveying pain information: C fibers and Ad
fibers, (table 1). In both cases, the stimuli can come from the skin, muscle and joint tissues or
certain visceral structures. They do not present a clear ending receptor structure, and are
commonly identified as free nerve endings.

ASd fibers are thinly myelinated, so they can conduct a fast pain signal, at 5-30 m/s. In this
case, Ad nociceptive fibers convey nociceptive information as well as information coming from
intense mechanical or thermal stimulation. This fast pain has been reported as the first pain, the
initial painful and sharp sensation just after the contact with the noxious stimuli (Fig.3).

C fibers are related with a slow pain, since these unmyelinated fibers conduct impulses at
less than 2 m/s, normally regarding thermal, mechanical and chemical stimuli. Most act as
polimodal nociceptors, although a proportion seems to be sensitive only to mechanical or
thermal stimuli. This slow pain is also called second pain, and evokes a diffuse and long lasting

painful sensation, more diffuse and prolonged than the pain evoked by the AS fibers.

16



Introduction

T : First Second
pain pain

Pain
inlansiy

~ 4B
—Acl
-

Fig 3: First and second pain are transmitted by myelinated and unmyelinated fibers, respectively.

Aa Yes 13-20 80-120 Proprioception of skeletal muscle.

AB Yes 6-12 35-75 Touch, mechanoreceptors.

Ad Yes 1-5 5-30 Pain. mechanical and thermal stimulation.
C no 0.2-1.5 0.5-2 Pain.

Table 1: Primary afferent axons arriving to the spinal cord.

The transduction of the nociceptive information starts in the periphery, where a stimulus
is able to activate the nociceptor endings, by stretching or bending the nociceptor surface or by
promoting the activation of ion channels present in its membrane. At the site of injury some
algenous substances are released, such as proteases, bradikinin, ATP, and potassium ions.

Due to the variety of stimuli that can elicit nociceptive signaling (thermal, mechanical and
chemical stimuli), different specifics receptors have been described. Both Ad and C fibers present
the vanilloid receptors or transient receptor potential (TRPV) receptors, which respond to heat
and capsaicin. There are several TRPV receptors, differing in the range of temperature that
activates them. They resemble voltage gated ion channels, presenting six transmembrane
domains and a central pore which allows an influx of sodium and calcium that initiates the
generation of action potentials. These action potentials are transmitted to the spinal cord, where

the signals will be integrated and transmitted to other areas.
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Ascending pain pathways

The nociceptive information arriving from the periphery travels along the peripheral
axonal branch of primary nociceptive neurons, whose soma are located in the dorsal root
ganglia, and the central axon entering into the spinal cord by the dorsal roots. After the dorsal
root entry, they travel within the zone of Lissauer, in which axons move up or down a pair of
segments before entering the gray matter of the dorsal horn, in a region called substantia
gelatinosa. Central nociceptive terminals contact to second order neurons mainly placed in
laminae I and Il (pure nociceptive), and V (mixed nociceptive and mecanosensory). Sensory fibers
that are peptidergic terminate mostly in laminae | and outer I, and a few in lamina V; those that
are non-peptidergic (labeled by binding lectin IB4) terminate mostly in the middle third of
lamina Il. The main neurotransmitter involved in these first relays is glutamate, but also
substance P, acting as cotransmitter in peptidergic nociceptors, and important to experience
moderate to intense pain.

From the second order neuron the thermal and nociceptive information crosses the
midline and ascends to the brain in the spinothalamic tract. This decussation occurs at the spinal
level and in two or three segments all the fibers are in the contralateral side. The ascending
axons travel through the medulla, the pons and the midbrain without synapsing, until reaching
the thalamus. From here, the information is conveyed to the primary somatosensory cortex. This
route is followed in order to transmit the gross information of pain, the essential information for
the brain to note stimuli that threaten the integrity of the body. This route is called the
spinothalamic pathway, part of the anterolateral system (Fig.4).

Axons from the second order spinal neurons make relays on different structures and
nucleus, in order to mediate different aspects of the sensory and behavioral response to pain.
One of these aspects is the sensory discrimination of pain (location, intensity and quality). The
main responsible of this discrimination is the thalamus, in particular the ventral posterior lateral
(VPL) nucleus. Another aspect is the affective or motivational, more related with the emotion
that pain provokes in the individual who is suffering it (unpleasant feeling, fear, anxiety and
secondary autonomic reactions). In this case the information travels by the spinoreticular and
spinomesencephalic tracts, reaching several structures, such as the reticular formation, the
superior colliculus, periaqueductal gray matter, hypothalamus and amygdala. In addition to this,

another group of neurons constituting the anterior spinothalamic tract, reach another structure
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in the thalamus, the midline thalamic nuclei, that will later connect with the anterior cingulate

cortex and the insular cortex.

Paleoapirethalim
Tract

™ S—

Fig 4: ascending pathways of somatic sensations: The dorsal column-medial lemniscus pathway in the left and the
anterolateral system in the right.
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Fig. 5: Different aspects of pain. Adapted from Purves.

Apart from the anterolateral system, another fraction of information entering from the
peripheria travels along the dorsal columns, which will provide more qualitative information of
the stimulus that is reaching the nociceptive signaling system. This route is used essentially by
the mechanoreceptive afferents, which provide information about touch, vibration and
proprioception, and is known as the dorsal column-medial lemniscus system. This information
travels directly by the central axons of primary sensory neurons in the dorsal columns ipsilateral
to the site of entrance until the dorsal column nuclei in the medulla, where it decussates to reach
the thalamus in the contralateral side and later on the cortex. This system is also related to the

discriminative aspects of pain (Fig.5).

Descending control of pain

Once the nociceptive information arrives to the higher level centers, it is integrated in
order to elicit a complex physiological response in front of the noxious stimuli, and also
modulated in order to reduce the intensity of the painful sensation. The main mechanisms for
pain modulation conform the descending pathway (Fig.6). One of the most important regions is
the periaqueductual gray matter (PAG) in the midbrain, but there are other regions in the

brainstem also involved in this process: parabrachial nucleus, medullary reticular formation,
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locus coeruleus and raphe nuclei. These centers use noradrenaline, serotonin, dopamine,
histamine and acetylcholine to exert both excitatory and inhibitory effects on different sets of
neurons in the dorsal horn. Then, they can act on synaptic terminals of nociceptive afferents,
interneurons (excitatory and inhibitory), synaptic terminals of other descending pathways, and
projection neurons. These contacts do not only act inhibiting the transmission of nociceptive
information but also modulating it, as well as controlling the balance between excitation and
inhibition in the spinal cord.

The main action of the PAG is to modulate nociceptive signalling in the dorsal horn by
secreting endogenous opioids (enkephalins, endorphins and dinorphins) on the dendrites of
nociceptive neurons and WDR neurons, causing the hiperpolarization of the second order
neurons that implies its partial inactivation. They also release glycine on the terminals of primary
afferents (AP and C fibers), inducing a presynaptic inhibition that reduces the release of
neurotransmitters on the second order neurons. Finally, the secretion of glutamate from the
PAG excites the GABAergic interneurons in lamina Il of the dorsal horn. This promotes the
release of GABA on the second order neurons, hyperpolarizing them and therefore inhibiting
them.

The PAG also causes the depolarization of serotoninergic neurons in the raphe
magnocellular nucleus (RMN), which project to second order neurons in the dorsal horn via the
raphespinal tract. The binding of serotonin to receptors 5-HT; and 5-HT, induces an increase in
the conductance of potassium and therefore the hyperpolarization of the second order
nociceptive neurons. It also interacts with 5-HT; receptors in the dendrites of GABAergic
interneurons in lamina I, inducing the release of GABA and the inhibition of second order
neurons. Something similar happens when PAG neurons secrete glutamate on the locus
coeruleus neurons. Once depolarized, these neurons release noradrenaline, which causes
hyperpolarization of the nociceptive second order neurons by binding to a-adrenergic

receptors.
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Fig. 6: Descending control of pain. Adapted from Purves.

Local circuits within the dorsal horn also play a role in modulating the nociceptive
system. One of these systems was proposed by Wall and Melzack, and called the “gate theory of
pain” (Melzack and Wall, 1965), which actually is included under the afferent regulatory system
of pain. This theory says that the activation of mechanoceptors (A fibers) can act on local
interneurons to inhibit the transmission of information from C fibers to the dorsal horn
projection neurons. This would explain how a mechanical stimulus such as scratching can
temporarily give relief from pain in the same area.

Similarly, it has also been described a mechanism by which pain can inhibit pain. This
phenomenon is called diffuse noxious inhibitory control (DNIC), or heterotopic noxious
conditioning stimulation (HCNS) if strictly referred to human assays (Sprenger et al., 2011), and
implies a spinal-medullary-spinal pathway. DNIC systems permit a spinal neuron to be inhibited
by a nociceptive stimulation applied in another part of the body (outside its receptive field), thus
inhibiting the pain sensation after the application of a remote pain stimulation. WDR neurons
and trigeminal nociceptive neurons play a key role in this phenomenon, which is subjected to
regulation by serotoninergic pathways, and probably by opioids (Cervero, 2006). DNIC effects
are usually contralateral and extrasegmental, and highly depend on the intensity of the stimulus.
DNIC mechanisms are important since they may reflect alterations in the function of central

descending inhibitory systems that could be potentially involved in chronic pain. In fact,
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research based on the use of DNIC has shown interesting results, since dysfunctions in DNIC
were found in chronic pain conditions such as fibromyalgia or irritable bowel syndrome (van
Wijk and Veldhuijzen, 2010).

Other elements are also involved in pain regulation, such as the endogenous opioids.
Several brainstem regions, most of them conforming the descending system of pain control, are
susceptible to the action of these molecules, provoking an important analgesic effect.
Endogenous opioids are classified in three groups, called enkephalins, endorphins and
dynorphins, which present different distribution along the nociceptive system. Enkephalins, for
example, can be released by local neurons on the dorsal horn, then impeding the release of
neurotransmitters from the terminals onto the projection neurons, and therefore diminishing
their level of activity. This local circuit can also be the target of other descending inhibitory
projections, therefore constituting a powerful control mechanism of the amount of nociceptive
information able to reach superior centers. Endorphins are released in pain states within some
brain regions, but they can also provide tonic analgesic effect in the dorsal horn. Dynorphins
have been described to increase after neural injuries, and are related to the development of
thermal hyperalgesia by acting on the NMDA receptors and driving to spinal sensitization

(Ossipov et al., 2000).
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IV - Neuropathic pain after spinal cord injury

Pain is defined by the IASP (International Association for the Study of Pain) as “an
unpleasant sensory and emotional experience associated with actual or potential tissue damage, or
described in terms of such damage”. Neuropathic pain (NP) can also be defined as that pain
provoked by a lesion or a dysfuntion in the nervous system.

Although sharing features with other kinds of pain (inflammatory or cancer pain), NP
presents some particular characteristics. Nociceptive and inflammatory pain can be both
symptoms of peripheral tissue injury, and present a clear defensive, beneficial component,
whereas NP is a symptom of neurological disease or injury, either affecting the peripheral or the
central nervous system (Cervero, 2009), and instead of a defensive component it is considered as
a maladaptive response. NP can be defined as central or peripheral depending on the site of the
neural injury. Then, SCl may cause a syndrome of central NP, since the lesion affects the CNS. In
the case of central pain syndromes, a taxonomy has already been established, in which pain is
classified as below-level or at-level pain (Michaelis, 1970; Siddall et al., 1997). Below-level pain is
the pain that arises from dermatomes below the segmental level of the injury site, and at-level
pain is that pain felt in dermatomes surrounding the injury site. Although above-level pain is
also sometimes described (placed in dermatomes above the injury site), this kind of

manifestation is not as usual as the other two types after a SCI.

Epidemiology and characteristics of pain after SCI

Neuropathic pain may appear from weeks to months after the injury, with usual onset in
the first 6 months in humans (Widerstrom-Noga et al., 2001a), and affects around 70-80% of SClI
patients (Siddall and Finnerup, 2006; Soler et al., 2007; Hulsebosch et al., 2009). It is one of the
most devastating consequences of a SCI, having a great impact on the quality of life of the
patient, since dealing with pain can difficult daily issues as sleep, work, exercise and housework
(Widerstrom-Noga et al., 2001b). In fact, SCI patients suffering from NP present fatigue, anxiety
and sadness, as well as a high rate of depression and suicide (Soler et al., 2007). The pain felt by
SClI patients is usually described as a severe painful sensation, and greatly influences their mood

and daily activities. For these reasons it is essential to count on effective treatments, since even a
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small reduction in the pain intensity can be important. Unfortunately, at least one third of the
cases are refractory to most pharmacological treatments.

One of the characteristics than can be used to distinguish nociceptive pain from NP is the
quality of the pain: nociceptive pain usually is referred as aching, whilst NP is usually burning or
shooting. When assessing pain in humans, there is plenty of descriptors than can be used and
help the clinicians: sharp, shocking, burning, pressing, shooting, pricking, pulsating, crushing,
cramping, dull, electric, radiating, stabbing, cold, penetrating, stinging, etc. It is also important to
assess the severity of the pain that do not necessarily correspond to the intensity reported by
the patient. The onset, extension and continuity of the pain should be also assessed
(Widerstrom-Noga et al., 2001a). Although NP can be located in every part of the body, the back
appears to be one of the most painful areas, followed by thighs, legs and feet, since are reported
as painful areas in half of the patients (Widerstrom-Noga et al., 2001a).

NP can be spontaneous, if it appears without any noxious stimulus, or evoked, when a
stimulus is eliciting the painful response. The response to an evoked noxious stimulus is usually
abnormal in a NP state, and we can refer to hyperalgesia (when the response is exaggerated to
the evoked noxious stimulus) or to allodynia (when an innocuous stimulus causes a painful
response) (Fig. 7). It is important to take into consideration that sometimes NP can be
considered as pathological since it does not correspond to a real threatening stimulus or to a
potential damage. In fact, whilst normal pain is something important and necessary for the

survival of the individual, NP usually does not follow this principle.
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Fig. 7: shift in the normal response to
innocuous and noxious stimulus after an
injury.

B el DMLY Pdicing i

Stimulus intensity

25



Introduction

Mechanisms of neuropathic pain after a SCI

It is widely accepted that the appearance and maintenance of neuropathic pain after SCI
is a secondary injury feature. Several distinct mechanisms have been described as contributors
to the development of NP after central injuries. After a SCI, all of them may act simultaneously,
and it is dificult to unravel if some mechanisms are more responsible than others in the
appearance of pain. In any case, it is important to know them all to provide new therapies and
treatments focused to each of them. In addition, it is essential to distinguish the role of injured
segments (those close to the injury site) from the intact segments of the spinal cord, not directly
affected by the injury but which also suffer functional changes. Despite minor changes, the
peripheral components of the nociceptive system are usually unaffected by a SCI, therefore
central mechanisms must account for the enhancement in the nociceptive transmission

pathway. The most important central changes are briefly explained below.

* Dorsal horn hyperexcitability and central sensitization

Several injury features, such as the release of massive amounts of excitatory amino acids
and proinflammatory mediators, induce hyperresponsiveness in the neurons of the dorsal horn.
This includes a shift in the neurons which respond to noxious stimulus, increase in the
spontaneous background activity, and alterations in sodium channels and currents (Hulsebosch
et al., 2009). It has been also reported that a proportion of inhibitory interneurons die after the
injury, therefore contributing to the loss of inhibition in the dorsal horn, as well as reduction of
inhibitory transmitters content in the surviving interneurons and downregulation of their
receptors (Costigan, 2000).

A specific element of the hyperexcitability is the central sensititzation. By definition,
sensitization is an increase in the response to a determined stimulus, and therefore it may
happen at any place of the nociceptive system (Baranauskas and Nistri, 1998). Although
peripheral nociceptors are known to increase their responsiveness under certain conditions, it is
though that the main sensitization takes place in the spinal cord (Woolf, 1983), and for this
reason this phenomenon is usually called central sensitization. Central sensitization is the
expression of an increase in excitability of neurons in the spinal cord (Woolf, 1983). This can be
seen at a single cell level as a change in the receptive field, a reduction in the thresholds, or as an

increase in the response and the recruitment of new inputs. This is translated into an abnormal
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or increased sensitivity to external inputs, as well as the spread to uninjured sites, a
phenomenon also known as secondary hyperalgesia. Sensitization may be due to different
situations: increased sensitivity, loss of inhibitory control, increase in responsiveness, changes in
the surrounding circuits (activation of silent synapses, deafferentation), changes in ion channels
that alter membrane properties, receptor plasticity, or alteration in membrane transporters
(Baranauskas and Nistri, 1998; Hulsebosch et al., 2009).

At the molecular level, central sensitization shares some characteristics with long-term
potentiation (LTP), since both phenomena have an early activity-dependent phase followed by a
secondary phase which implies synthesis of new proteins (for example, cytokines). Moreover, in
both cases the NMDA receptors are at the beginning of the cascade of molecular events, which
include activation of adenyl cyclases, PKA, PKC, CaMK, which will produce the phosphorilation
and activation of different MAPKs (ERK1/2, p38, c-jun N terminal kinase). These kinases would
later act on different transcription factors to modulate the gene expression (for review see
(Hulsebosch et al., 2009). In all the steps of this cascade, the increase in calcium influx after the
injury is present, activating different signaling pathways.

Central sensitization includes a secondary phase that implies synthesis of some cytokines
and chemokines. Cytokines are intercellular communication proteins, and their binding to
receptors causes the activation or the expression of some surface molecules and membrane
receptors, and the activation or differentiation of some cell types. They are usually secreted by
immune and some neural cells, and are closely related to inflammatory processes. Some of the
most important cytokines are the interleukins, usually synthesized by leucocytes, and that can
act as proinflammatory (IL-1, IL-6, IL-8...) or antiinflammatory mediators (IL-2, IL-4, IL-10...).
Proinflammatory cytokines are considered as pro-algesic molecules, since they can contribute to
the depolarization of nociceptive neurons as well as to the sensitization of receptors (White et
al., 2005). Chemokines are cytokines with chemotactic functions for the migration and
recruitment of immune cells to the injury site. All of them act coupled to G receptors, and their
production and secretion are usually related to inflammatory processes, since their
concentrations are very low in normal conditions. After a SCl, their production and the
expression of their receptors is upregulated and maintained, contributing to the maintenance of
inflammatory processes as well as hyperexcitability states and persistent pain states. These
molecular cascades are usually under the action of TNFa (White et al., 2005; Moalem and Tracey,

2006). TNF-a acts sensitizing AS and C fibers receptors. Together with IL-13, it promotes the
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expression of NFKB, which will promote the synthesis and release of more inflammatory

mediators.

+ @Glial activation

In the last years, glia has received more attention and nowadays it is thought to be
involved in pathological pain states (Watkins et al., 2001). The dysfunction of neurons is not the
only cause of NP, and despite the beneficial properties of microglia and astroglia in the lesion
site just after the injury, they can become pathologically activated and contribute to NP (Watkins
et al., 2001; Hains and Waxman, 2006; Scholz and Woolf, 2007; Gwak and Hulsebosch, 2009).

Microglia seems to be more related to the initial phase of persistent NP, the induction,
while astroglia is more related to the maintenance of NP (Hains and Waxman, 2006; Inoue and
Tsuda, 2009). Several mechanisms can account for this induction, including the release of
cytokines, chemokines and prostaglandines, as well as the interaction with neurons in the
synapses and the endocannabinoid pathway (Graeber and Christie, 2012).

Microglia becomes quickly activated after the injury, since they have a very low threshold
of activation and respond to a wide range of disease or damage stimuli (Scholz and Woolf, 2007;
Graeber and Christie, 2012). In normal conditions, microglial cells act sensing the
microenvironment, especially near the synaptic areas, so they act as a tissue alarm system. Once
activated, microglia display a clear change in morphology, as well as in expression profile. The
expression and release of some modulatory molecules led to the concept that microglia form
part of inflammatory processes in the CNS, called neuroinflammation. Microglia can become
activated by differents pathways, some of them mediated by inflammatory mediators such as

chemokines and cytokines:

a) Fractalkine, CX3CL1: fracktalkine is expressed by neurons and its receptors are placed in
glial cells (Lindia et al., 2005). It is considered a neuron-to-glia signal released from damaged
neurons, binding to glia to induce its activation (Watkins et al., 2001). Fractalkine is a
transmembrane protein that requires proteolytic cleavage of cathepsin to be released.
Cathepsin is produced and released by microglia (Clark et al., 2009).

b) Interferon gamma, IFN-y: its receptor is considered a key element in promoting the
adquisition of an activared state in microglia that drives neuropathic pain (Inoue and Tsuda,

2012).
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c¢) Monocyte chemoattractant protein-1, MCP1 or CCL2: chemokines mediate the
communication between microglia and neurons, and are known to increase nociception.
MCP1 is released in an activity dependent manner from the central terminals of primary
sensory neurons (Thacker et al., 2009) and from astrocytes. It can be induced by TNF-a and
IL1 released by activated microglia, hence regulating the excitability of dorsal horn neurons.
In fact, the binding of MCP1 to its receptor reduces the inhibitory effects of GABA, facilitating
depolarization (Zhang and De Koninck, 2006), and therefore contributing to pain states.

d) Prostaglandin E2, PGE2: can be secreted by microglia in remote regions of the lesion, and
promotes hyperexcitability in the dorsal horn neurons (Hulsebosch et al., 2009). Their actions
are mediated by the postsynaptic inhibition of glycinergic receptors, and the direct
depolarization of some neurons in the inner lamina of the dorsal horn. It can also modulate
the synaptic transmission by promoting the increase of glutamate in the synaptic cleft and
the reduction of the inhibitory effects of glycine (Ma and Quirion, 2008). The communication
between neurons and activated glia mediated by PGE2 is considered as a tonic influence in

NP, more related to chronic than acute pain.

Another form to activate microglia is by acting on the toll-like receptor 4 (TLR4). This
activation is related to the production of prostaglandins and TNF-a. Another receptor involved is
the purinergic receptor P2X4 (P2X receptor, ligand-gated ion channel 4). The P2X4 receptor is
expressed by activated microglia and mediates an increase in calcium and the activation of p38
kinase. This activation induces the synthesis and release of BDNF, a protein used in the
communication between microglia and neurons that can cause a shift in the neuronal anion
gradient that would underlie NP.

Endocannabinoids are also related with microglia activation and pain. The cannabinoid
type 1 receptor (CBR1) is highly expressed in neurons and at low levels in microglia. CBR2 is also
expressed by microglia, as well as other uncommon or abnormal cannabinoid receptors. CBR2 is
especially upregulated in activated microglia, and it is related to an increase in proliferation and
chemotaxis and to a reduction in the release of pronociceptive mediators, such as free radicals
and TNF-a (for a review see (Graeber and Christie, 2012). Regarding the function of these
receptors in NP, it is thought that endocannabinoids act on CBR1 at inhibitory synapses reducing
aberrant excitatory activity, whereas CBR2 activation on microglia would produce a reduction in

the release of nociceptive mediators.
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Together with the microglia, the astroglia also play essential roles in the maintenance of
chronic NP. Activated astrocytes release cytokines and chemokines which would act enhancing
and perpetuating persistent pain states in the spinal cord. It is assumed that microglia presents a
fast activation after injuries, and that astroglia progressively replaces microglia. Astrocytes
contribute to pain maintenance possibly by a PGE2 mediated pathway, as well as by changing
the expression of IL-18R, GLT1, and ERKs. The JAK-STAT3 pathway is also activated in microglia,
and it is related to the activation of astrocytes and to some pain symptoms. Astrocytes can
perpetuate pain states by secreting inflammatory mediators, such as TNF-q, IL-1B, IL-6 and NO
(Vallejo et al., 2010).

It is important to note that populations of glia are initially activated in the areas
surrounding the lesion, but with time, all the inflammatory mediators as well as other signaling
molecules diffuse and contribute to the extension of the area affected by the lesion changes.
This can also contribute to the remote activation of glia in regions away from the injury site, such
as other regions of the spinal cord, or even supraspinal centers. (Watkins et al., 2001; Zhao et al.,
2007; Gwak and Hulsebosch, 2009; Carlton et al.,, 2009). This remote activation is another

mechanism contributing to chronic NP and plastic changes in spinal circuits after the lesion.

* Loss of descending inhibition

The spinal cord lesion disrupts spinal tracts, as those descending from modulatory
centers of pain such as the periaqueductal gray matter, the raphe magnocellular nucleus and the
locus coeruleus. In normal conditions, these tracts, placed in the dorsal part of the spinal cord,
modulate the ascending nociceptive pathways. After a SCI, their inhibitory and modulatory
functions are seriously compromised. Although descending tracts provide both excitatory and
inhibitory inputs, after a SCl the loss of the inhibitory inputs becomes especially important, since
the injury itself causes a high excitability. The final balance between excitation and inhibition in
the spinal cord is clearly biased to excitation. This can contribute to the appearance of clinical

signs such as spasticity, hyperreflexia and NP.

» Disinhibition and plasticity

Apart from the loss of descending inhibition, another feature contributing to the

hyperexcitablity in the spinal cord after SCl is disinhibition. This can occur because of the death
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of inhibitory interneurons caused by the excitoxicity of the lesion, the reduction in the release of
inhibitory neurotransmitters from surviving interneurons, or the reduction in the expression of
inhibitory transmitter receptors (Costigan and Woolf, 2000; Meisner et al., 2010). Another
important change to take into account is the important plasticity and reorganization
properties of the spinal circuits, that imply functional changes of different elements. The dorsal
horn is organized in laminae; lamina I-1l only receive nociceptive inputs in normal conditions,
and lamina Ill and IV only inputs related to touch and temperature. After an injury, this clear
organization can be lost, as some A fibers arriving to lamina Ill-IV can produce aberrant
sprouting and reach outer laminae. This may imply that some innocuous, tactile information will
be processed abnormally in a nociceptive territory, constituting a potential mechanism for
allodynia (Costigan and Woolf, 2000).

Silent circuits and synapses in normal conditions can also become activated after an SCI,
as has been shown to occur after peripheral nerve injuries (Koerber et al., 2006). Another
plasticity phenomenon is the disinhibition itself, that can be produced by a shift in the
properties of some inhibitory receptors (for example the loss of inhibitory function in GABA
receptors, in relation with a shift in the function of chloride transporters NKCC and KCC) (Pitcher
and Cervero, 2010).

Neural plasticity occurring after a SCl is also detectable in reflex circuits, which are usually
used as an indirect measure of central hyperexcitability. Electrophysiological changes caused by
the lesion and by following plastic reorganization can produce the appearance of hyperreflexia
and an increase in wind-up responses, that can eventually lead to spasticity and NP. It has been
also reported that SCI induces plastic changes in supraspinal structures such as the cortex and
the thalamus (Hains et al., 2005; Zhao et al., 2007), favoring the shift from inhibition to excitation

of the descending modulatory pathways.
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V- Pharmacological treatment of neuropathic pain

Nowadays there are plenty of options more or less useful to treat NP, as well as some
other secondary consequences of SCl. Drugs aimed to treat NP may interfere with pain
processing and modulation, and this can be achieved by different pharmacological treatments
(Sindrup et al., 2006). Pain conditions are diverse, and not all the drugs are useful for all of them
(table 2). The first line of treatment for NP was the use of antidepressants and anticonvulsants,
drugs designed for treating other pathological entities. Later on, other drugs have been
incorporated, such as NMDA antagonists, cannabinoids and anaesthetics (lidocaine). Finding the
right treatment for NP syndromes is essential but difficult. Since pain is usually debilitating and
worsens the quality of life of those who suffer it, it is necessary to count on effective treatments
with few side effects. Unfortunately, there are few treatments really useful, and NP is usually
referred as refractory to common treatments. From these conditions, some of the most common
are the spinal cord injury pain, multiple sclerosis pain, complex regional pain syndrome (CRPS),
nerve injury pain, painful polyneuropathy and postamputation pain.

Below there is a summary of the main groups of drugs used in the treatment of NP

syndromes.

* Tryciclic antidepressants (TCA): their main functions are the inhibition of the presynaptic
reuptake of noradrenaline and serotonine, the postsynaptic blockade of NMDA and o-
adrenergic receptors, as well as the blockade of sodium and calcium channels. The main
action of TCA is based on its effect on monoamines, and therefore enhancing endogenous
pain modulation. Amitryptiline is the most used TCA, which exerts a positive effect on NP by
its action as a noradrenaline reuptake inhibitor (Jain, 2008).

* Anticonvulsants: their main action is by increasing GABA mediated inhibition, although
they also exert functions on ion channels and neurotransmitters (excitatory and inhibitory).
Some drugs are designed to normalize membrane potentials and reduce hyperexcitability,
such as carbamazepine, oxcarbazepine and phenytoin. Their action is aimed to block sodium
channels, but some new blockers have been recently designed, and are supposed to act
more specifically, such as lamotrigine (acts on the slow inactivated conformation of the
channel), gabapentine and pregabaline (they block the influx of calcium ions to reduce the
release of neurotransmitters; this action is originated by their binding to the a2y-subunit).

This causes reduction in the release of glutamate and substance P, contributing to the
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decrease of hyperexcitability. Other drugs potentiate GABA actions, as topiramate, which
blocks sodium and calcium channels and blocks glutamate receptors. Similarly, valproate
increases the release and decreases the degradation of GABA, also enhancing their functions.
Some other drugs included in this class are the benzodiazepines.

Opioids: opioids that are useful for NP are oxycodone, with combined actions on p- and K -
opioid receptor, and tramadol that acts on p-receptors and also has monoaminergic effects,
inducing the release of serotonin and inhibiting the presynaptic reuptake of noradrenaline
(Raffa et al., 1992). Despite their efficacy is similar to that attributed to gabapentine and
pregabalin, opioids are rarely used as first-line treatment due to their side effects, and
problems with tolerance during long term treatments (Jain, 2008; Finnerup et al., 2010a).
New drugs have emerged in the last years, such as topical lidocaine or capsaicin, TRPV
agonists and antagonists or intradermal application of botulinum toxin (Finnerup et al.,
2010b). Some NMDA receptor agonists, such as ketamine, have been also tried.

Unfortunately, their use is limited because of their numerous side effects (Jain, 2008).

Pain condition Useful drugs

TCAs and selective noradrenaline
and serotinin reuptake inhibitors
(SSNRIs)

Painful diabetic
neuropathy

CRPS None

Amitriptyline (TCA), topical lidocaine

Nerve injury pain . .
Uy p and topical capsaicine

Multiple sclerosis

Peripheral
pain Painful neuropathy TCAs, gapapentlne, pregabaline,
lamotrigine, tramadol, oxycodone
TCAs, gabapentine, pregabaline,
Postherpetic neuralgia lamotrigine, tramadol, oxycodone,
morphine, lidocaine
Postamputation pain and | Gabapentine, lamotrigine,
phantom limb pain pregabaline, carbamazepine
Central SCl pain Gabapentine, lamotrigine
pain

Cannabinoids

Table 2: Table of drugs with pain-relieving effects: Modified from Sindrup et al. (2006).
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Although it is difficult to choose the right drug for each condition, gabapentine might be
considered the first-line treatment for post-SCI pain, together with anticonvulsants and TCAs.
Nevertheless, the combination of different drugs acting on different mechanisms is a common
strategy, especially in patients who do not respond to treatments of one single drug, or in cases
of only partial efficacy. It is also important to take into account the possible contraindications in
each patient as well as the possible side effects of each treatment. These features are

summarized in table 3.

Major .
Drug . J . .- Side effects
contraindication
. o Dry mouth, constipation, sweating,
Cardiac complications e b eating
TCA . dizziness, somnolence, palpitations, and
and epilepsy . .
urine retention.
Gabapentine and None Somnolence, ataxia, dizziness, headache,
pregabaline nausea, vomiting, peripheral edema.
- . Somnolence, headache, nausea, double
Lamotrigine Uremia .. o e
vision, vomiting, ataxia, dizziness.
Nausea, vomiting, constipation, dizziness,
Tramadol None somnolence, sweating, dry mouth,
headache.
Somnolence, nausea, vomiting,
Oxycodone None . o 9
constipation, dizziness.
Carbamazepine Cardiac disturbances, Somnolence, ataxia, dizziness, double
Oxcarbamazepine | liver disease vision, erythema, fluid retention.

Table 3: major contraindications and side effects of drugs used in the treatment of neuropathic pain. Modified from

Sindrup et al. (2006).

In the last years, and as more mechanisms are discovered to be involved in the
generation and maintenance of NP, more options are raising. Some of them are focused in the
modulation of the neuroinflammation (lannotti et al., 2011; Esposito et al., 2012), as well as in the
modulation of molecular targets (David and Lacroix, 2003; Ji and Suter, 2007; Gao et al., 2009).
Together with these new advances, there is a huge field of research based on complementary
treatments, based on the use of grafts of different cell types to promote neuroprotection and
plasticity (Karimi-Abdolrezaee et al., 2010; Wagner et al, 1998), as well as some other

experimental treatments, such as the use of chondroitinase or trophic factors (Pezet and
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McMahon, 2006; Deng et al., 2011), aimed to promote plasticity of the spinal nociceptive circuits
(Xia et al., 2008; Garcia-Alias et al., 2009). In any case, it is also important to complement any
pharmacological, biochemical or cellular therapy with rehabilitation therapies (Fouad and
Tetzlaff, 2011).

There are also some not pharmacological therapies that can be used in patients suffering
from neuropathic pain after an SCl. Some of them are based on transcranial stimulation or deep
brain stimulation (Prévinaire et al., 2009; Plow et al., 2012). Some other complimentary therapies
are based in cognitive experiments that include virtual reality devices and movement imaginery

(Soler et al., 2010).
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VI - Animal models for the study of central neuropathic pain after
spinal cord injury.

Animal models are an essential tool to study the physiopathological events and the
mechanisms underlying all the consequences of a SCl, including the appearance and
maintenance of NP. Several species have been used to study these events such as rat, mouse,
cats, dogs, monkeys and even turtles, although every species implies some pros and cons. For
instance, while cats are very used for locomotion studies, rodents as mouse and rat are the
election when studying neuroinflammation.

It is important to note that the terms “pain” and “nociception” are slightly different, and
this is especially important to have into account when working with animals. Pain refers to the
feeling or the sensation, the aversive and emotional reaction to a sensation coming from some
part of the body. Nociception is the sensory process that provides the signals to trigger pain.
Due to its emotional and conscious components, analysis of pain is usually restricted to humans,
so the term nociception would be in fact more appropriate for animal models. Nevertheless, and
for convenience, pain is also used when using animal models, but always with the semantic
difference in mind.

Another important limitation of animal studies is the difficulty to interpret the deficits
appearing after a SCl as well as the symptoms of pain. Similarly, it is evident that the locomotion
systems are affected after a SCI, but the symptoms differ between humans and animals: while a
thoracic injury can imply a persistent paraplegia in a human, the recovery seems much better in
rodents, mainly because the biomechanical differences of their skeleton, which allows better
restoration of locomotion reflex circuits. Moreover, algesimetry tests in animals become much
more complex than in humans, since humans can express what are they feeling and where, and
describe the sensations in understandable terms. For these reasons, it is important to
understand that animal models do not completely mimic a human lesion and its consequences,
but they are equally useful since they can reproduce most of the acute and long-term
physipathological events occurring after spinal trauma, and can provide very important

information for future treatments and therapies.
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Spinal cord injury models

There are several spinal cord injury models, aimed to study different aspects of the lesions.
Below there is a brief overview of the most useful models, representing different lesions,

depending of the cause of the injury.

* Contusion models:

The contusion models are the ones who better mimic the human features after a contusive
lesion (Yezierski, 2005; Gwak et al., 2012), which is the most frequent type (usually for car crashes
and falls). Also known as acute compression injuries, they are caused when a force is applied to
the spinal parenchyma, causing a disruption of the spinal tissues. The main difference between
animal and human lesions is that in animal models usually a laminectomy is performed before
applying the impact, so the bones cannot break uncontrollably and can not give unpredictable
lesions. This could add an additional and undesired effect of variability to the model.

The first contusion model was used for Allen in 1911, who applied a falling weight from a
determined distance to the exposed spinal cord of dogs. This was the first attempt to get a
quantifiable and reproducible lesions, and was known as the “weight drop” model (Garcia-Alias
et al, 2010). From that moment, many devices have been used in order to perform the
contusions (Fig. 8), and nowadays not only the mass of the weight and the height can be
measured. New devices include software programs that can record the velocity of the impact,
the exact time of dwelling, as well as the displacement suffered for the spinal cord and the real
force applied. These devices are produced by different manufacturers, and although displaying
some slight differences, all of them are based in the same principles. The most used are the
Infinite Horizon Impactor (monitorized impact, it records real force applied, velocity and
displacement of the spinal tissue, (Cao et al., 2005)), the LISA contusion device (it uses laser for a
major precision of the displacement measurement, (Zhang et al., 2008), and the NYU-MASCIS (a
monitorized version of the original weight drop, (Kerr et al., 2010; Agrawal et al., 2010)).

Contusions into the spinal cord cause permanent sensorymotor deficits, although
locomotion and functional outcomes tend to recover with time until theu reach a plateau.
Sensory defficits are more difficult to resolve, so most of them are permanent. Some of the main
pathophysiological events accurring after the SCI are the excitotoxicity, ischemia, and

pathological glial activation, appart from the formaton of a cystic cavity in the epicenter.
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This model has widely been used to study pain and sensory outcomes, functional recovery as

well as some promising therapies, such as cell therapies.

Infinite Horizon Impactor LISA contusion device Weight drop NYU MASCIS

Fig. 8:images from some of the most used devices to perform SCI.

* Compression models:

In these models the pressure on the spinal cord is applied continuously in a time period. The first
descriptions appeared around 60 years ago (Tarlov and Klinger, 1954), and as it is also a closed
lesion, located inside the vertebral channel, represents a good tool to reproduce some of the

human SCI.

Fig. 9: The first image depicts the ballon used to perform the spinal compression, filled with liquid. Note the similar
diameter of the filled balloon and the spinal cord of a rat. In the second pannel, image of a catheter entering the
subdural space just. On the right, a mechanical device to perform compressions by using aneurism clips. Images
obtained from Lonjon et al. (2010) and Semler et al. (2011).

The compressive models normally use an inflatable balloon (Fig.9) placed in the extradural
space which can be filled with air or liquid by the researcher (Lonjon et al., 2010; Amemori et al.,
2010; Yazdani et al., 2012). Volumes used can differ, but in animal models it normally ranges
from 10 to 50ul, for 1 to 10 minutes. As an example, a balloon filled with 15 pl for 5 minutes
induces total paraplegia (the first 2-4 days) in adult rats, followed by partial recovery. It also
provokes bladder control dysfunction, cavities within the spinal parenchyma, a robust and long
lasting hypersensitivity, and even abolishment of propioception (Hama and Sagen, 2007; Lonjon

et al., 2010; Amemori et al., 2010; Densmore et al., 2010). In this type of injury, locomotor and
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autonomic recovery presents a good correlation with the balloon inflation volume, whilst
sensory and reflex outcomes were independent of the lesion severity.

A similar approach is the use of aneurism clips, which can produce different severities of
injury depending on the applied pressure or on the time of application (Pinzén et al., 2008;
Esposito et al., 2012). Clip compression leads to the development of evoked pain. The effects in
different nerve types present temporal and spatial differences, and in some cases are worst and
longer lasting than in complete injuries (Kalous et al., 2009)

There is also a third compression model, based on the prolonged application of a weight into
the spinal cord surface, a procedure very similar to the contusion (Swartz et al., 2009).

The main physiopathological events after a spinal cord compression are the excitotoxicity,
the ischemia, incomplete axonal loss, cell death and several elements of metabolic failure in the
gray matter (Hama and Sagen, 2007; Lonjon et al., 2010; Amemori et al., 2010). Compression
injuries have also been used to study the effectivity of cell therapies (Amemori et al., 2010;

Yazdani et al., 2012).

* Section models:

These models can include complete or partial section models, normally performed by
surgical methods (scissors, blades). The complete section is especially useful to study local spinal
systems, independently from descending influences; in fact, it can be used as an isolation
mechanism somehow. Complete sections of the spinal cord are not frequent in human injuries,
but the animal models can be used to study some features of the injuries (Tillakaratne et al.,
2000; Guizar-Sahagun et al., 2004).

Apart from the complete lesion, there is a wide variety of options when applying partial
lesions. These lesions can be restricted to one specific tract (dorsal column tract, for example ), or
to only one side of the cord (hemisections, HS), etc. Depending on which part is sectioned, the
functional deficits would also differ. They can be also used to study the function of concrete
nucleus or tracts in the spinal cord, so their utility is really high, especially in descriptive and
anatomical studies.

Transverse hemisection has been widely used in studies focused in pain and functional
deficits. Hemisection models present some advantages when compared to other models, such
as the possibility to control the number and the type of injured fibers and the clear

differentiation between injured and intact sides. Moreover, it is a reproducible model, with little

39



Introduction

variability between individuals (Kim, 2003), and specially sensitive for detecting unilateral
differences in locomotor function.

Regarding functional outcomes, HS injuries cause an early paralysis in ipsilateral hindlimbs
just after the injury, but animals can recover normal and almost coordinated locomotion by the
day 14" after the injury, although recovery presents a plateau in the third week (Gwak and
Hulsebosch, 2009).

Pain responses after HS can include cold and mechanical allodynia in both hindlimbs (Kim,
2003; Gwak and Hulsebosch, 2009). This fact relays in the preservation of several contralateral
ascending pathways which convey nociceptive information to unilateral and bilateral
supraspinal centers of pain (spinothalamic, spinocervicothalamic, spinoreticular and short
propiospinal tracts). Moreover, this bilateral and non localized expression of pain syndromes
may indicate the existence of common generator mechanisms of NP, such as bilateral astrocytic
and microglial activation, which eventually lead to hyperexcitability of WDR neurons, even in
caudal segments. In HS animals it has also been described an increase in CGRP expression
colocalized with GAP43 protein in laminae Il and IV, suggesting that there are growing neurites
doing sprouting into not appropiate laminae, which could be the basis of allodynia (Kim et al.,
2005)

Mechanical allodynia symptoms start just after the injury in the contralateral side, but it takes
few days to appear in the ipsilateral site. Contrarily, cold allodynia is developed simultaneously
in both sides, and it appears just one day after the injury (Gwak and Hulsebosch, 2009). These
symptoms are long lasting (6 months), although they tend to recover normal values.
Hemisection lesions in humans (Brown-Sequard syndrome) account only for a 2% of SCl, and

normally develop with a bilateral below-level pain (Kim, 2003).

Complete sections or transections are also used as a SCI model. It is normally used as an
extreme condition with a total loss of connectivity with upper centers. Nevertheless, a severe
lesion implyes sometimes a total paralysis, which difficults the assessment of functional and pain
outcomes (Densmore et al., 2010). It has also been used to study the local reflex circuits and

recovery without the descending influence of superior centers (Basso et al., 1996).
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e Other models:

Other models can mimic specific features occurring after an SCI, not necessarily the trauma.
These models can be focused on the vascular damage, the excitotoxicity, the production of free
radicals, or any of the events occurring after a spinal cord injury. Although these mechanisms do
not reproduce the human lesions, are really important to unravel the specific mechanisms

underlying the events occurring after the human traumas.
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Objectives

In order to be able to design better therapies and treatments directed to improve the quality of
life of patients as well as to reduce as much as possible the maintenance of neuropathic pain, it
is essential to have a better knowledge of all the processes happening in the spinal cord after an
injury. With this aim, we established the following general objectives that would be divided in

specific objectives in further sections of this thesis.

1. Characterization of the functional deficits and the appearance of neuropathic pain in

different models of spinal cord injury in the rat.

2. Quantitative evaluation of functional deficits after different SCls, especially focused in the

locomotion and nociception.

3. Description of the plastic and functional changes occurring at distal segments of the

spinal cord injury.

4, Study of the efficacy of pharmacological treatments to alleviate neuropathic pain

responses based on the modulation of glial cell reactivity.
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Methods and procedures

Laboratory animals

Adult female Sprague Dawley rats (8 weeks old; 250-300 grams) were used in this thesis.
They were housed with free access to food and water at a room temperature of 22+2°C under a
12:12 light-dark cycles. Injured animals were frequently evaluated (daily during the first week,
and weekly therafter) in order to detect signs of suffering, such as loss of weight, changes in the
hair or in the response to manipulation, as well as the appearance of exudates around the nose
and the eyes. All experimental procedures were approved by the Ethics Committee of the
Universitat Autonoma de Barcelona, and followed the European Communities Council Directive

86/609/EEC.

Surgical procedures

In this thesis different types of spinal cord lesions of different severities have been chosen
in order to obtain differential information of each model regarding neuropathic pain and the
plastic changes occurring after injury.

Rats were anesthetized with sodium pentobarbital in the first experiments (50mg/kg,
intraperitoneal) or later with a mixture of ketamine/xylacine (90-10mg/kg, intraperitoneal). After
a subcutaneous injection of buprenorphine (0.05mg/kg) near the incision site, the animals were
placed on a warming pad to maintain the body temperature. The back of the rats was shaved
and disinfected with povidone iodine solution, and vaseline was placed on the eyes to avoid
dehydratation.

A surgical scalpel was used to make a longitudinal incision in the back (around 5cm), and
muscle and adipose tissue was gently removed in order to expose the vertebral spinous
processes. By identifying the medial dorsal spinal artery, which enters into the spinal channel
between T5-T6, the T8-T9 vertebrae were identified and subjected to dorsal laminectomy with a
fine rongeur. Once exposed, the spinal cord was subjected to a different model of injury as
described below (Fig.10):

- Spinal cord contusion: Once the laminectomy is performed, and ensuring that there are
no lateral pieces of bone that could disturb the contusion, the animal was placed on the
impactor device (Infinite Horizon Impactor, Precision Scientific Instruments; Lexington, UK).
Vertebral processes of T7 and T10 vertebrae were clamped with forceps to maintain the

spinal column straight, and the contusive tip was placed over the middle of the spinal cord,
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at 4mm of height. Then, the contusion force was set in the software, which records the real
force, the displacement suffered by the spinal cord tissue and the velocity at which the
impact took place. In this work we have used forces of 100, 150 or 200kdyn in order to have
a gradation in severity of the lesion.

- Spinal hemisection: after the laminectomy, a fine surgical tweezer was used to lift up the
meninges. With the meninges slightly elevated, a small longitudinal incision was done in
the dura with the help of a sharp needle. Then a partial section of the right spinal cord was
done by means of small spring scissors. Special care was taken to avoid the lesion affecting
the two sides of the spinal cord. To ensure the total hemisection, a sharp needle was
introduced several times in order to ensure that all the fibers were completely cut.

- Complete spinal section: was performed similarly to the spinal hemisection, but in this
case a total section of the spinal cord was made with the spring scissors. The dura was
previously cut and subjected in order to avoid the swelling of the tissue. A sharp needle
was also used in this surgical procedure, in order to ensure again the complete disruption

of the spinal cord tracts.

Contusion

Right
\ hemisection

Complate
section

Fig 10: Left pannel: Image taken during a surgery, just before the contusion. Vertebraes T7 and T10 are clamped
with forceps, while placed under the impactor device. Right pannel: schematic representation of the different
injuries used in this thesis.

During the surgery, blood loss was limited as much as possible as well as the loss of body
temperature, and bupivacaine was added as a local anesthetic. After finishing the lesion, the
wound was sutured with silk sutures (5/0) in the muscle plain and with surgical staples in the
skin. The dorsal skin was disinfected again with povidone iodine, animals were rehydrated (5-
10ml of saline solution i.p.), and kept in a warm environment until fully recovery from the

anesthesia.
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Since the spinal injuries provoke a spinal shock that affect autonomic functions, bladders
were emptied twice a day until reflex voiding was reestablished. Amoxicilin was given in the
drinking water for one week to prevent postoperative infections. This treatment was continued
if any sign of infection was detected in the daily revision of the animals.

It is important to consider that each type of lesion is more suitable for a determined
purpose. The hemisection and the complete section represent good models to study some
fringe features: while the complete section implies total disconnection with higher centers, the
hemisection lesion supposes a minor affectation in most functions, since they show slightly
minor deficits, although they can be similar to the ones present in a mild contusion injury. For
this reason, hemisection animals were used in locomotion studies together with animals of
different contusions (see chapter 2 of the results section).

Once the different consequences of the injuries were evaluated (spared tissue, painful
responses, locomotion, etc), the milder contusion lesion (100kdyn) was used to test
pharmacological treatments, since they are more versatile than the more severe ones, and slight
differences are more easily observable than in animals severely injured. Nevertheless, the severe
contusion injuries are more convenient in other kind of treatments, such as cell therapies, in

which the best results are obtained in this kind of lesions.

Drug treatment

* Glibenclamide: this drug was directly administered after the contusion by means of an
Hamilton syringe coupled to an automatic injector and using a glass capillary. One
microgram dissolved in saline solution was injected in two injection points (1ul per point, at
0.5ug/ul). The injection was performed around two millimeters rostral and caudal to the
epicenter of the lesion, and injected at low speed (2ul/min). The injection was done at Tmm
of depth, and close to the midline, avoiding damage to blood vessels. After each injection,
the capillary was maintained inside the cord parenchyma for a few minutes in order to avoid
fluid spilling. Since glibenclamide can cause hypoglycemia, special care was given to the
treated animals. As a precaution, rehydration after the surgery was done with saline solution

and glucose.

e lbuprofen: ibuprofen was started 30 minutes after the spinal cord contusion and

administered twice daily since then (approximately every 12 hours). Ibuprofen was delivered
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subcutaneously at 60mg/kg, prepared in saline solution, and varying the injection site in
order to avoid skin damage. The group of control animals were injected with saline solution,
using a similar volume than in ibuprofen treated animals. The treatment was prolonged until

the end of the follow-up (42dpo).

Combined group (GB+IBU): just after the SCI, animals were injected with glibenclamide, as
described above (intraparenchyma). The treatment with ibuprofen was started one week
after, so it did not interfere with glibenclamide initial action. The dose and the protocol of

administration was the same than for ibuprofen alone treatment.

Functional evaluation

* Open field locomotor test: Locomotor hindlimb function and recovery was assessed using
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the Basso, Beattie and Bresnahan (BBB) rating scale (Basso et al., 1995). Briefly, the BBB
testing scale consists of an ordinal scale from 0 points (no discernable hind limb movement)
to 21 points (consistent, coordinated gait with parallel paw placement of the hindlimb and
consistent trunk stability (Table 4). For measuring locomotor recovery, one animal at a time
was allowed to move freely inside a circular plastic tray (90 cm diameter x 24 cm wall height)
for 5 minutes, and two examiners observed the hindlimbs movements of the rat. The final
score of each animal was the mean value of both examiners. This test is performed at 3dpo
and weekly thereafter until the end of the follow-up. It is also usually used as an internal
control of the correct performance of the lesion, so animals with abnormal scorings due to

problems with the surgery can be discarded at an early time.

Beam test: For this test, a dark tunnel was designed (tunnel dimensions: 7 cm width, 13 cm
height, 40 cm length) to allow the animals walking along an elevated beam (2.5 cm width, 2
cm height, 2 mm separated from the ground to allow the placement of a paper sheet). The
hindpaw plantar surfaces were inked while the animal was gently subjected with a cotton
cloth by the researcher. Then, the rat walked along the beam so only the missteps were
recorded by ink prints on the paper placed under the beam. Three consecutive runs were
performed, and the left and right missteps done in the first 30 cm were counted in each run.

The mean of the three values was considered as the result for the animal in each testing day.
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Inclined/graded plane test: This test measures the ability of the animals to maintain their
position in an inclined plane for at least five seconds. The angle of the surface is progressively
increased, until recording the maximum angle supported by the animal that is scored as the
outcome measure. A minimum of three trials are done to obtain the average value for each

animal and day.

Digigait: the Digigait system consists in a running belt coupled to a high speed camera that
record videos from the bottom of the animals running on the belt. It is important to train
animals in the running belt, by doing short trials at increasing speeds. A minimum of 9-10
regular steps must be recorded for each animal. The system includes a software that
recognizes and digitizes every paw, depicting the sequence of steps. The same software is
able to measure around 30 different gait parameters, if the gait sequence recorded is good
enough. Coordination measurements can also be performed. Animals with spinal cord injury
can walk in an irregular manner and not following a straight direction. This can cause
problems with the recognition of the paws, that makes it difficult to correct further
measurements. For this reason, some easy programming macros were done, in order to
extract the length of every step and the sequence of alternation. Using correctly all the

obtained data, different types of coordination and step patterns can be quantified.

Walking track and foot print analysis: this is a useful technique to assess the recovery of
locomotor function and changes in the normal gait posture, adapting the original technique
set to study sciatic nerve lesions. The plantar surface of the rat paws was painted with red ink
for forepaws and blue ink for hindpaws, and the rat left to walk along a corridor of 40 x 8 x 10
cm with a white paper on the base. Distances between forepaw prints (forelimb stance
width) and between hindpaw prints (hindlimb stance width) were measured with a precision

device in order to assess the base of support.
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Functional tests

Open field Narrow beam test

LA

Walking track

Fig 11: Representative images from different functional tests used in this thesis.
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Table of BBB scores

0 No observable hind limb (HL) movement

1 Slight movement of one or two joints, usually hip and/or knee

Extensive movement of one joint or extensive movement of one joint and slight movement of
one other joint

N

Extensive movement of two joints

Slight movement of all three joints

Slight movement of two joints and extensive movement of the third

Extensive movement of two joints and extensive movement of the third

Extensive movement of all three joints of the hind limb

0 N oUW

Sweeping with no weight support or plantar placement of the paw with no weight support

Plantar placement of the paw with weight support in stance only (when stationary) or
occasional, frequent, or consistent weight supported dorsal stepping and no plantar stepping.

10 | Occasional weight supported plantar steps, no forelimb (FL)-HL coordination

11 | Frequent to consistent weight supported plantar steps and no FL-HL coordination

12 | Frequent to consistent weight supported plantar steps and occasional FL-HL coordination

13 | Frequent to consistent weight supported plantar steps and frequent FL-HL coordination

Consistent weight supported plantar steps, consistent FL-HL coordination; and predominant
paw position during locomotion is rotated (internally or externally) when it makes initial contact
with the surface as well as just before it is lifted off at the end of stance or frequent plantar
stepping, consistent FL-HL coordination, and occasional dorsal stepping

14

Consistent plantar stepping and consistent FL-HL coordination; and
15 | no toe clearance or occasional toe clearance during forward limb advancement; predominant
paw position is parallel to the body at initial contact

Consistent plantar stepping and consistent FL-HL coordination during gait; and toe clearance
16 | occurs frequently during forward limb advancement; predominant paw position is parallel at
initial contact and rotated at lift off

Consistent plantar stepping and consistent FL-HL coordination during gait; and toe clearance
17 | occurs frequently during forward limb advancement; predominant paw position is parallel at
initial contact and lift off

Consistent plantar stepping and consistent FL-HL coordination during gait; and toe clearance
18 | occurs consistently during forward limb advancement; predominant paw position is parallel at
initial contact and rotated at lift off

Consistent plantar stepping and consistent FL-HL coordination during gait; and toe clearance
19 | occurs consistently during forward limb advancement; predominant paw position is parallel at
initial contact and lift off; and tail is down part or all of the time

Consistent plantar stepping and consistent coordinated gait; consistent toe clearance;
20 | predominant paw position is parallel at initial contact and lift off; tail consistently up; and trunk
instability

Consistent plantar stepping and coordinated gait, consistent toe clearance, predominant paw
21 | position is parallel throughout stance, consistent trunk stability, tail consistently up. Normal
locomotion.

Table 4: Scores used in the open field locomotion test.
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Algesimetry tests

* Mechanical algesimetry: electronic Von Frey

Mechanical nociceptive thresholds of the hindpaws were determined using an electronic
von Frey unit (Bioseb, Chaville, France). Rats were placed into a plastic box with an elevated
metallic fine-grid surface, and acclimated to the test chamber for 20 minutes. From the bottom
of the box, a metal tip attached to the sensor was applied directly to the glabrous surface of
both hindpaws. The force applied (in grams) until the withdrawal of the paw was measured,
being the value for the test the mean of at least three trials separated by 5 min resting periods.
The maximal force was limited to 35 grams to avoid skin damage. Tests were performed if the
animals had a BBB score higher than 8, indicating the ability to support their weight with the
hindlimbs.

* Mechanical algesimetry: Randall- Selitto test

The Randall-Selitto test (Digital Paw Pressure Meter, IITC Life Science, Woodland Hills, CA)
was performed in all animals in order to have algesimetric data also from complete section
animals (and therefore with BBB score lower than 8). Before the test, each animal received some
minutes of handling to get used to the manipulation; then it was placed into a soft cotton cloth
and carefully immobilized with the same hand used to hold the tested paw. The test consisted of
the application of an increasing mechanical force, in which the tip of the device was applied
onto the medial portion of the plantar or the dorsal surface of both fore and hind paws until a
withdrawal response resulted. The maximum force applied was limited to 250 g to avoid skin
damage. This measurement can be done in all animals, independently of their locomotor
performance, since they do not need to stand their own weight with the hindpaws (Santos-

Nogueira et al., 2011).

* Thermal algesimetry: Plantar test

Thermal nociceptive sensitivity was evaluated using a thermal plantar algesimeter (Ugo
Basile, Comerio, Italy). Animals were acclimated in a plexiglas testing chamber for 20 minutes. A
movable light of a projection lamp (150W) was focused directly onto the plantar surface of the
right and left hindpaws. The time to withdrawal of the heated paw (withdrawal latency) was
measured through a time-meter coupled with infrared detectors directed to the plantar surface.

The maximal time of stimulation was limited to 20 seconds to avoid skin damage. The value for
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each test was the mean of three trials separated by 5 min resting periods (Hargreaves et al.,

1988). Tests were performed in rats with a BBB score higher than 8.

Algesimetry tests

Mechanical algesimetry: Von Frey test

Fig. 12: Top pannel: mechanical algesimetry testing session. A sharp filament is pressed on the plantar surface of

the animal through a grid surface. Middle pannel: Randall-Selitto device position in a testing session. Bottom
pannel: Thermal algesimetry testing session. A radiant heat focus is placed under the hindpaws until the animal
withdraw it.
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Electrophysiology

Animals were anaesthetized with pentobarbital (30 mg/kg, i.p.; testing took around 30 minutes,

so no additional anaesthetic dosages were required) and placed prone over a warmed flat coil

controlled by a hot water circulating pump to maintain body temperature.

* Peripheral nerve conduction: Single electrical pulses (100 us duration at supramaximal

intensity) were delivered by monopolar needles (27G) inserted close to the sciatic notch. The
compound muscle action potentials (CMAP) were recorded from the tibialis anterior and
from the plantar interosseus muscles, by means of an active electrode inserted on the belly
of the muscle and the reference electrode at the fourth toe (Valero-Cabré and Navarro, 2001;
Valero-Cabré, et al., 2004). The responses with the highest amplitude were selected and used
for analysis (Fig.13). The degree of hyperreflexia was calculated as the ratio between the
maximal amplitude of the H wave and that of the M wave (Valero-Cabré and Navarro, 2001).

Values from both hindlimbs of each animal were averaged.

* Motor evoked potentials (MEPs) were elicited by transcranial electrical stimulation, using

two monopolar needle electrodes placed subcutaneously over the skull, the anode over the
sensorimotor cortex and the cathode on the hard palate (Garcia-Alias et al., 2006). Single
rectangular pulses of 25 mA and 100 ps width, were delivered at 1 or 9 Hz, the optimal pulse
rate to elicit the brainstem component (bs-MEP) and the cortical component (c-MEP),
respectively. Recording electrodes (monopolar needles, 28 G) were placed in the tibialis
anterior muscle. The muscle responses were displayed in an oscilloscope to measure the

amplitude and latency of each component.

* Somatosensory evoked potentials (SSEPs): were evoked by electrical pulses of 6 mA and

100 ps of duration, delivered at 6 Hz to the tibial nerve at the ankle, and recorded by needle
electrodes placed subcutaneously on the skull (same sites as stimulation needles for MEPs).
Up to 256 responses were averaged on-line; the peak latency and the peak-to-peak
amplitude were measured for N15, N20 and N30 waves (Valero-Cabré et al., 2004), referenced
here as N1, N2 and N3 waves. SSEPs were repeated three times with minutes between trials,

and the responses with the highest amplitude were selected and used for analysis.

In all cases, signals were amplified, filtered (bandpass 1Hz-5KHz), and displayed on an

oscilloscope (Sapphire 4ME, Vickers).
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Peripheral conduction tests: CMAPs and H/M
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Fig. 13: Representative recordings obtained from intact animals. In the upper panels CMAPs of the tibialis anterior
and the plantar muscles. The H wave, used as an indicator of hyperreflexia is especially evident in the plantar
recordings. Lower pannels, recordings of MEPs from the tibialis anterior muscle, and SSEPs recorded on the skull,
near to the somatosensory cortex (arrows indicate the three main components).

* Wind-up responses: were recorded from the tibialis anterior muscle using a modified
protocol (Solano et al., 2003; Redondo Castro et al., 2011). Trains of repetitive electrical
stimulation (16 pulses at 1 Hz, 1 ms width and 30 mA) were applied by means of
monopolar needle electrodes, being the cathode inserted near the medial plantar nerve in
the right paw and the anode between the fourth and fifth toes of the same paw. Electrical
stimuli were supplied by a Grass S44 stimulator using an isolation unit (PSIU6; Grass
Instruments Co., USA). For recording, the active needle electrode was placed in the tibialis
anterior muscle, the reference electrode in the tendon at the ankle, and a ground electrode
at the base of the tail. Responses were amplified 100 times with a Grass P511 amplifier, fed
into a PowerLab/16SP system and recorded with Chart software (ADInstruments Ltd.). In
each session, electromyographic wind-up responses were recorded (Fig. 14) and analyzed
to measure the area under the curve (AUC) of each response, using Chart software and the

RMS and Noise extension that determines the power content of a signal.
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iy

Data obtained from wind-up recordings can be expressed in different ways. The
mean total activity is the mean increment achieved from the 2" to the 16" stimuli when
rectified for the first response; this representation is useful to see the general amplification.
The second is the measure of the AUC of the first stimuli, as an indicator of the central
excitability of the spinal cord before the train of repetitive stimuli (Redondo Castro et al.,
2011). Some other measurements can include the maximal response, the slope achieved in

the first five responses, etc. Each representation is useful to quantify different features of

@

excitability (basal excitability, gain, ...).

ittt

.,_'.H

Fig. 14: representative recording of wind-up responses of an injured animal. The first response is very small, but after
the second stimulus responses become increased respect the first.

* Withdrawal reflexes were measured using the same preparation as for wind-up responses.
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In this case reflexes were measured by delivering single electrical stimuli of 50 mA, 1 ms,
using the same setting used in wind-up recordings. Measurements of the AUC of the C-fiber
mediated response during the first second of the response were made to assess the intensity
of the withdrawal reflex response (Valero-Cabré et al., 2004), although in some animals
responses were longer lasting. Measurements included the AUC of the response in the first
second, since is a simple way to normalize all the recordings, but also the total activity, the

maximum amplitude or the duration of the response can be quantified (Fig. 15).

: Fig. 15: representative recording of a withdrawal
: reflex recorded in the tibialis anterior muscle.
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Retrograde labeling

At the end of the follow up, some animals were anesthetized with pentobarbital (40
mg/kg). The right hindlimb was gently shaved and disinfected with povidone-iodine. A small
incision was done in the skin above the tibialis anterior muscle, and 5pl of 0.5% cholera toxin
subunit B (CTB, List Biological Laboratories, CA) were injected, using a Hamilton syringe (10ul,
serie 700) coupled with a 30G needle, in the proximal third of the muscle, close to the entrance
of the peroneal nerve branch. The total injected volume was distributed in two or three injection
sites to avoid muscle damage, and after every injection the needle was left in place for 20
seconds and then slowly removed to avoid leaking out of the tissue. The skin was closed with
2/0 silk thread and disinfected, and animals were rehydrated with saline solution. Five days later,

animals were perfused in order to detect the motoneuron pools from the tibialis anterior muscle.

Perfusion and tissue harvesting

Transcardiac perfusion with 4% paraformaldehyde in phosphate-buffered saline was
carried out in anesthetized rats at the end of the follow-up period. A T7-T10 spinal cord segment
around the lesion epicenter was removed, post-fixed overnight and cryoprotected in 30%
sucrose. The thoracic spinal cord segments were embedded in TissueTek and serially cut (30 um
thickness) in the transverse plane in a cryostat. Lumbar segments L1-L6 were also removed,
embedded and cut at 20 um thickness. Sections were collected onto gelatin-coated glass slides

to further histological procedures.

Immunohistochemistry

Standard immunohistochemical protocols were followed for labeling different cells or
molecules of interest in the study. Primary antibodies are listed in table 5; all of them were
incubated with the samples overnight at 4°C or for 1Th at room temperature. Secondary
antibodies were used always at room temperature for 2 hours, and protected from light. Cy3 anti
mouse/rabbit secondary antibody (1:200, Jackson Immunoresearch, UK) was used for GFAP and
Iba1l single immunohistochemistry, whereas for double immunodetections Alexa Fluor 488 or

594 were used (1:200, Invitrogen).
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Antigen Dilution Manufacturer
Cholera toxin B subunit 1:5000 List biological laboratories
Choline acetyl transferase (ChAT) 1:50 Millipore
ED1 (CD68) 1:200 Serotec
Glutamic acid decarboxylase (GAD) 1:1000 Abcam
Gephyrin 1:300 Abcam
Glial fibrilary acidic protein (GFAP) 1:1000 Sigma
Isolectin B4 (ib4) 1:1000 Vector
lonized calcium binding adaptor molecule 1 (lba1) 1:1000 Wako
Calcitonin gene related peptide (CGRP) 1:500 Abcam
Serotonin 1:5000 Ultraclone

Table 5: Primary antibodies used in this thesis, the optimal dilution and the manufacturer.

Mixed glial cultures

Glial cell cultures were prepared from 1 day-old Sprague Dawley rats. Animals were
decapitated and cortices immediately dissected out. After meninges and blood vessels were
removed, the tissue was minced and incubated for 10 min at 37°C in Ca*-free Krebs-Ringer
buffer containing 0.0025% trypsin. Cells were then mechanically triturated through a glass
pipette and filtered through a 40-um nylon mesh in the presence of 0.52 mg/ml soybean trypsin
inhibitor and 170 IU/ml DNAse. After centrifugation (5009), the cells were stained with Trypan
Blue exclusion dye, counted in a Neubauer chamber, and then resuspended (300000 cells/ml) in
90% DMEM, 10% FBS, 20 U/ml penicillin, and 20 mg /ml streptomycin. Cells were incubated at
37°Cin a humidified atmosphere of 5% CO, and 95% air and used after 9-11 days in vitro; media
replaced every 5-7 days. Microglial cells were separated from the mixed culture (astrocytes and
microglia) by shaking the flasks during 3-4 hours at 300 rpm. Floating cells (microglia) were
pelleted and subcultured at 100,000 cells/ml on mixed glial-conditioned medium.

In order to artificially activate microglia, LPS (10ng/ml) or a spinal cord lesion extract
(100pg protein/ml) were added for 24h. Lesion extracts were obtained from injured spinal
cords harvested 7 days after a 100kdyn spinal cord contusion. Fresh tissue was obtained from
the lesion site (around 1cm) and frozen with liquid nitrogen. Samples were rinsed with liquid
nitrogen a few times while being mechanically disgregated with a mortar and a pestle. Then the
frozen particles were resuspended in DMEM media supplemented with a cocktail of inhibitors of
proteases and disgregated. Finally, samples were sonicated for 5 minutes and centrifugated
(15000 rcf, 5 minutes). Quantification of the protein content was done with the BCA method.

Glibenclamide and Ibuprofen were also addedd to the cultures, 24h after the addition of

the activators, in order to study their effects directly on activated microglia.
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Results

Results in this thesis are divided in four chapters. The first chapter is dedicated to the
initial characterization and validation of the spinal cord injury model. We made special emphasis
on the study of the development and establishment of neuropathic pain responses, as well as in
changes in spinal excitability. Two publications are included in this first chapter, focused in the
pain responses and in the spinal reflexes.

The next chapters deal with changes occuring below the lesion site, such as functional
defficits regarding locomotion, which are fully described and quantified in the publication
included in the second chapter. The third chapter includes a comprehensive review of the
different elements altered in the lumbar segments after a thoracic spinal cord injury. Peripheral
nerve preservation was also assessed in this chapter, which includes two publications.

Finally, the last chapter is dedicated to pharmacological strategies for the treatment of
neuropathic pain responses, based on glial activity. This chapter also includes two publications.
Different chapters are defined in the scheme below, and the number of publications included in

each one is indicated by the sheet symbols.

Chapter 1

Characterization of the functional dehcits and the
appearance of neuropathic pain after spinal cord injury 2\,

Fhapter 2

Quantitative evaluation of functional deficits after different SCL
analysis of locomotion \

ghapter 3

Study of plastic and functional changes occurring at caudal
segments of the spinal cord injury

- -

Chapter 4

Study of pharmacolegical treatments for neuropathic pain

responses based on modulation of glial activity
(s
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Characterization of the functional
deficits and the appearance of
neuropathic pain in different
models of spinal cord injury
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Specific objectives

The general objective of this chapter was the characterization of the functional deficits and the
appearance of neuropathic pain in different models of spinal cord injury. This objective was

divided in the following specific objectives:
1. Establishment of the model conditions in order to produce reproducible and accurate
spinal cord contusions.
2. Assessment of the appearance of symptoms of chronic neuropathic pain in lesions of
different severities. Characterization of pain responses to mechanical and thermal stimuli
using different methods
3. Histological study of the injury site and of the glial response.
4, Characterization of electrophysiological changes occurring after SCI, with particular

interest on withdrawal reflexes and wind-up responses that reflect the state of spinal

excitability.
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Introduction

This chapter is focused to the characterization of the spinal cord contusion model. For
this reason we performed contusions of different severities, in order to evaluate differences in
the nociceptive responses, the functional and electrophysiological (wind-up responses)
outcomes, and the histological features (spared tissue and glial reactivity). All the contusions
were performed using the Infinite Horizon Impactor device, which is linked to a software that
records the parameters of the contusion, such as tissue displacement, velocity of the impact, and
real force applied in the contusion.

The results are divided in two blocks, being the first aimed to characterize the
appearance of thermal and mechanical hyperalgesia after different severities (100, 150 and
200kdyn) of spinal cord contusion. NP is one of the consequences that frequently occur after SCI,
and can affect dermatomes below and above the injury site, as well as dermatomes of the injury
site itself. Since the most common syndrome is the below-level pain, we assessed hyperalgesia
in the hindlimbs. This extensive study permits to detect the onset and the maintenance of
hyperalgesia up to two months of follow up. This part of the work was lately expanded with
another method of pain assessment, the Randall-Selitto test. This test was applied in animals
suffering different contusion severities and animals with complete section, and provided data
regarding neuropathic pain above and below the level of the injury. This test was especially
useful since most algesimetry tests are focused in the mesure of NP in the plantar surface of the
hindlimb, so animals need to stand supporting their own weight. This excludes severe contusion
and complete section animals from the customary tests. Moreover, the Randall-Selitto test can
also be applied in dorsal as well as in plantar surface of the paws.

Finally, this study was complemented with the histological measurement of the lesion,
and with electrophysiological outcomes, such as the assessment of withdrawal reflexes and

wind-up responses that reflect the state of neuronal excitability in the spinal cord.
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Characterization of the spinal cord contusion model

Validation of the injury model

In order to validate the SCI by contusion, we recorded the applied force and the tissue
displacements to confirm that we were producing different but reproducible lesions. The
velocity of the impact was also recorded, although it is known not to be an essential factor when
determining the severity of the injury (Zhang et al., 2008).

The mean force applied was 103.5 + 1.64 kdyn in the 100kdyn group, 155.67 £ 1.39 kdyn
in the 150kdyn group and 232.56 + 16.85kdyn in the 200kdyn group. These values were not
significantly different from the expected forces. The displacements were 741.91 + 26.74 in the
100kdyn group, 1071.67 £ 41.15 in the 150 kdyn group and 1433.50 + 84.50 in the 200 kdyn
group. For both parameters, statistical significance was achieved in all the comparisons between
groups (p<0.001), indicating that the induced lesions were different between them. The two
parameters kept a close relation with the severity of the functional deficits observed, as the BBB
scores reflected (see table of scores in Methods and Procedures section). Thus, animals receiving a
higher force suffered a larger displacement, and this produced more functional loss. While the
animals receiving a mild lesion (100kdyn) presented good limb coordination at the end of the
follow up, animals receiving a severe contusion (200kdyn) showed consistent weight support
with the hindlimbs but the plantar stepping was not consistent, neither the coordination (Fig.

16). The functional deficits were proportional to the severity of the lesion.
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Fig. 16: Validation of the injury. Plots show the real force applied in each contusion and the displacement suffered

by the spinal cord. Open field locomotion test results are also shown, indicating higher score in animals with milder
lesions.
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Appearance and maintenance of signs of neuropathic pain

Algesimetry tests were performed weekly to detect the appearance of symptoms of NP.
Since the stimulus starts from the innocuous intensity, paw withdrawal response at low levels of
stimulus intensity allow the detection of thermal and mechanical hyperalgesia. Because of the
setting of the standard thermal and mechanical algesimetry tests used, only animals which can
stand their own weight on the hindpaws were tested.

All the injured animals display a fast decrease in the mechanical and thermal thresholds
when compared to values from intact animals. This reduction was detected in the first test
sessions and was maintained until the end of the follow-up. It is interesting to note that all the
injured groups displayed a similar reduction in the thresholds, independently of the severity of

the injury they received (Fig.17).
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in the SCI.

Cavity formation and glial reactivity

At the end of the follow up, animals were perfused and the spinal cords removed. Thin
sections of 30um thickness were serially cut, and an immunolabelling for the detection of GFAP
was performed. This protein is upregulated in the activation of astrocytes, and after SCI permits
the detection of the astrocytes surrounding the cavity and forming the glial scar, so it becomes a
reliable method to measure the cavity as well as the tissue sparing. Both parameters keep a close
relation to the severity of the injury, so they can also be used to validate the reproducibility of
the model. In all groups, a clear cavity was observed at the epicenter of the injury, and was
expanded rostrally and caudally for some millimeters (Fig.18).

The measurements of the preserved tissue indicated that the higher the force applied the
higher the loss of tissue. Differences were especially clear in the epicenter, where 100kdyn

animals only had a 64% of the tissue spared, a 50% in the 150kdyn group and a 40% in the
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200kdyn, being these values significantly different in comparisons between groups. In order to
gain more data about the progression of the formation of the cavity, some animals were
perfused at 35 days, and their cavities were compared with cavities from injured spinal cords
harvested 60 days after SCI. Measurements of the spared tissue were performed and no
significant differences were found between the two time points, indicating that the cavity is
already constituted at 35 dpo (data not shown).

The values obtained from the histological and functional assessments were correlated
with the parameters of the contusion, but not with the results regarding hyperalgesia. This was
the start of a new line of research focused on the plasticity of the spinal cord, since the study was
displaced from the injury site to remote regions, such as the lumbar region, particularly to
segments corresponding to L4 and L5, where the sensitivity of the hindlimbs is collected into the

spinal cord.
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Fig. 18: Histological assessment of the contusion SCls. A) Representative images depicting the epicenter of SCl at
different severities of contusion. Scale bar: 200um. Measurements of the tissue sparing along the spinal cord (B) and
at the epicenter (C).

The glial reactivity was assessed in spinal cord samples from the injury site as well as from

the lumbar region (Fig. 19). Microglia was evaluated by means of immunohistochemistry against
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Iba1l and astrocytes by means of immunohistochemistry against GFAP. Both markers were over
expressed in the injured animals, in almost all the gray matter. In both populations, cells
displayed morphological changes that corresponded to a reactive state. These changes were
visible at the injury site as well as in the lumbar segments, and were persistent in time.
Measurements were performed in the dorsal horn of the lumbar regions, using a ROI (region of
interest) that included the medial part of the superficial laminae. Measurements indicated an
increase between 200-300% in the integrated density when compared to intact samples. This
increase was detected at 35 and at 60 days post injury, confirming the persistent activation of

both glial cell populations.
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Fig. 19: A) Representative images from intact and injured rats, depicting the glial reactivity in the injury site as well
as in the lumbar region. Scale bar: 100pum. B) Details of the morphology of microglial and astroglial cells. Activated
phenotypes were observed in the lesion area as well as in remote regions. C-F) Quantification of the glial
immunoreactivity in the dorsal horn of the lumbar segments. Data is expressed as mean + SEM; statistical
significance: *, p<0.05 vs. intact animals; **, p<0.01 vs. intact animals.

The histological measurements do not display a direct correlation neither with the
parameters of injury severity, nor with the functional outcomes, but were more coherent with

the algesimetric results.
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Wind-up responses and withdrawal reflexes

Spinal cord injuries also cause electrophysiological changes in the spinal cord. Those can
include spasticity, hyperreflexia, increased responses or hyperexcitability. From all of them, the
ones more relevant to the study of neuropathic pain are those related to the nociceptive
withdrawal reflex. In fact, sometimes they are used as indicators of hyperexcitability of the spinal
circuits, and may play a role in some mechanisms of the NP. Reflexes are elaborated in front a
sensory and noxious stimuli, and although some supraspinal input is always given, it is not fully
necessary. Reflexes can be modulated by central hyperexcitability states as well as changes in
the descending connections (Clarke and Harris, 2004).

In our models spinal reflexes were evaluated in the lumbar region, segments not directly
affected by the injury, but that could have suffered some plastic changes after the injury. We
used the neural circuits of withdrawal reflexes to assess the central hyperexcitability, and in
order to find some alteration that may be involved in the generation of neuropathic pain
symptoms. Using the same circuit but this time providing a repetitive stimulation, wind-up
responses were also measured, since they can be directly involved in the generation of abnormal

pain signals (Fig. 20).
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Results

Randall-Selitto Test: A New Approach for the Detection
of Neuropathic Pain after Spinal Cord Injury

Eva Santos-Mogueira,” Elena Redondo Castro,” Renzo Mancuso,” and Xavier Mavarro

Abstract

In this work we assess the usefulness of the Randall-Selitto test as a method to detect and quantify neuropathic
pain responses in rats subjected to different spinal cord injuries. The mechanical nociceptive thresholds were
significantly reduced during follow-up after spinal cord contusion or transection. Our results demonstrate that
the Randall-Selitto test allows the detection of neuropathic pain both in forepaws and hindpaws, as well as in
dorsal and plantar surfaces, Morcover, it does not require weight support capacity, so it can be used at early time
puaints after the injury. This is the first time that this method has been used to describe the changes in nociceptive
thresholds that take place after spinal cord injuries of different severities over time,

Key words: hyperalgesia; neuropathic pain; Randall-Selitto test; spinal cord injury; withdrawal threshold

Introduction

Splt«u!. corp INJURY (SCI) causes loss of motor, sensory,
and autonomic functions below the lesion level, in addi-
tion to plastic changes in neural circuits below and above the
injury site that may trigger positive symptoms such as spas-
ticity and neuropathic pain, Meuropathic pain is a major cause
of disability, and interferes with functional recovery and pa-
tient's quality of life (Soler et al, 2007; Widerstrom-Moga
et al., 2001}, Based on the body areas where symptoms appear
in relation to the site of the injury, neuropathic pain is clas-
sified as above-level, below-level, or at-level pain (Siddall
et al., 1997). Animal models, such as the spinal cord contusion
that parallels the injury characteristics described in most
traumatic human SCI, have been demonstrated to induce
mechanical and thermal allodynia in forelimbs (abowve-
level), “girdling™ (at-level). and in hindlimbs (below-level)
(Hulsebosch et al., 20000

Different techniques have been used to quantify and assess
the development of neuropathic pain after SCI in animal
models (Christensen et al,, 1996; Chrstensen and Hulzebosch,
19497, Some of the most commonly used tests, in particular the
Won Frey filaments (Detloff et al., 2010; Hogan et al., 2004; Le
Bars et al., 2001) and the electronic Von Frey aesthesiometer
(Liu et al., 2008), are designed for the detection of cutaneous
mechanical hyperalgesia by applying mechanical stimuli to
the plantar surfaces of the hindpaws. The Randall-Selitio test

(Randall and Selitto, 1957), intended to serve as a tool to assess
the effect of analgesic agents on the response thresholds to
mechanical pressure stimulation, has been used by a number
of investigators to evaluate inflammatory painful responses
(Anseloni et al., 2003; Bujalska and Gumulka, 2001; Khasar
et al., 1998; Lee et al., 2001). An electronic device based on the
Randall-Selitto principle, which allows testing pain in a
quantitative manner by pressuring different areas of the ani-
mal’s body, has been developed. This test can be applied in
both plantar and dorsal surfaces of forelimbs and hindlimbs
of awake animals independent of their weight support ability,
thus allowing the evaluation at early time points after injury.
Moreover, this test can be considered a complement to cuta-
necus mechanical hyperalgesic tests since the Randall-Selitto
st also evaluates nociceptive responses to deep mechanical
stirmnuli.

The purpose of this study is to cvaluate the potential of
customary algesimetry tests, specifically the Randall-Selitto
algesimetry test, to detect and quantify above- and below-level
neuropathic pain in animals subjected to SCI of different
severithes. Since an important problem regarding pain assess-
ment technigques is the high vadability obtained in intra-
individual measurements (Hogan et al., 2004), we analyze the
repeatability of the technique with the aim of validating the
obtained data. The results show that the Randall-Selitto tech-
nique is a reliable and repeatable method to detect and quantify
below-level and above-level neuropathic pain in a rat model of

Group of Meuroplasticity and Regeneration, Institute of Meurosciences and Department of Cell Biology, Physiology and Immunology,
Universitat Aubimoma de Barcebon, and Centro de Investigacion Biomddica en Rod sobre Enfermedades Neurndegenerativas (CITBERNELY,

Bellaterra, Spain.
*These authors contributed aqually bo this work.
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SCI. Moreover, it can be used to distinguish different kinds of
315, such as spinal cord contusion from complete section.

Methods
Laboratory animals

Adult female Sprague-Diswley rats (250-300 g body weight)
were used. The animals were kept in standard laboratory
conditions with 12h light/dark periods at a temperature of
22%2°C and supplied with dry rat food and drinking water ad
lilbitum. A total of 43 animals were used to perform all experi-
ments: 33 for the algesimetry assay (25 injured and eight control
intact animals, see below section on surgical procedure) and 10
for the repeatability analysis (see section on Randall-Selitto
test). Adl experimental protocols were approved by the Ethics
Committer of our institution, and followed the European
Communities Council Directive 86,609 /EBEC.

Surai

Operations were performed under deep pentobarbital an-
esthesia (50 mg,/ kg i.p., Sigma, 5t. Louis, MO) and after sub-
cutanious injection of buprenorfine (0.05mg/ kg, Bupres,
chering-Plough, Kenilworth, NI} near the incision site. The
dorsum of the animal was shaved and disinfected with povie
dene iodine. A longitudinal midline incision was made through
the gkin and fascia, and paraveriebral musde insertions were
gently removed along T8-T10 vertebral bodies. A T8 selective
laminectomy was then practiced to expose the spinal cord,
which was subjected to different injuries. In two groups of rats,
the spinal cord was contused using the Infinite Hortzon Im-
pactor device (Precision Scientific Instruments, Lexington, UK),
applying a fixed force of 100 kilodynes (group 100 kdyn, n=8) or
200 kdyn (growp 200 kdyn, n=8). The actual foroe used to pro-
duce the injury was recorded, as well as the resultant displace-
ment of the spinal cord. In a third group, the spinal cord was
completely transected by means of a sharp scalpel at T8 vertebral
level {complete section group, #=9), To ensure that the injury
transected the whaole spinal cord, both stumps were gently lifted
away and repositionsd back into the vertebral channe, In all

Results

surgeries, the wound was sutured with 5/0 silk thread in the
miuscular plane and small surgical clips in the skin plane to
disinfect. Animals were kept in a warm environment until full
recovery from anesthesia. Bladders were expressed twice a day
until reflex voiding of the bladder wis re-vstablished.

Funclional assassmaeant

Locomator hind paw function after injuries wias assessed in
an open field using the Basso, Beattie, and Bresnahan (BBB)
rating scale (Basso et al., 1995). Briefly, the BBB testing scale
scores locomotor ability from (0 points (no discernable hind
paw movement) to 21 points (coordinated gait with parallel
hind paw placement and consistent trunk stability). Scores
from O to § indicate isolated movements in the three joints
(hip, knee, and ankle). Scores 9 to 13 indicate the returm of paw
Placement and coordinated movements with the forelimbs,
whereas scores 14 to 21 indicate the return of consistent co-
ordination, toe clearance during slepping, predominant par-
allel paw position, trunk stability, and elevation of the tail.
Locomotor recovery was evaluated one animal at a ime in an
open enclosune of 90 cm diameter = 24 cm wall height, allow-
ing individuals to move freely for Smin. Hind paw move-
ments were observed by two examiners and the average soore
was used as the recorded value. The locomotor test was per-
formed weekly up to 42 days post-operation.

Randal-Selitto test

Description. The nociceptive withdrawal threshold was
assessed by using the Randall-Selitto electronic algesimeter
(ITC 2500 Digital Paw Pressure Meter, [ITC Life Science,
Woodland Hills, CA). Before the best, cach animal received
Smin of handling to get used to manipulation; then it was
placed into a soft cotton cloth and carefully immobilized with
the same hand used to hold the tested paw. The test consisted
of the application of an increasing mechanical force, in which
the tip of the deviee was applicd onto the medial portion of
the plantar or the dorsal surfaces of both fore and hind paws
until a withdrawal response resulted (Fig. 1). The point of

FIG. 1.

Digrzal and plantar surfaces of fore (A, B) and hind paws (C, D), with black arrows indicating the point of application

of the mechanical stimuli in the Randall-Selitto test. (E) Application of the tip of the Randall-Selitto probe during a test.
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application was marked with ink in order to maintain the
location over repeated trials. The maximum force applied was
limited to 250 to avoid skin damage. Measurements in the
skin of the dorsal and lateral parts of the trunk were also
performed to assess at-level neuropathic pain after SCI, witha
maximum force of 350g (400g s the maximum reliable
measurement suggested by the manufacturer). Because no
response from the animals was observed in the trunk sites, the
device used did not seem sensitive enough to detect pain re-
sponse at this level; therefore, no further reference will be
made regarding at-level pain testing,.

Repeatability of technique. Repeatability quantifies the
proportion of the total variance in multiple measurements of a
trait that iz due to differences among individuaals, It is tradi-
tionally estimated using the intra-class correlation coefficient
(Sokal and Rohlf, 1995), which is derived from one-way
analysis of variance (ANOWVA) It is understood that if re-
peated measurements of a given individual are very similar
relative to the differences among individuals, then repeat-
ability is high, and there may be little practical reason to ob-
tain  multiple measurements. If measurements  within
individuals are highly variable, then repeatability is low and a
gain in precision is achicved by taking multiple measure-
ments of individuals.

We estimated both intra- and inter-day repeatability from a
sample of 10 control rats as follows. The Randall-Selitto test
was performed once on each individual and, after an entire
round on all individuals, it was repeated again on the same
day for up to five times (the harmonic mean was 3.4). The
ohserver was blind with respect to the results from previous
measurements. The whole experimental protocol was re-
peated after one week. Intra-day repeatability was estimated
as the intra-class correlation. ]nher—da}r repeatability can also
b estimated using the intra-class correlation coefficient from
the averages of each rat on each day. However, this coefficient
is very sensitive to changes in the average values of traits
through time (Bulmer, 1985); for this reason, we first tested for
average differences, which were very similar in magnitude for
the different body parts (fore paw plantar surface, fore paw
dorsal surface, hind paw plantar surface, and hind paw dorsal
surface) in the one-week period.

Experimental assays. The potential use of the Randall-
Selitto test to detect and quantify neuropathic pain in rats
subjected to SCI was evaluated using the three groups of
animals described in the surgical procedure section (100 kdyn
contusion, 200 kdyn contusion, and complete section) plus a
control group (n=8§; these animals were an independent
sample o that used in the repeatability test). The Randall-
Selitto test was performed on days 14, 28, and 42 after injury,
and the order of stimulated sites was randomly assigned on
each day. Because the estimated repeatability of the test was
relatively low (see section on Results), the average of the
mieasurements was used as the estimated value for newro-
pathic pain detection in a repeated-measures design ANOVA
(mee below section on neuropathic pain detection),

Statistical analysis
Side differences. Possible differences between right
and left paws were assessed using conventional twio-way

Results
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ANOVA with individuals as a random factor and side as a
fixed effect. Control and injured groups were analyzed sep-
arately at cach time interval, and none-significant side differ-
ences were detecled after correcting for multiple testing by
using a sequential Bonferroni test, Wi therefore pooled right
and left paw measurements to simplify statistical analyses.

Meuropathic pain detection. Since preliminary tests de-
tected a positive correlation between the averages and stan-
dard deviations of the different groups, analyses were done
after log-transforming the data (taking natural logarithms of
each one of the repeated measurements for each individual on
each day). Data analysis was performed with a multifactorial
repeated-measurement  ANOVA, considering  the  injury
group and the body part as independent variables. To control
for type | errors, post-hoc Bonferroni paired comparisons
were performed when statistical significance (p<0.05) was
detected, The statistical software packages Statistica, v, 9
(StatSoft Inc., Tulsa, OH) and SIS5 v. 15 (SPS5 Inc., Chicago,
IL) were used for statistical analyses,

Results
Spinal cord infury parameters and funchional recovery

Woe estimated the accuracy of the actual force applied and
the displacement suffered by the spinal cord in the two con-
tusion injuries of 100 and 200 kdyn, since they are the main
variables in the contusion technique (Cao et al., 2005; Scheff
et al., 2003; Zhang ct al., 2008). Animals from the 100 kdyn
group received a mean impact force of 1049+ 2.08 kdyn,
which is not statistically different from 100 (p=005),
whereas animals from the 200 kdyn group received a mean
of 209.14+3.61 kdyn (p=005), The displacements suffered
by the spinal cord averaged 8076324757 um and
1468.71 £ 8935 pm for the 100kdyn and 200kdyn groups,
respectively. Therefore, the different forces applied lead to
lesions of different severity.

The severity of the SC1 is directly related to the functional
recovery (Zhang et al., 2008). Functional recovery, assessed by
the evaluation of voluntary lecomotion (BBB test), is plotted in
Figure 2. In animals from the 100 kdyn group the BBB score
increased  from 10892031 one week after surgery to
1604065 at the end of the study, when the rats displayed
plantar stepping and consistent coordination, frequent toe
clearance and rotated position of the paws at lift off. In the
200 kdyn group the BBB score averaged 4.82 2098 after one
week and 10007 £0.47 at six weeks; animals displayed occa-
sional weight support and plantar stepping but no coordi-
nation between fore and hindlimbs, The average BBB scores
were clearly different between these two groups (Fig. 2), but
their rate of recovery wias similar (that is, an average increase
of 5.11 points from day 7 to day 42 in the 100 kdyn group, and
53.25 points in the 200kdyn group). Animals with complete
section had a mean score of ~ 1 point throughout the follow-
up, indicating paralysis of the hind paws, with only some
slight movements of one or two joints, most likely of reflex
LLigh LR

Repealability

Individual differences were significantly repeatable (intra-
class correlation coeffickents) bazed on the individual
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FIG. 2. Open field locomotion assessed by the BBB scale in the four growps of rats tested. All groups are significantly

different {p <0.05) from day 7 to the end of the follow-up.

ANOVAs, The repeatability tended to be highest for plantar
fore and hind paw testing (Table 1), As an average, individ-
uals accounted for 41.4% and 21.0% of the intra-day varance
and 38.2% and 28.9% of the inter-day variance for plantar and
dorsal surfaces, respoctively.

" iz e

When analyzing results from intact animals we found that
thresholds found with the Randall-Selitto test were quite
gimilar between fore- and hindlimbs, Paw dorsal surfaces
were more sensitive o mechanical stimuli than plantar sur-
faces, so the mean threshold values were about 8% lwer in
the former (Table 2).

Table 2 shows the absolute values of the pain withdrawal
threshold resulting from the application of the Randall-Selitto
probe for each group of 5CT rats on day of follow-up, Evi-
dences of neuropathic pain were detected in all injury groups
on nearly all the follow-up days compared to the control
group. For the hindlimb, the decrease in the withdrawal
threshold was comparatively greater when testing the plantar
than the dorsal skin. The two groups with contusion injury
(100 and 200 kdyn) showed roughly constant reduction of
nociceptive threshald t the study, which was more
marked, although not significantly, in the 200kdyn group
(Fig. 3). The complete section group displayed the highest
pain response 2 weeks after surgery; its mechanical nocicep-

tive threshold was statistically lower compared to the
100 kdwyn group, but it tended to increase 4 weeks after sur-
gery. [nterestingly, Randall-Selitto tests performed on the
forelimb also revealed a significant reduction in nociceplive
thresholds, indicative of mechanical hyperalgesia following
SCL. In this case, the reduction was similar and stable for 100
and 200 kdyn contusion groups during the study, whereas for
the complete section group the thresholds were reduced 1
wieek after leston but temded to reverse to normal values 4
weeks thereafter (Fig. 3).

Regarding the manifestation of neuropathic pain in differ-
ent body areas with respect to the SCT site, values for the
plantar surfaces showed that 100 and 200 kdyn groups pre-
sented significantly reduced mechanical nociceptive thresh-
olds at both above- and below-level injury, while the complete
section group presented more marked below- but not above-
leve] pain,

Discussion

One of the main problems when studying neuropathic pain
in animal models is the low availability of versatile teche
niques; hence most of them focus on the detection of pain in
the hind paws. Hyperalgesic manifestations have already
been described after traumatic lesions of the spinal cord
(Christensen and Hulsebosch, 1997; Christensen et al., 1996),
The Randall-Selitto test appears to be a useful method for

Tasce 1. CormeLamion Matrix of Rereatasirry (InTra-Crass CORRELATION)
ror Nocicerrive Wirrnprawal TurespioLn UsinG e Ranpali-SeLirro Test

Plaatiar fore panr
Day 1 Dhay 2

Drorsal fire paie
Day 1

Dhay 2

Day 1 0471 (0002) 0509 (0.048) 0.307 (0.035) 0578 (0.026) 0.417 (0.005) 0.254 (0.215) 0.047 (0.346)
0.255 (0.058)

0.405 (0.009)

Plantar Mind peat Diarsal e paner
Day 1 Dy 2 Day 1 Dy 2
0 (0.910)*
0L.363 (0.009) 0.230 {0.078)

For cach body part, the diagonal values ane the intra-day repeatability and the upper diagonal values are the inter-day mepeatabiliry
{numbrers in parentheses represent significance level from the one-way ANOVA), Bepeatability underlined is significant | p<0.05) after

correcting for multiple testing using Bonferrond test.

*The between-rats estimated variance from the ANOVA method was negative.
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AT 14, 28, anp 42 Davs PosT-SuRGERY

TawLe 2. Surrortep Pressure (18 Grasms) 1y Fore- anp Hixouaes arrer 5C1 i Bats Svssarrren to ConTusion or COMPLETE SECTION

200 ke Conplete section

TiMd kefym

42
176.71£7.5

28
16221145

4
1163+14.3

699+69

42
117.12+16.2

28
1248£13.0

o]
105.9+16.1

42
128.2+12.0

4
117.319.65
T6.7£35

Control
17031125

1138£7.1

Dy

Plantar

Dorsal

8981109
533131
46340

989142

Tr1x37
636 6.4

717 £4.8 734147 874172
B88.2+39

B3.1+58

908157

116.8+12.7

Forelimb

5751102 65,61 3.0
53525

50.0+6.6

51.2+55

790162
57355

69.317.1
5746+55

89.9+£5.3
Bl.2+53 733+24

73956

1729177
GF hE B

Plantar
Daorsal

Hindlimb

Values are shown as mean £ SEM. Values for control animals are shown as the mean of the three testing limes, 1 =89 por group.
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studying neuropathic pain conditions affecting both the fore-
and hindlimbs, and thus responses corresponding to above
and below the segmental level of the lesion, The test does not
require the weight support ability of the animal, can be per-
formisd atearly time points after the injury, and introduces the
possibility of studying the dorsal surface area of the paws. In
this study, we demonstrate the usefulness of the Randall-
Selitto test to detect and quantify the appearance of neuro-
pathic pain after SCI of different severitics,

When focusing on the hindlimb responses, measurements
obtained from rats after contusion injurdes (100 and 200 kdyn)
presented similarly reduced nociceptive thresholds compared
to those of intact animals, No significant differences were
detected between lesion groups, indicating that the severity of
the SCI does not necessarily correspond to the degree of
neuropathic pain signs (Redondo Castro et al., 2011; Zhang
et al., 2008). Nonetheless, in the hindlimb measurements there
is a tendency toward greater reduction in pain withdrawal
threshold as the severity of the lesion increases, although
without statistical significance, Other studies reported that a
more severe lesion induced more pain (Knerlich-Lukoschus
et al., 2008).

Regarding the side of the paw, the application of the
pointed pressure on the dorsal surface caused less reduction
in withdrawal threshold than when testing the plantar sur-
face, as previously reported (Kauppila et al., 1998). The dif-
ferences between plantar and dorsal surfaces may be due o
intrinsic differences, since plantar thresholds were higher
than dorsal thresholds in intact animals, probably because
plantar stepping confers more resistance to the plantar skin.
The hairy skin of the dorsum of the paw is thinner and pres-
ents a higher density of mecha than the glabrous
plantar skin {(except in the plantar pads) (Verdd and Navarro,
1997). It is well-known that in conditions causing central
sensitization (as in the case of SCT), not only nociceptors but
also low threshold mechanoreceptors nieed a lower intensity
of stimulation to elicit sensory responses (Cervero and Laird,
19696),

In examining the forelimb measurements in the contused
animals, there were also reduced mechanical nociceptive
thresholds compared to intact animals. These differences were
maintained during the entire follow-up, thus indicating the
appearance of above-level neuropathic pain after SCI{Carlton
et al., 2009; Hulsebosch ot al, 2009). On the other hand, ani-
mals with complete spimal cord section showed hyper-
reactive responses at 2 weeks after injury but not at later times,
indicating normal nociception in the forelimbs. The difference
in responses points to differences in plastic changes taking
place at cord segments cranial to the lesion between income-
plete and complete SCI. The maintenance over time of fore-
limb rechanical hyperalgesia in the contusion rats in contrast
to the normalization in the complete section group may sug-
gest that hyperexcitability in nociceptive spinal system cranial
to the lesion may be sustained chronically by the persistent
ascending spinothalamic pathways, which are abnormally
active after 5CI and have been suggested to function as a pain
generator (Wasner et al, 2008). These findings may be of
practical use for differentiating complete from incomplete
spinal cord lesions based on the performance in the Randall-
Selitto test when applied to the forelimbs,

[n the case of the animals with complete section, all painful
manifestations in hindlimbs should be attributed to reflex
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FI1G. 3. Fandall-5elitto measurements to assess neuropathic pain responses. Results are expressed as percentage of control
values, Note that animals with spinal cord contusions show a slightly different pattern of hyperalgesic response than animals
with complete transection. Dashed line represents the control values in each graph, Statistical significance: *p <0.05 vs, control

group; #, p<005 vs. complete section; §, p<0.05 vs. 200 kdyn.

responses, sinoe the absence of motor and sensory evoked
potentials proved that the section was complete and that no
regeneration of ascending or descending pathways took place
(data mot shown) (Valero-Cabré et al., 2004). Thus, differences
detected between contusion and section groups should be
attributed to the residual ascending and descending tracts,
and also the supraspinal modulation of nocioeptive informa-
tion (apart from the contribution of the reflex pathways),
present in all cases, The distinction between abnormal pain
and hyper-reflexia is rarely available in studies on the detec-
tion of neuropathic pain after SCI (Dethodf et al., 2000).

When analyzing the data from the same day, the noci-
ceptive withdrawal threshold using the Randall-Selitto test
was significantly repeatable for plantar but not for dorsal
surfaces (see Table 1). However, when repeatability was
calculated between non-adjacent data, the associated proba-
bilities were only sometimes significant. This marginal sig-
nificance might reflect a low statistical power because only 10
individuals were used in the repeatability analysis. A recent
meta-analysis using 759 estimates of repeatability suggests
that 35% of the varnation among individuals in behavior
could be attributed to individual differences (Bell et al., 2009,
The valwes of 41% for the intra-day and 38% for the inter-day
variance for mociceplive withdrawal threshold of plantar
surfaces are within the expected repeatability, which explains

84

why pain assessment techniques are highly varable. There-
fore, increasing the number of observations per individual
will decrease the error around the withdrawal thresholds in
this type of experiment. Moreover, the finding that higher
repeatability was generally found for the plantar surfaces
leads us to propose that Randall-Selitto test using only
plantar surfaces is enough to provide reliable values to detect
abowe- and below-level pain.

In conclusion, the results of this study highlight the use of
the Randall-Selitto test as an adequate and sensitive method
toevaluate neuropathic pain in both fore and hind paws, even
at early stages, after SCI in experimental models, because it
does not require animals to support their weight. Moreowver, it
permits the distinction of complete and incomplete spinal
cord lesions. This supposes a new range of possibilities for the
study of pain itself, as well as for the study of new therapies
and treatments to modulate pain appearance.
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Longitudinal study of wind-up responses
after graded spinal cord injuries
in the adult rat
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Abstract. Purpose:  The main objectives of this work were to evaluate the development of neuropathic pain after spindl cord
injuries of different sevenities, and (o assess changes in central excitability and plasticity by means of wind-up responses and
withdrawal reflexes.

Methods:  Two groups of rats were subjected o spinal cond contusion with forces.of 100.or 200 kdyn applicd wm T8 Measurements
of thermal and mechanical pain thresholds as well as wind-up measurements were performed weekly during two months after
injury. Withdrawal reflexes were also assessed electrophysiologically.

Reswirs:  We found thal animals with contusion of different severities showed a similar reduction in nociceptive thresholds. All
contused animals showed increased wind-up responscs compared to intoct animals during the first 2 1o 6 weeks post injury. The
mean incredse of wind-up was higher in rats with stronger spinal cord contusion. Results from the withdrawal reflexes did not
correlate with nociceplive behiviors nor wind-up responses, highlighting ihe plasticity of spine] circuits modulation after SCIL
Concinsien:  These results imhicate that the grsded-force spinal cord contusion maodel is suitable for studying central neuropathic
pain, and for assessing changes in wind-up responses, Wind-up measurements can be used as a non-invasive technigue to detect
changes in central excitability after SCT of different seventies.

Keywords: Spinal cord contusion, wind-up, below-level neuropathic pain, plasticity

1. Introduction

Spinal cord injuries (SCI) cavse loss of motor, sen-
sory and autonomic functions below the lesion level
due 1o the discontinuity of ascending and descend-
ing spinal tracts, Plastic changes ocour in scgments
below the injury, interfering with functional recovery
and the quality of lile of the patients. For example,
disruption of the descending tracts produces neural
hyperexcitability, leading 1o hyperreflexia and the so-
called spastic syndrome ( Lance, 19800, Plastic changes

*Comesponding author: Dr. Xavier Mavammo, Unitat de Fisiologia
Medica, Facultar de Medicina, Universital Authnoma de Barcelonw
E-08 193 Bellsterm, Spain, E-mail: xavier.navarmo @ unh.cat

are also related to the development of chronic neuro-
pathic pain, with a 65% prevalence in the first year after
the lesion (Widerstrom-Noga et al., 2001; Soler et al.,
2007).

Meuropathic pain in SCI subjects is classified as
below-level or at-level pain, attending o the body arcas
where pain is perecived in relation to the injury site
(Siddall et al., 1997). Mechanisms involved in the gen-
eration and maintenance of pain are disinhibition and
central sensitization. Disinhibition is caused by death
of spinal intemeurons and reduction of the inhibitory
tone in the spinal cord (Costigan and Woolf, 2000;
Meisner el al., 2010), the loss of eflicacy of endoge-
nous opioids, and the increase in the synaplic activity
of the spinal pain pathways (Woolf, 1983; White

2 2-GOZRS IASZT. 500 2011 - [0S Press and the awhors, All rights reserved
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et al., 2007). Hyperexcitability is facilitated by pain
mediators secreted by immune and glial cells, eventu-
ally inducing sensitization of receptors and facilitation
of neural responses to peripheral stimuli, provoking
the initiation and maintenance of neuropathic pain
(MeMahon et al., 2005; Hains and Waxman, 2006).

To study effective therapies to overcome 5C1 con-
sequences, it is important o define objective methods
to evaluate the plastic changes and their modulation
by different treatments. Below-level pain can be evi-
denced by algesimetry tests applied below the site
of injury, whereas the excitability of spinal circuis
can be evaluated by electrophysiological recordings
of flexionfwithdrawal reflexes and wind-up responses,
Wind-up is a frequency-dependent increase in the
excitability of spinal cord neurons when C-fibers ane
electrically stimulated (Mendell, 1966). It differs from
other forms of synaptic plasticity such as long werm
potentiation, in that wind-up needs a low frequency
input, its effects last only during the stimulation or
some minutes |later and it does not imply protein syn-
thesis or generation of new synapses (Woolf, 1996).
Wind-up has been studied in different animal models
(mostly of inflammatory pain) and also in humans, and
tested under different electrophysiological conditions,
though there is no consensus aboul its pathophysiolog-
ical role (for review, see Hernero et al., 20000, Although
wind-up is a central manifestation, it can be studied by
recording muscle activity (Gozariu et al., 1997), amore
physiological preparation that allows detecting similar
potentiation to that observed in dorsal horn newrons.

In this study we have evaluated below-level neu-
ropathic pain, withdrawal reflexes and changes in
wind-up responses after SCI in the rat. Injured ras
showed mechanical and thermal hyperalgesia to a simi-
lar degree after mild and moderate 5CI. The increase in
wind-up responses, but not the increase in withdrawal
reflexes, was related with the severity of the injury,
indicating different modulation for both electrophysi-
ological measurements.

2. Materials and methods
2.1, Laboratary animals
Aduli female Sprague Dawley rals (8 weeks old;

250-300 grams) were housed with free access to [ood
and water at a room temperature of 224+ 2°C under a

90

12: 12 light-dark cycles. All experimental procedures
were approved by the Ethics Committes of our institu-
tion, and followed the European Communities Council
Directive 86/609/EEC.

2.2, Surgical procedure

Operations were performed under  pentobartital
anesthesia (50mgkg ip., Sigma-Aldrich Quimica,
Madrid), and after subcutaneous injection of buprenor-
phine (0.05mg/kg, Buprex, Schering-Plough). Afier
dorsal lamineciomy at verchrae TR-TY, the exposed
subjacent spinal cord was contused using the Infi-
nite Horizon impactor device (Precision Systems and
Instrumentation, Fairfax Station, VA, USA), applying
a force of 100 kilodynes (kdyn; group 100 kdyn, mild
lesion, =11} or 200 kdyn (group 200 kdyn, moderate
lesion, n="9), as described in detail elsewhere (Scheff
et al., 2003). Data from displacement and foree applied
was collected for each contusion to control repro-
ducibility. Unoperated animals (intact group, n=§)
were used as controls. The wound was sutured with
50 silk thread in the muscular plane and skin closed
with small surgical clips and disinfected with povidone
iodine solution. Animals were kept in a warm envi-
ronment until full recovery. Bladders were expressed
twice a day until reflex voiding of the bladder was re-
established, and amoxicillin was given in the drinking
water (500 mg/l) during the first week post injury.

2.3, Functiemal evalwation

The locomotor hindlimb function was assessed
using the Basso, Beattie and Bresnahan (BBB) rat-
ing scale (Basso et al., 1995), Briefly, the BBB testing
scale consists of an ordinal scale from O points (no dis-
cernable hindlimb movement) o 21 points (consistent,
coordinated gait with parallel paw placement of the
hindlimb and consistent trunk stability). For measur-
ing the locomotor recovery, one animal at a time was
allowed o move freely inside a circular plastic tray
(9 cm diameter = 24 cm wall height) for 5 minutes,
and two examiners observed the hindlimb movements
of the rat. The final score of each animal was the mean
villue given for both examiners. This lest was per-
formed at 3,7, 14, 21, 28, 35, 42, 49 and 60 days post-
operation {dpo). Only the animals that were able 1o sup-
port their weight with the hindlimbs (BBB-score = 9)
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were tested for mechanical and thermal nociceptive
sensitivity { Knerlich-Lukoschus et al., 2008).

Mechanical nociceptive thresholds of the hindpaws
were determined using an electronic von Frey unit
( Bioseh, Chaville, France). The rats were placed into
a plastic box with an elevated metallic fine-grid sur-
face, and acclimated to the test chamber for 20 minutes.
From the bottom of the box, a metal tip attached to
the sensor was applied directly 1o the glabrous surface
of both hindpaws, The force applied (in grams) until
the withdrawal of the paw was measured, being the
wvitlue for the test the mean of three trials separated by
5 min resting periods. The maximal force was limited
to 35 grams to avoid skin damage.

Thermal nociceptive sensitivity wis evaluated using
a thermal plantar algesimeter (Ugo Basile, Comerio,
Italy). Animals were acclimated in a plexiglas testing
chamber for 20 minutes, A movable light of projec-
tion lamp { 1 50%W) was focused directly onto the plantar
surface of the right and left hindpaws, The time until
withdrawal of the heated paw (withdrawal latency ) was
measured through a time-meter coupled with infrared
detectors directed to the plantar surface. The maxi-
mzl time of stimulation was limited 10 20 seconds to
avoid skin damage, The value for each test was the
mean of three trials separated by 5 min resting periods
(Hargreaves et al.. 1988),

2.4, Elecirophyvsiological recordings af wind-up

Animals were anaesthetized with pentobarbital
(40mg/kg, i.p.; since each animal testing ook ~20
minutes, no additional anaesthetic  dosages were
required), and placed prone over a warmed flat coil
controlled by a hot water circulating pump to maintain
body temperature, Wind-up evoked responses 1o
repetitive electrical stimulation were recorded from
the right tibialis anterior muscle using a protocol
modified from Solano et al. (2003). Trains of repetitive
electrical stimulation (1 Hz, 16 pulses, 1 ms width and
20mA, ~0.7 times the threshold) were applied by
means of monopolar needle electrodes, being the cath-
ode inserted near the medial plantar nerve in the right
paw, and the anode inseried between the fourth and
fifih toes of the same paw. This configuration creates
an clectrical field that stimulates all sensory afferemt
nerve fibers in the hindpaw, The aciive recording
needle electrode was placed in the mass of the tibialis
anterior muscle, the reference electrode in the tendon

at the ankle, and a ground electrode at the base of the
tail. Electrical stimuli were supplied by a Grass 544
stimulator using a Grass isolation unit {(PSIUG; Grass
Instruments Co., USA). Responses were amplilied
100 times with a Grass P31 1 amplifier, fed into a Pow-
erLab/165P system and recorded with Chart software
(ADInstruments Lid. ). Electrophysiological tests were
performed at 7, 14, 21, 28, 35, 42, 49 and 60 dpo.

In each session, electromyographic wind-up
responses were recorded and analyzed 10 measure
the area under the curve (AUC) of each response,
by using Chart software and the RMS and Noise
extension thal determines the power content of a
signal. We calculated the mean increase achieved
from the second o the sixteenth response, using the
AUC normalized by the first response, to evaluate only
the increase and not the absolute value of the response.
Increments were expressed as fold increase versus the
first response, and values were expressed versus time
ar using the mean value of all the follow-up perod 1o
assess general tendencies. Another measurement of
wind-up was done using the slope of the regression
line obtaimed with the normalized AUC of the first five
stimuli. In this interval the maximal response is usually
reached, so this representation provides an indication
of how fast is the amplification of the response.

A 200 kdyn contusion was performed in ancther
group of animals (n=4) and 14 days thereafter wind-
up was measured before and after 10, 15, 20, 25 and
30 minutes of MKBO] admanistration (0.5 mglkg i.v.,
Tocris Biogen Cientifica, Madrid), to assess the impli-
cation of NMDA system in the generation of wind-up.
Intact animals were also administered with the same
drug; other intact and injured animals received only
vehicle saline solution (n =4 per each condition).

2.5, Withdrawal reflexes

Withdrawal reflexes were also measured at end
proimt, by delivering single stimuli of S0mA, 1ms, and
using the same setiing used in wind-up recordings,
Several stimuli were applied, separated between them
by a minimum of 30seconds. Meassurements ol the
AUC of the C-fiber mediated response duning the first
second of the response were made to assess the inten-
sity of the withdrawal reflex response {Valero-Cabre
et al., 2004), although in some animals responses
were longer lasting.
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2.6, Immunohistochemistry

Transcardiac perfusion with 4% paraformaldehyde
in phosphate-buffered saline was carried out in anes-
thetized rats at 60 days after SCL. A T7-T10 spinal
cord segment around the lesion epicenter was removed,
post-fixed overnight and eryoprotected in 30% sucrose.
The spinal cord segments were embedded in TissueTek
and serially cut {30 pwm thickness) in the transverse
plane in a cryostat. Sections were collected onto
gelatin-coated glass shdes and immunostained with
primary antibody against glial fibrillary acidic protein
(GFAP, Sigma, 1710007}, and Cy 3 (Jackson Immunore-
search) as secondary antibody. Images of the spinal
cord sections were taken at 400, Then, the spared tissue
area was measured, using Image J software (National
Institutes of Health, USA), and expressed as the per-
centage with respect o the total area of the spinal cord
section.

2.7, Sranistical analvsis

Data are shown as the mean £ SEM. Statistical com-
parisons between groups were made using ANOWVA
with Bonferroni posr hoe tests (GraphPad Prism soft-
ware). Differences between groups were considered
statistically significant if p<0.05,

3. Results
J.4. Vilidation of the SCI

In order o assess that our groups were receiv-
ing lesions of graded severity, the real force applied
and the displacement of the spinal cord produced
by the impact were monitored. In the group with
100 kdyn contusion the measured force applied aver-
aged 103.5 £ 1.6 kdyn, and the mean displacement was
T41 £ 27 pm. Inthe group with 200 kdyn contusion the
mean force applied was 2090+ 4.1 kdyn and the dis-
placement was 1434 £ 85 pm. Both parameters were
significantly higher in the 200 kdyn group compared
with the 100 kdyn group (p < 0.001).

The locomotor test was performed weekly after
the day of the contusion. The animals contused with
100 kdyn force reached the maximum score of the
test (21 points, normal locomation) before the end
of the follow up, whereas the group that received the
200 kdyn contusion never exceeded 12 points (mean-
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Fig. I. Resulis of the open field locomdion test, scored by the BRE
scale, following SCI. The two different severities in the comusion
resulied in significant differences in the recovery of locomaodion;
whereas 100 kdyn injured animals reached normal locomotion (21
points), the 200 kdyn injured animals only reached values near 12
poinits (" p < 000E; " p < 0000 200 kdyn vs, 100 kdyn), Intact animals
presented normal kecomotion (21 points) during the follow-up.

ing that animals made frequent o consistent weight
supported plantar steps and occasional forelimb-
hindlimb coordination); intact animals scored 21
points during all the follow-up (Fig. 1).

We also assessed histological differences between
the groups receiving different contusion forces. The
amount of spared tissue at the epicenter (defined as the
section with the maximum cavity) was quantified on
transverse spinal cord sections immunolabeled against
GFAP (Fig. 2), in order to detect the perimeter of
the cavity delimited by the glial scar. Animals with
a 100 kdyn lesion showed a preservation of 63 £ 3%
of the cord tissue, whereas the 200 kdyn lesion group
showed only 404 3% spared tissue. These values
were significantly different between them (p < 0.001),
further indicating that the two forces applied in the
contusion caused lesions of different severity,

3.2, Functiomal evalwation of nocicepiive
FESIHENISES

Every week after SCI, animals were subjected o
mechanical and thermal algesimetry tests, All injured
rats showed an increase in the sensitivity to mechanical
and thermal stimuli, which was observed from the sec-
ond week after injury and was maintained during all the
fiollow-up period (Fig. 3). In the mechanical test, intact
animals showed paw withdrawal thresholds around
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Control

Fig. 2. Representative histological irnsverse sections of the comused spinal conds immupolabeled for GFAP. The different amount of spared
tissue is casily observable in these images iaken from ihe epicemer of the lesion af 2 months after injury. Sections from 100 kdyn contusion
showed loss of dorsal cord nssue, while 200 kdyvn contusion provoked & more spread loss of tssue. Bar: 500 wm.

19-20 ¢ during the two months follow-up, while the
injured ones had lower values around =12 g, The val-
ues of both groups with SCI were significantly lower
than the intact animal values (p < (LOOT ), but there were
no differences between injured groups. In the thermal
alpesimelry test, intact animals showed withdrawal
latencies of 13-14 seconds, whereas in injured rats
latencies were reduced o 7-8 seconds. This reduction
in heat nociceptive threshold was again sianstically sig-
nificant comparcd to intact animal values (p<0.001),
but ne differences were found between 100 kdyn and
200 kdyn imjured groups. These data indicated tha
contusive SClcaused stable and persistent signs of neu-
ropathic pain, 1o a similar degree independently of the
severty of the lesion.

1.3, Electrophysiological evaluation of wind-up
FESPNINSES

A group of intact animals was used to obtain con-
trol values for wind-up, and was tested weekly in
order to rule out any effect of repeated anesthesia
and stimulation, Intact animals showed electromyo-
graphic recordings with slight wind-up effect and
considerable vanabality between individuals, The elec-
troamyvographic responses were weak, with a few motor
unit spikes and small summation between responses
(Fig. 43 In 5CI rats the responses wene much more
pronounced, with intense bursis of activity beginning
between the sccond and the fifth stimuli. This ampli-
fication reached a plateau around the fifth stimuli and
was maintained until the last stimulus ( 16th). All the
injured animals showed increased responses during
the two months of follow-up. In some cases muscu-
lar activity lasted more than one minute after the last

stimulus (data not shown ). Such persistent activity was
never observed in intact animals.

Dwue to the different criteria described im the literature
to measure and guantily wind-up responses, we used
different approaches in our study, always using the area
under the curve of each response as the measure of
miuscular reflex activity. For convenience, all values
from intact animals were unified in one single value
{mean of all the test days and animals).

In a first approach, the wind-up response for each
day and animal was assessed by calculating the mean
AUC of the 2nd o the 16th response (normalized
values). In Fig. 5A, the mean values for each group
every day of testing are represented, The group of
intact animals had a wind-up increase of 2.04 £ 0.03
times the first response. Dunng the two months of
follow-up, contused animals showed increased wind-
up responses versus intact animals, Maximum wind-up
responses were achieved at 14, 21 and 28 days in
100 kdyn contused animals (2.84 £0.24, 2,89 4 0.20,
284 £ 0,31 vmes the first response, respectively),
while the 200 kdvn group presenied the maximum
wind-up responses between days 28 and 42 post injury
(4.3 £ 0.4 and 3.6 £ 0.4, respectively ). The responses
were significantly higher in the 200 kdyn group than
i the 100 kdyn group at 28 and 42 dpo (p< 00001 and
<005 respectivelv). In both injured groups, wind-
up responses tended o normalize during the last two
weeks of follow-up (49 and 60 dpo).

Since wind-up responses did not present a clear pat-
tern along the time after SCI, a second caleulation was
done using the mean increase (AUC from the 2nd to
the 16th stimulus, normalized with respect to the first
response ) but considering now data from all the follow-
up period. In this case, contused animals showed a large
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Mechanical algesimetry up period in order to obtain the mean slope for each
group during the two first months after SCLL The slopes
20 showed increasing values with the severity of the lesion
{Fig. 5C}. Slope values were 0,24 £ 0.06 for intact ani-
15+ muals, 041 = 0L05 for the 100 kdyn group, 0053 £ 0,07
- for the 200 kdyn group.
E o,
3.4 Pharmacological modulation of wind-up
5= respenses
o T T 7 - . T . In order w verify the mechanisms involved in the
] 9 20 30 40 S e TO wind-up responses, pharmacological inhibition experi-
dpo mienits were performed. We used MES0, an antagonist
Thermal algesimetry of NMDA receplors, to block the NMDA receplor
15= sas function and o confirm its implication in the gener-
ation of wind-up responses (Davies and Lodge, 1987;
12- Drickenson and Sullivan, 1987; Xu et al,, 1995). Wind-
up responses were measured in intact (m=4) and
o= contused animals (200 kdyn, 14 dpo, n=4), belore and
.g after the administration of MKS01. This drug caused a
g (= reduction of wind-up responses, with about 705 inhi-
bition in both intact and contused animals (Fig. 6). The
1 injection of vehicle saline solution caused no changes
in wind-up responses (data not shown).
/]

Frg. 3. Resulis of the alpesimetry tess during follow-up alier SCIL
In the wpper panel, resulis rom te mechanical algesimeiry ests
show i decrease in the nociceptive threshold for mechanical stim-
uls in bih groups of injored animals. In the bottom panel, resulis
from thermmal qlp:nimc:ry fesds show a samilar trengd for decrease
in mociceptive ihresholds. In both tesis, hipersensitivity siaried =i
the: first week postinjury and was mainiainesd until the end of the 2
months follow-up. Valves were significantly different from values of
intact animals: "p <008, 100 and 200kdyn groups ve, intact groap;
<0001, 100 and 200 kdyn groups vs. inact gnoup: *p< 00001
intact ws. 100 kdyn groap,

wind-up facilitation, with a mean increase of 2.6 = 0.3
in 100 Kdyn rats and 3.0+ 0.26 in 200 kdyn ruts, sig-
nificantly higher than the increase of 2.04 4 0,03 times
the first response in intact rats (Fig, 5B).

A third approach 1o evaluate wind-up responses was
made by calculating the mean slope of the regres-
sion line generated for the AUC from the first five
responses (Kimura and Kontani, 2008). in order
appreciate how fast the maximum facilitation was
reached (usually observed in this interval). For this cal-
culation, data were also collected from all the follow
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2.5, Witk rarwal rrﬁ.e.l: Fes[hanses

Withdrawal reflex testing can be used as an index
of nociceptive responsiveness in animals (Clarke and
Harris, 2004}, In intact rats, stimulation of the medial
plantar nerve consistently vielded a withdrawal reflex
response in the ipsilateral tibialis anterior muscle,
recorded as bursts of motor unit action potentials
grouped in three components (Valero-Cabre et al,
2004). The third component (C3), that is depen-
dent on activation of C afferent fibers, was detected
starting at 120-135 ms after trigger, and had long dura-
tion. Withdrawal reflexes were also wested in spinal
cord contused rats {Fig. TA). which showed enhanced
responses of longer duration than the controls (1 sec-
ond in intact animals, 7seconds in 100 kdyn group
and 2, 3seconds in 200 kdyn group). Measurements
of the AUC during the first second of activity were
done to assess facilitation in the polysynaptic spinal
reflex circuit function. The mean AUC was signifi-
cantly higher in rats of the 100 kdyn group than in the
intact group (452.3 £ 1149 Vs va 594 4 26,4 pV-s,
respectively, p<0.01) and in the 200kdyn group
(12294341 pV-5) (Fig. TB).
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Fig. 4. Representative recordimgs of wind-up responses in intact and injured animals. Each vertbeal line indicates 4 pew stimilus, wnil reaching
16 stimuli. Note that the first stimulus bs subthreshold so no response i elicited, As the train of stimuli progresses, amplification occurs, espectally

in comused animals, that show higher responses than inact animals.

4. Discussion

The results of this study show that spinal cord
injured animals hove increased responses o thermal
and mechanical noxious stimuli, indicative of neuro-
pathic pain, but that this increase is independent of
the severity of the lesion. Moreover, when testing the
excitability of the spinal reflex circuitry, we found
increased facilitation of wind-up responses in all SCI
animals. The increase in wind-up responses was more
marked in severe than in mild 5CIs, just the oppo-
gite of withdrawal reflexes that were more increased in
mild lesions. Similar to what occurs in intact animals,
the wind-up phenomenon observed in SCI animals is
dependent on NMDA activation. Wind-up measure-
ments can be used as a non-invasive technique to detedt
central hyperexcitability, and to corroborate the exis-
tence of pain amplificators in the spinal cord after a
SCI.

The spinal cord contusion model can present some
varability, specially related 1o the displacement suf-
fered by the spinal cord and to the real force applied

(Schefl et al., 2003; Zhang et al., 2008), which influ-
ence the recovery after the contusion, For this reason,
we controlled both parameters to guaraniee repro-
ducible lesions of different severty. The values for the
real force applied were similar to the desired forces
in both groups, and the displacements were similar
to the ones described in the literature (Schefl et al.,
20003; Cao et al., 2005), The severity of the lesion was
alzo assessed functionally by means of the BBB scale
of locomotor function, and histologically by evalu-
ating the amount of spared tissue at the epicenter of
the lesion. As expecied, the animals receiving higher
forces had more extensive loss of spinal cord tissue,
and greater deficits in locomotion.

d.1. Pain responses after SCI

All contused animals showed increased pain
responses o noxious mechanical and thermal stim-
uli, reflecting hyperalgesia (exaggerated response o
a noxious stimulus). These manifestations had also
been descnbed after other traumatic (Christensen et al.,
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—r | = injured (200kdyn) mintact |
1564
g 204 Fig. 6. Changes of wind-up responses following administration
i of MES0]. NMDA blocknde resulied in a reduction in wind-up
=1 responses (calculaled using the mean AUC from 2nd 1o 16ah nor
i i malized responses, versus basal wind-up response of each animal ).
E This reduction was semilar in miact and in contiised ammals, and
e Lasted For of beast 30 minutes { p<005; " p <000 ve, basal wind-up
i vailues before admimistratson of the drag).
i T
intact 100kdyn
LT . .
€ 194946 Christensen and Hulsebosch, 1997}, inflamma-
ns tory and exciteloxic (Yezierski, 2005) lesions of the
- | spinal cord.

The development of neuropathic pan afier SCIT
£ aa- is related to several physiopathological mechanisms,
. = including death of spinal inhibitory intermeurons,

diminishment of inhibitory neurotransmitters, changes
Bt in the receptors of the dorsal hom projecting neurons,
as well as the interruption of the descending inhibitory
e intact 100keyn 200kdyn tracts {Costigan and Woolf, 2000: Meisner ctal., 2010).

Fig. 5. Wind-up measurements. &) Longitudinal sfudy: increase in
wind-up mean fold increase during the 2 months of follow-up. In
the ¥ mxis, mean value for the increments within the Znd and the
Ith response with respect 1o the lirst one {mean fold increase);
broken line represems ihe mean valee for intoct animals. Although
with some variations, groups of injured animals present higher
wind-up than iniact animals duning most of the follvw-up period,
'p{Iﬁ.Uft wa, s animals: "p{[htﬂl v, inact animals: 'fr{ 0,08
va, 200 kdyn group: ® p <0001 vs. 200 kdyn. B) Bars represent the
imean increment achieved for each group during all the follow-up
period (considering all tesiing days, expressed as mean + SEM).
Injured animalz show higher wand-op responses than imtact ammals,
alihough only the value of the XX kdyn group reaches siatistical sig-
nificance (" p < (U011, These results suggest a tendency (o incrense the
wind-up responses as the severity of the lesion increases. C) Mean
slope of the regression line obtnined considering the incremenis of
AL in the first five responses. and during the whole followe-up
period (expressed as mean £ SEM). The 200 kdyn group had val-
es significamly higher I:'p{D.HI j tham intact animale, The group
with 100 kdyn lesion showed an increased slope, although it was nod
signiticamly deffercnl from intact animals,
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These tracts project from the penagqueducial gray mat-
ter (PAG) and raphe nuclei, important areas for the
processing and modulation of nociception, and are
located in the dorsolateral funiculus, which is the most
affected part of the spinal cord by the contusion itself.
This may explain why amimals with different severity
of lesion do not respond in a graded manner. A direct
consequence of the loss of these inhibitory pathways is
the activation of intraspinal mechanisms of generation
and amplification of pain. In previous studies, hyper-
excitability was detected in the injured spinal cord
{Lenz et al., 20000}, as well as changes in the expres-
ston of some sodium channels in the lombar region of
the spinal cord after a thoracic contusion (Hains et al.,
2003 ), Local circuitry caudal to the lesion (at the lum-
bar segments L4-15 collecting the sensibility of the
sciatic nerve should be preserved since itis notdirectly
affected by the contusion, However the inflammatory
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Fig. 7. A) Representative recordings of withdrawal refleses from intact, 100 kdyn and 200kdyn animals, B: Measurements of the aren under
curve of the first second of withdrawal reflex response, measured in p V-2, Animals with 100 kdyn conasion showed higher withdrawal refleses

{"p<(L01) than intact and 200 kdyn contused animals.

process that takes place in the epicenter of the lesion
is important enough to induce structural and func-
tional changes at segments as remole as lumbar regions
(DretlofM et al., 2008; Abbadie et al., 2009; Garcia- Alfas
etal., 2010). These changes have been related wo central
sensitization, for which neuronal circuits may respond
inappropriately to peripheral stimuli, strengthening the
response, reducing the thresholds and increasing the
synaplic efficacy (Woolf, 1983; White et al., 2007).
In contrast to other reports (Knerlich-Lukoschus
el al., 2008), the severity of the lesion was nod pro-
portional to the degree of hyperalgesia found in our
stucly, Other studies have proposed that minor lesions
might cause more pain, since a higher preservation of
spinal tracts would enhance transmission of aberrant
pain information to higher centers (Yoon et al., 2004).
Even in clinically complete SCI, persistent spinothala-
mic tract function has been demonstroted in a majority

of patients with central pain, suggesting that the par-
tially preserved spinothalamic tract pathways might
function as a “pain generator” (Wasner et al., J008),
In the SCI model we used, superficial lavers of the
dorsal homn and most of the dorsal tracts are lost or
non-functional at the involved thoracic segments, and
the area is immersed in an inflammatory and hyper-
excitable state, This pathological situation can aflect
the conduction of the preserved ascending nociceptive
pathways through a mechanism called “activation en
passan’” (Ma and Quirion, 2008), by which normal
axons would be altered when passing near to axons
that are damaged or hyperexcited. On the other hand,
residual spinothalamic tracts permits the conduction of
nociceptive inputs, but the loss of dorsal tracts and the
hyperexcitability of the system do not permit the fine
discrimination, so the nociceptive response elicited by
the animal is not graded 1o the stimulus, neither to the
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severity of the injury. We can not rule out the possibil-
ity that the algesimetry tests are not sensitive enough
to detect differences in the intensity of neuropathic
pain after severe 5CI; for instance, hindlimb paresia
may influence the time to withdraw the stimulated paw,
although only minor movement of the paw is suflicient
to stop the stimulus intensity.

4.2, Facilitation af wind-up responses after SCI

Despite its intrinsic variability, wind-up recordings
showed some common features in all the tested ani-
mals, The response 0 the first stimulus was of low
intensity, since no amplification had already taken
place, From the second to the fifth stimulus, responses
showed a marked increase, reaching the maximum
response in this interval; this increased response was
maintained watl the last stimulus. An interesting
approach to evaluate the excitability of the spinal
cord after the injury is 1o evoke wind-up responses
in electrophysiclogical recordings of spinal reflexes.
Wind-up can be considered a form of short term poten-
liation, since its amplifyving elfects only last some
minutes after the end of the stimuli. In addition, it
does not imply synthesis of new proteins nor changes
in synaplic components, as occurs with the long erm
potentiation phenomenon,

Since wind-up responses can be difficult 1o mea-
sure and interpret (Svendsen et al., 1999), we used
different approaches to quantify wind-up changes in
our study. The first representation could be useful w
detect temporal patterns in wind-up responses after
SCI. Although the group of 200 kdyn showed higher
wind-up responses than the 100 kdyn group, the dif-
ferences were only significant at some days of the
follow-up. When all days are considered together, the
mean increase of the succeeding responses with respect
to the first response showed a trend 1o increase with the
severity of the lesion. being the 200 kdyn group the one
with highest wind-up responses. When studying the
slope of the increase during the first five responses data
indicated that wind-up responses were again higher in
the most severe injuries, and also higher than in intact
animals. This representation is useful to measure how
fast the amplification is achieved and how intense il
becomes. Despite the method used 1o measure wind-
up, all contused animals showed increased wind-up
reaponses (o the same train of stimuli, indicating sum-
mation and hyperexcitability at some point of the spinal
reflex pathways, This abnormal amplification mecha-
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nism may contribute 1o the appearance of neuropathic
pain after SCL, contributing to the magnification of the
response given toa noxious stimulos, and would reflect
the important role of plastic changes in spinal reflex
circuits after 3CL

The application of a NMDA antagonist (MKS01)
reduced wind-up responses in intact and contused ani-
mals, suggesting that increased wind-up responses in
SCI and intact rats were highly dependent on NMDA
receplors. MER01 has been vsed experimentally (o
reduce neuropathic pain and is also known 1o inhibit
the generation of wind-up responses by inhibiting the
cumulative depolarization that leads w wind-up gen-
eration (Eide, 2000; Herrero et al., 2000; You et al.,
2004, It is interesting 1o note, however, that in some
peripheral nerve lesions producing neuropathic pain,
wind-up nesponses are not so sensitive o NMDA
blocking agents (Xu et al.,, 1995).

4.3, Facilitation of withdrawal reflexes

Withdrawal reflexes have been widely used 1o study
nociceplive responsiveness in animals. Increases in the
segmental reflex responses may be consequence of the
reorganization of newral circuits that takes place alter
SCIs (Basso, 20000, However, we found more marked
withdrawal reflex responses after mild than severe SCI
in our rats. Imerestingly, spasticity, another sign of
ahnormal processing in the spinal reflex circuitry, is
also more marked in incomplete compared to complete
spinal cord injured subjects (Little et al., 1989; Young,
1994). In contrast 1o the amplitude of the withdrawal
reflex, wind-up responses showed a positive tendency
in relation to the contusion force applied, suggesting
that the two responses are differently dysregulated after
SCL. In fact, wind-up and central sensitization are not
equivalent phenomena and depend on different mech-
amisms (Woolf, 1996). Whereas wind-up responses
depend on enhanced synaptic C fiber activation and
accumulative depolanzation (Sivilolt et al, 1993),
which supposes an inerease in calcium levels, alter-
ations in the withdrawal reflex are probably mediated
by exaggermed and prolonged synaptic inputs from
sensory afferents and interneurons. We cannot discard
the existence of pathways that remain silent in normal
conditions, but may be activated after SCI, then impli-
cating different modulation of withdrawal reflex and
wind-up responses. Moreover, facilitation of the with-
drawal reflex can be partially due to amplification of
afferent inputs on motonevurons below the lesion, which
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in turn may become hyperexcitable (for a review see
Heckmann et al., 2005).

This is one of the first studies exploring the appear-
ance and evolution of wind-up responses along time
alter a spinal cord contusion. Wind-up responses,
measured by different approaches showed a clear
facilitation after spinal contusive lesions, and they
increased i relation o the severity of the injury,
being the most severe injuries the ones presenting
higher amplification, hence higher central hyperes-
citabality, Nevertheless, withdrawal reflexes were more
facilitated in mild lesions, indicating the different
modulation acting on the same spinal reflex eircuit
when applying a single or repetitive electrical simul,
highlighting the imporant plasticity present in spinal
segments caudal o the lesion site. This hyperexcitabil-
iy, present in all contused animals, was translated
into exaggerated nociceptive responses in the alges-
imetry tests. Our results support the importance of
plastic changes in the spinal cord after SCI, demon-
strated here as a facilitation in the spinal pathways
that mediate wind-up responses. Moreover, wind-up
measurements appears here as a uselul technigue 1o
assess central hyperexcitability, therefore the presence
of spinal amplificatory systems of pain.
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Quantitative evaluation of functional
deficits after different SCI:
analysis of locomotion
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Chapter 2 Results

Specific objectives

Locomotion analysis can be done using different levels of complexity, depending on the
information needed. For a simple evaluation of functional deficits between different lesions, or
for ensuring a correct performance of an injury, maybe a BBB test is enough. Contrarily, in order
to detect changes in spinal circuits, or to assess the efficacy of some treatments, the BBB test has
limitations because it is partly subjective and does not provide enough detailed information. For
this reason it is important to have available more sophisticated locomotion assays based in the
study of complex features such as coordination or step patterns. For this purpose, we set some

specific objectives listed below:
1. Review the most common tests to assess locomotion and functional performance
after spinal cord injuries.

2, Assess changes in locomotion after SClI by simple methodologies that provide

objectivity and quantitative parameters to the analysis of:
a. interlimb coordination.
b. basic parameters of gait.

c. the sequence step patterns.

3. Relate the electrophysiological changes occurring after SCI of different degrees to the

functional deficits.
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ABRSTRACT

Andmal modlels of spinal cord injury (3C1) are intended to mimdc the main features of buman spinal cord
lesions, although sometimes it becomes a difficulr task to find the right techniquee (o discriminate the
seweriny of the lesion as well as to assess different aspects af flunctiomal recovery. For this reascn, we have
used several functional methods 1o aisess grods and fne locomotion deficits, a8 well as electrophysio-
Boggical data to study the dysfunctions underlying the behavioral changes, Moreover, an extensive study
based an the quantification of alternation and coordination parameters during gait has been done, Spinal
cord injuries of varying severity {mild contusion, moderate coniusion and hemisection ) were performed
ai the thorscic level in adult rats that were followed-up for 6 weeks. Lesions resulting (n similar scores
in the open fedd test {i.e. mild contusion and hemisection ) caused mone marked dilferences in fine coos-
dimation when asessed by guantitative coondination analysis based on a digiticed wallking treadmill. In
conclusion, gross and fine deficits can be detected using a battery of tests based on the performance of
thee animals during rasks of different difficulry. When used appropriately, they become useful toals o
sty functional recovery due to spontaneows plastic changes or to therapeutic interventions after SC1,
as well as to test the effects of new therapies.

© 2013 Elsevier BV, All rights reserved.

1. Introduction

already been described, but sometimes it i dilficult to chose the
right one o discriminate the deficits appearing in every injury

The rat is widely used as a model of human spinal cord injury
(5C1), specially spinal cord contusions, the type of lesion that has
more clinkcal relevance and similarities with the lesions affect-
Img hamans (Majezydiski and Stawiiska, 2007} Deficits after 5C1
are especially noticeable below the lesion site, and affect motor
and sensory systems, a5 well as autonomic functions, Most of the
tests used to assess function after SC1 are focused in assessing loco-
motion, especially of the hindlimbs. Several functional tests have

* Cornesponding author an: Unitas de Fiskobogia Médica, Facultag de Medicina, Uni-
versital Autbaoma de Barcelona, E-08 10 Bellaterra, Spain Tel: +34 DI581 1966
[ax: +34 D358 | 2965,

E-amal auddress: savier navarmoeabucat [ X Mavasl

0105-02 708 - see front maiter © 2013 Elsevier BY. Al righis reserved.
hitg:{/dedolorg 101006 jneumeth 201 2.12.024

and severity. Moreover, sometimes it is also difficult to interpret
the obtained results, since animaks present spontaneous improve-
ments and compensations of their deficits after 5C1, masking the
real dimension of the deficits as well as the recovery. This eocurs
bath in animals a5 in humans [Curt et al, 2008; Gulino et al., 2007;
Majczyiski and Stawifniska, 2007),

Locomotion depends on a spinal network under the influence
of supraspinal centers as well as the modulation of the afferent
imputs { Majezyiiski and Stawifiska, 2007 ). After the injury, descen-
ding motor tracts may become completely or partially disrupred,
and the remaining elements of the network may adapt to the new
circuitry (o compensate the deficits, Most 5C1 imply the lesion of
some white matter tracts, and depending on which are affected,
the deficits can be more or less evident. For instance, while only a
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few preserved ventrolateral tract fibers are needed to allow weight
support and plantar paw placement, dorsal tracts are required lor
skilled movements and coordinated actions of the distal muscula-
ture {Drew et al, 2004; Rossignol and Frigon, 20111

The first aim of this work is to compare the appearance of func-
tional deficits in different SC1. To achieve this objective several
technigues are used, such as the BEB scale for open field locomotion,
the narmow beam, the inclined plane and the walking track analysis.
These tests give subjective and semi-gquantitative resulrs, but are
fast and require short training of the researcher, Adding objectivity
v this kind of methods i important to promote the comparizon of
results between different models, different treatments and differ-
ent laboratories. The second objective was to perform a detailed
quantitative assessment of the main features related to gait. In
this case, the methods are more complex and time-consuming,
requiring good training of the researcher. \We have used the recor-
dings obtained with the Digigait system to quantify different gait
parameters, coordination and alternation. Using simple programs,
we provide a novel analysis of locomotion, faster and more dis-
criminative than others reported i the literature, Moreover, the
treadmill used in the Digigait sysvem can provide a fine control of
speed. avoiding the effects of changing speed in the normal fnee
wilking or running of the animals during the analysis, Finally. elec-
trophysiological studies wene performed to assess the Functionality
of central and peripheral circuits, inorder to determine the extent
of damage below the injury and the functional consequences of 5C1
of different severity, All these results bed o an objective evalua-
tien of locomotor performance after different SCI in the rat, which
miay be useful when comparing new treatments or rehabilitation
technigues aimed o improve motor function and locomotion.

2. Materlals and methods
2.1, Laboratory animals

Adult female Sprague Daw ey rats (8 weeks old; 250-300grams )
were housed with free access to food and water, at a rosm temper-
ature of 22 & 2°C under a 12:12 h light-dark cycle, All experimental
procedures were approved by the Ethiles Committes of our nstitu-
tion, and followed the European Communities Council Directive
BE/GONEEC. Rescarchers invalved in the different assessments
wene initially blinded to the injury received by the animals.

2.2, Surgical procedine

Operations were performed under pentobarbital anesthesia
(50mefkg Lp., Sigma-Aldrich), and after subcutaneous injection
of buprenorphine ((L05 mg/kg, Buprex, Schering-Plough) near the
incision site, In two groups of rats, after dorsal laminectomy of
TE=T9, the spinal cord was contused at the TS level using the Infinite
Horizon Impacior device {Precision Scientific Instruments, Lexing-
ton, UK, applying a force of 100 kilodymwes {kdyn; group 100kdyn,
=100 or 200 kdyn (group 200 kdyn, 5=10). Data from displace-
ment and real force applied were collected for each contusion. In
anather group of animals a hemisection was performed at T8 level
using & thin scalpel to out only the right part of the spinal cord
{ hemisection group, n = 10). To ensure that the spinal cord was com-
pletely transected in the right side. a thin needle was introduced
tardce until touching the ventral surface of the vertebral channel,
Afver the injury, the wound was sutured with 5/0 silk thread in the
muscular plane and small surgical clips in the skin, and disinfected
with povidone iodine. Animials were rehydrated and kept ina warm
enwvironment uniil full recovery from anesthesia. Bladders were
expressed owice a day until reflex voiding of the bladder was re-
established, To prevent infection, amoxicillin (500 mg/1) was given
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in the drimking water for one week. No additional analgesia was
administered during the follow-up.

2.3, Funcrional evaliarion of locomarion

All animals wene tested before surgery and at 42 days there-
after. except for the BBB test that was performed at 3 days post
operation (dpo) and then weekly. Since preoperative values did not
differ between groups, for convenience all valwes wene consldersd
tegether and represented as the control “intact group®,

2.3.1. Open fiekd locomotion test

Locomotor hindlimb function was assessed using the Basso,
Beattie and Bresnahan [ BB8) rating scale [ Basso et al., 1995 Briefly,
the BBE scale consists of an ordinal scale from O points {no discern-
able hind limb movement) to 21 points (consistent, coordinated
gait with parallel paw placement of the hind limb and consistent
trunk stability ). For measuring letomotor recovery, ane animal at
a time was allowed to walk freely inside a circular plastic tray
(90 cm diameter = 24 cm wall height) for 5min, and two cxamin-
ers observed the hindlimbs movements of the rat, The final score
of each animal vas the mean value of both examiners.

232, Inclined planc test

This test measures the ability of the animals to maintain their
peosition in an inclined plane for ai least 55. The angle of the surface
was progressively increased (starting from a Mat surface, 07, uneil
recording the maximum angle supported by the animal that was
scored as the outcome measure, Three trials were done to obtain
the average value for cach animal and day.

233, Beam rest

For this test, a dark unnel was designed (tunnel dimensions:
7em width, 13 cm height, 40cm length) to allow the animals walk-
ing along an elevated beam [2.5cm width, 2cm height. 2 mm
separated from the ground to allow the placement of a paper sheet
o print the inked paws). The hindpaw plantar surfaces were inked
while the animal was gently subjected with a cotvon cloth by the
researcher, Then, the rat walked along the beam so only the mis-
steps were recorded by ink prints on the paper placed under the
beam. Three consecutive muns were performed, and the lefi and
right missteps done in the first 30om were counbed in each run.
The mean of the three values was considered as the result for the
animal in each testing day,

234, Walking trock and foot print analysis

It was carried out to assess the recovery of locomotor func-
tion and changes in the normal gait posture, adapring the original
technigue ser 1o study sclatic nerve lesions (De Medinacell et al,
1982 ). The plantar surface of the rat paws was painted with red ink
for forepaws and blue ink for hindpaws, and the rat beft to walk
aleng a comidor of 40 cm = 8cm = 10 cm with a white paper on the
hase. Distances between forepaw prinis [forelimb stance width)
and berween hindpaw prints (hindlimb stance width) were mea-
sured with a precision device in order 1o assess the base of support
[Cearcia-Alias et al.. 2010}

24, Anolysis of locomution using treadnmll tests

Gatt video images were obtained with the Digigait Imag-
ing system (Mouse Specifics Inc, Boston, MA] as previously
described (Vincelette et al. 2007 ). Brielly, a high-speéed video cam-
era mounted below a transparent treadmill belt captured ventral
images of the animal. The images were automatically digitized at
140 frames per second, and a minkimum of 75 of continuous gair
were reconded, enoagh to provide around 10 sequential step cycles,
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RF-RH-LF-LH RF-LF-LH-RH
(| []
LF-RF-LH-RH LF-RH-RF-LH LF-RF-RH-LH

Rotate

Fig. 1. Cakulation of phase dispersion [ PD] and interlimb relatioss. [A) bmage of the Digigs# Imaging system. with the runming belt and the camera in the boitom part. (B]
Footfall diagrams were constructed with stance times directly extracted from the videos. Black boxes represent the stance time and white boxes. the swing time. LF: |eft
forelimb; RH: Aght hindlimi; RF: righs fareliemb; LH: keft kindlemb. Phase dispersions were Caloulated as the delay betwesen the star of the stande phate in the target lirmh
and the corresponding szan of the stance phase of the reference limb (5L divided by (e stride time of the reference limb (o), Therefare, phase daapendon ds calnslated as bja,
Bstiog LF the reference linh, [ Schemaiic representation of the diflenend (ypes of isterlimb coordination: ipsilaperal, disgoeal and costralsteral. (D) Diagrams depicting the
daflerent segular step parternd: cruciate, alvermate and rotate. The artews indicate the sequence in which the diFerent paws ase placed on the grownd,

Amimals were acclimated to the beli compartment some minules
before starting the test, and training trials were done using pro-
gressively increasing speeds, with resting periods between them,
Animals unable to support their weight with the hind limbs, as well
as animals that even supporting their weight were not able to run
at the selected speeds (10, 20 and 30cmj/s) were not included in
the analysis.,

2.5, Recording and analysis of gait paramerers, coardinelion and
step paflerms

Dwse to limitations when warking with 5C1 animals (such as
external rotation and dragging of the limbs), gait videos were
recorded with the Digigait Imaging system (Fig. 1A ] but the analysis
wis done manually uging Virtual Dub free software (GNLU, General
Public License). The start and ending times of the stance phase of
each stride were extracted by analyzing the videos frame by frame,
so evenmually a footfall gait diagram was depicted [McEwen and
Springer, 2006, Fig. 18). Thus, the frame in which one paw was
placed over the belt and the frame in which the same paw left the

bell were considered the start and the end of the stance phase,
respectively, Considering the recording speed and the number of
frames between the start and the end, the stance duration lor each
paw and step was caloulated. The stnde duration was calculated
as the difference between the time of start of the stance phase of
one paw in one step and in the next step of the same paw. The
swing duration was obtained by subtracting the stance duration
from the strice duration. The quantitative analysis of gait param-
eters, coordination and step patiemn were obtained from footfall
gait diagrams using a Visual Basic macro fer Microsoft Office Excel™
software [Microsoft Corporation), Quantitarive values for the gait
parameters (stride duration, stance duration and swing duration],
their coefficient of vanation (5CV; calculaved as mean divided by
standard deviation in percentage ] and the stancefswing ratio were
calculated. The coordination in lecomotion is assumed here as the
correct temporal and spatial sequence of steps, both considering
the relationships between pairs of limbs (interlimb coordination)
as well as the global step pattern. The interlimb coordination was
azsessed by Dwo parameters: the correct alternation between dif-
ferent pairs of limbs, and the phase dispersion (PD). Alternation is
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considered as the percentage of paw placement perfarmed in an
expected alternated sequence involving the cormesponding pairs of
limbs, The M parameter reflects the time-relation for each limb
jpair or limb coupling [Leblond et al, 2003 It represents the delay
in time between the star of a reference step in one limb and the
start of the target limb step with respect 1o the total duration of the
reference step oycle (Fig. 18} For each pairof limbs the calculations
done were the percentage of PD for each step cycle [P0, the max-
imum percentage of PO MaxPD), the coefficient of variation (SCV)
and the percentage of alternation in exch analyzed sequence. Fig. 1C
shows the different combinations of pairs of limbs considered for
calculations of alternation and interlimb coordination: the {pﬁhl*
eral, between forelimbs and hindlimbs from each side (LF-LH and
RF-RH}; the dinggonal, between crossed forelimb and hindlimb [LF-
RH and RF-LH); and the confralateral, between either forelimbs or
hindlimbs (LF-RF and BH-LH]. The regular step pattern implies the
fully coordinated locomotion, in which each paw is exactly placed
one time every four times, and has to be placed or risen at a given
time. 5ix different regular step patterns can be defined in normal
locomation of rars and mice [ Fig. 10). This is expressed asa regular-
ity index (R1), the percentage of cornect step sequence with respect
to the total number of step cyvcles. Thas, the lower RIL the larger the
number of missteps not following the correct pattern (Cheng eq al,,
19457; Hamers et al., 2006].

26, Electrophysiologloal tests

Motor-evoked potentials (MEPs) amnd somatosensory-evoked
potentials {SSEPs) were used o evaluate the functional state of
descending and ascending tracts of the spinal cord, respectively.
The tests were done under light pentebarbital anesthesia (30 mg/kg
i.p-. cach animal testing took ~30min}, and maintaining the body
temperature of the rat by means of a thermostated heating pad.
MEPs were elicited by transcranial electrical stimulation, using two
manopolar need|e electrodes placed subcutaneous|y over the skull,
the anode over the sensorimotor cortes and the cathode on the hard
palate [(Garcia-Alias et al., 2006 L. Single rectangular pulses of 25 mA
and 100 s width, were delivered at 1 or 9Hz, the optimal pulse
rate to elicit the brainstem component (bs-MEF) and the cortical
component [c-MEP), respectively. Recording electrodes (monopa-
lar needies, 28G) were placed in the tibialis anterior muscle,
The muscle responses were displayed in an oscilloscope (Sap-
phire 4M, Vickers) to measure the amplitude and latency of each
component.

S5EPs were evoked by electrical pulses of 6 mA, 10008 deli-
ered o GHz 1o the tbial nerve at the ankle, and recorded by
meedle electrodes placed subdutansously on the skull [same stes
as stimulation needles for MEPs) Signals were amplified, Gltered
[bandpass 1 Hz-5KHz), and displayed on the oscilloscope [ Sapphire
AME, Vickers L Up 1o 256 responses were averaged on-line; the peak
latency and the peak-to-peak amplitude were measuned for N15,
N20 and N30 waves (Valero-Caliré et al., 2004), referenced here as
N1, N2 and N3 waves. 55EPs were repeated three times with min-
utes between trials, and the responses with the highest amplitude
were selected and used for analysis,

2.7, SrariEtical analysis

Data are shown as the mean=S5SEM. Statistical comparisons
befween groups were made wsing one-way ANOVA for all data,
except the BEB results that were compared using two-wiry ANDVA
for repeated measures (GraphPad Prism software). Bonferroni
post hoc tests were applied when necessary. Differences between
groups were considered statistically significant if p < (05,
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3. Resulis
1.1, Funcrional evalisation

Customary functional tests were performed in order to provide
a general evaluation of the functional deficits that occur after dif-
ferent SCls.

3.0.1. Open field locomotion (BHE)

The results of this test indicate differences in locomotion deficits
according to the severity of the lesion, All the rats presented normal
locomotion before the surgeny (21 points in the BRR scale). The ani-
mals of each group had the lowest scores during the first week after
the surgery, to later recover some points. Rats of the 100 kdyn group
showed plantar stepping and coordinated gait although with some
deficirs regarding toe spreading and paw position [ 15-16 points); in
the 200 kdyn group the deficits were more marked, including unco-
ordinated gait and only occasional plantar stepping (9-10 points).
Hemisection animals showed consistent plantar stepping although
the gait was not consistently coordinated (13 points). All values
from injured groups werne significantly different from intact pre-
operarive values (p<0.001), and at some time points also between
them (see Fig 2A).

112 Inctined plane

This test was performed to evaluate the general motor function
of intact and injured animals. In preoperative testing, rats were
able vo maintain standing position until 43-50 degrees, whereas
the angle values were significantly reduced at 42 dpo in all injured
groups: 4241 in the 100kdyn group, 404 1.5 in the 200 kdyn
group, 43 £ 0.7 in the hemisection group (Fig. 2BL

1.1.3. Narrow bean fest

This test assesses fine coordination. since only animals able to
grasp the beam are able to cross it correctly. In preoperative test-
ing sessions, animals made a few mistakes when walking on the
beam (0=1 missteps, about 106 of the rorl number of steps). Six
weeks after 5C1 animals made significantly more foot slips in all
injurcd groups (323 £ 4.7% in 100 kdyn, 705 £8.3% in 200 kdyn,
403 + 3.5% in hemisection group) (Fig. 2C)L The increase in missteps
with respect to conirol values was only statistically significant for
the 200 kdyn group.

114, Walking rrack

Animals receiving a spinal cord contusion lost the ability to
move forelimbs and hindlimbs coordinately, as evidenced by the
lack of overlapping between forepaw and hindpaw prinis. In some
animals with moderate contusion, some dragging of the hindpasws
wias also visible in the footprints. The hemisection animals showed
uncoordinated gait, with lintle alternation of the paws and also with
loss of overdapping between fonepaws and hindpaws (Fig 3%

Changes in the normal posture of the injured animals were
assessed by measuring the distance bebween forelimbs and
berween hindlimbs, While intact animals showed a mean distance
of 225 = 004 cm between (orelimbs, rats with 5C1 had an increase
in this distance (2.4 +0.24cm in 100 kdyn growp, 3.0 £0,166m in
200 kdyn group and 2.96 + 0,41 cm in hemisection group), although
the differences did not reach significance with respect to the con-
il value. Regarding the distance between the hindlimbs, contral
animals presented a mean separation of 2.87 £0.33cm, whereas
injured animals had also slightly higher, though not significant, val-
wes ab 42 dpo (289 £ 041 om in 100 kdyn group, 3.52 +0,1%cm in
2000 kdyn group and 3.47 + 031 om in hemisection group. Fig. 381
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Fig. 3. Walking track test. [A) Representative images of the wallong track perfor-
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200 idyn growp have increased distanoes beoween paws, although without stacisci-
cal significance,

12 Goit parometers and cosrdination in oot mats

A group of intact ankmals was evaluated in order to obiain values
from normal locomortion. These features wiere evaluated using mare
saphisticared techniques, Afterwards, animals receiving SC1 with
dilferent seventies were also evaluated, and values obtained werne
compared o the reference values obfained in intact animals.

220, Validarion af the rechinique

Mormal gait lecomotion was first assessed in intact animals run-
ning at different speeds [ 10, 20.and 30cms), and results were used
to validate the technigue (Clarke and Still, 1999; Mancuso et al,
2011), The time of stance of forelimbs and hindlimbs was simd-
Larly reduced as the speed increased (Fig. 44 and Table 1], bt the
duration of the swing was quite constant in hindlimbes and in fore-
limbes [ Fig. 4B). The stride time diminished as the welocity increased
in both forelimbs and hindlimbs steps (Fig. 4C). Consequently, the
ratio bepween stance and swing duration showed the same trend
o decrease as the speed was Increased, The ratio for forelimb val-
ues was slightly lower than that of hindlimb values (Fig. 40). The
coefficient of variation, calculated for each parameter in order to
assess regularity of the gait. was lower at the higher speeds than at
10cmys (Fig. 4E-GJL

Different regular siep patterns and limb coordinations were
assessed in ar least 9-10 steps for each animal and vreadmill
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heterogeneity.

velocity. The only regular step patiern observed in intact rats was
the alternated pattern (LF-RH-RF-LH, Fig. 10} at 20 and 30cm/s,
while at 10cmys anather alternated pattern (LF-LH-RF-RH,
Fig. 1D} was observed in a few steps (15X) The alternated pat-
tern LF=RH=RF=LH was therefore considered as the correct step
Seuence,

3.2.2 Interlimb coordination in infoct animals

The interlimb alternations were also calculared for the ipsilai-
eral (LF-LH and RF-RH), the diagonal (LF-RH and RF-LH}) and the
contralateral patr of limbs (LF-RF and RH-LH}. Similarly to what
happened with the regular step pattern, as the speed increased,
the mistakes were reduced in ipsilateral, diagonal and contralateral
alternmations (Fig. 5A)L

The phase dispersion was evaluated in intact animals running
an increasing speeds, and resules were expressed as a XPD, MaxPD
and KOV for each speed, Ipsilateral imb pairs had an inital PD value

of GO that was maintained during the 10 steps at 20 and 30 cm/s,
while the value at 10om/s rose to 150-200% as the animal walked
{Fig. 5B). The highest MaxPD achieved was at the low speed (260
and decreased at higher speeds (755, Fig. 5C). The coellicient of
variation followed the tame tendency than the maximum PR, being
more variable at 10cm/s [Fig. 5D). Phase dispersion in the diagonal
pairs of limbs displayed a similar patbern than the ipsilateral, start-
ing with a low PD value | 15%] and reaching higher values {75-150%)
enly at 10cm/s (Fig. SE). The maximum PD was 200% for the 10 cmy's
speed, and about 25% for higher speeds (Fig. 5F) The CVs were
around 30% for the three velocities (Fig. 5G] Contralateral com-
bination of forelimbs increased from 50% to 125-200% at 10cm/s,
while it remained constant at higher speeds (Fig. 5SH). Again, the
higher maximum PD and CV was at 10cmjfs speed (180%), and
higher speeds resulted in lower values (60%) (Fig. 51 and ]}, For the
contralateral relationship of hindlimbs, PD values remained stable
along the cycle of steps {around 50%] at all the speeds (Fig, SK-M ]

Table 1
Resules of gait parameiers in istacy raes, sred for valicdation of the iechniquee, Values ane given as mean « 50,
Rmnnirg speed 10cmfs Hicmis Wem)s
Parameter Daration v Duration iy Duration 0wy
Forefsmbs
Saridhe (%) 075 = 009 2ERS + 1405 051 «+ 003 NOLDG + 2.097 a0 + 00 148 + 470
Stance [v) 060 5 007 840 i 164 034 4 OOF 12200 i 4.50 026 4 0m 1138 & 572
Swing (5) 015 £ 032 1661 & 793 07 < 002 1921 & 6.54 014 + 0o 1661 £ 700
SLance/twing 158 =021 213 = 0uDd 184 < 006
Hund lirmibrs
Sariche (1) 085 = O06 1506 4 15.03 051 = 004 940w 283 050 » 007 85T x 309
Stance (1) 076 & S 2674 4 1708 0ER + 0.0F 1207 + 432 0ZE 4+ 001 1141 = 510
Swing (3} 047 & ang 1265 & 821 0.0% = 002 1255 & 197 W% 4+ 0m 1050 & 481
Stanoelswing 5206 2 029 255 4 DU 222 £0Y
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3.3. Gail parameters and coordination inm SC7 rats

The speed of 20 om)'s was chosen o perform gakt analysis n 5C1
animals. since at 10cm/s the gait is heterogenesous even in intac
animals and at 30 cmifs some injured animals were not able o per-
form the test comectly [not weight support, short step sequences,
erc. ). Ar 20cmfs speed it is considered that the rats follow a trot
locomathon patrern.

13.1, Gair peramerers
Table 2 shows the results obrained in each group of rars sowd-
jed Tor the different parameters of the gait. The mean duration of

forelimb gait parameters in 100 kdyn and hemisection animals was
not significantly different from presurgical values (Fig. GA)L In the
group of 200kdyn. a significant reduction in the swing and the
striche duration was found (p<0.05 va intact). The stance/swing
ratio increased after SCIL but only significantly in the 200 kdyn
group (p<0,05 vs. all groups, Fig. 68 The OV of the three gait
parameters analyzed was similarly increased in all injured groups
wiith respect 1o intact animals, but withour reaching statistical sig-
nificance (Fig. 6C).

The changes in gait parameters were mone evident in the
hindlimbs. The time of stance showed a significant increase in both
contused groups (p<0.05, Fig. 6D ) as well as a slight increase in the
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Table 2
Results ol gail parameters. in spinal ool inpaned rais Valoes are mean & S0, Statidicall dgmificance
Group Incact 10 kel 200 kedyn Hembsectlon
Paraeneier Dharagion b T Driratics pa [haratian IV Druration o
Farelombs
Sarice (4] 051 4 00d 1008 + 2.07 050 + DOS 1592 « 664 0.4 + DuD5™* 14.22 + 456 O4E = 008 1677 & K29
Stance [3]) 0 4 0o 1850 + 459 036 4 004 1957 4 744 032 4 Ul 1704 + 449 04 = 00S 116 £ 7.13
Swang (s) 006 £ 0ok 19 & 6o 14 = 0o 23,19 2 Bl N Tiry 24467 £ b7 04 = o 4334 = B
Stance swing 2132029 256038 208 £ 05T 2433032
M lirmbs
Siridie (3] 051 4 0o 1287 & 1.1 058 4 0od 1928 5 109 D55 & (G 2034 & 157 054 & 00% 062 & 275
Stance {3] 038 2 00 T35 = 1.046 086 = 004 TE5A = FHE DLl = DUl 20028 + 265 041 = 00 17.79 £ 279
Swing (sh 03 4 0o S.41 + DAY 13 + 0m 1G04 & rO8 LT & D2 2462 + 154 L1 = O 155 & 1.34
Stance/swing 2ES5: 03 157+ 0094 4,18 5 09" 151 & 06T
' PO W ANLaCT valieL
* P00 vl ol other injusred groups
Time duration Sancelwning Coefficiont
A B ratio C of Variation
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Fig. 6. Gair parameners in SC1 race. Measurensemnis wete perfoemed from recordings ebiained a1 20 om[e The 200 ldyn group showed significant reduction in the s of
wwing and stride in the foelimbs (A] when companed 1o iptact animals and fo the sihert injuned prowups, A canesponding increase of the stance[ywing Tagio was aleo [ousd
B\ Despite the misor wariations in the absolate vaboes of the gail parameters, the coefficient of variation indicates an incresse in the heterogeneity of gait in a8 SC1 groug
(€l Changes weere nsore evident in the hindlimb parameters, with 2 signaficant increase in stance time in the two costused groups (). The ratso bBetween stance and vading
iemes was increased imall the SC1 groups (EL Consequenly, the thres inguned grougs had an increase in the coefficient of varlation for all ibe parameters, indicating a lox of
homeegeneiny in ihe galt [Fl. "p <005 va. intact value; *p<0u05 v other injured groups.

hemizection animals. Changes in stance time implied an increase Hamers et al, 2006). We confirmed that Intact animals displayed
of stride time that was significant in the 100 kdyn rats (p <0005, an alternated pattern at 20cmfs, After 5C1 the most commonly
Fig. G0}V, whereas the swing duration did ned change in the injuned olmervied pattern was also the alternated one [LF=-KEH-RF=LH.
groups. The stance/swing ratio was increased in all injured groups Fig. 1D}, with other sequences found in a few step cycles (less
{p=0U05; Fig. GE). Similarly to what happened in the forelimbs, the than 10, data mot shown ) and some non-altermated steps following
CVs in injured groups were higher than intact values (Fig- 6F), but erratical sequences. Thus, only this alternated pattern was consid-

only in the 200 kdyn group reached statistical significance com- ered o calculate the BL Fig. 7A illustrates the percentage of step
pared to intact animals for stance and stride duration, and to the sequences correctly performed. following the alternated pattern for
other mjured groups (p<0.05)L intact and S5C1 animals while walking at 20cm(s. At this speed, the

Rl of the four limbs was significantly affected in the three SC1 groups
3.3.2 Regular step patterns in SC1 rats (B3=5in 100 kdyn, 23 + 4 in 200 kdyn and 84 + 5 in hemisection

Although different step patterns have been described inrodents,  8roups) compared to the 100% correctness observed in contral
the alternated pattern is the most common (Cheng et al, 1997; Tils,
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133, Interfimb coordination in 5C1 rats

The ipsilateral alternation worsened significantly in both sides
in the contused animals, and only in the right side for the hemi-
section rats (Fig. 7B). The diagonal alternation was alfected in all
injured groups (Fig. 7C). The contralateral alternation of the fore-
limbs was maintained as normal in all injured animals, whereas
that of the hindlimbs was slightly decreased in the 200 kdyn group
(Fig. 70 In general, the deficits in aliernations were more pro-
nounced after the 200 kdyn contusion infury than alter milder
contusion amd heémisection.

Interlimb time relationships were affected after 5C1L Contused
animals displayed an increase in the PD ol ipsilateral limbs. [n con-
secutive steps, values increased from 60 to 150% in the 100 kdyn
group and to 400K in the 200 kdyn group while walking a1 20cm/s
(Fig. 8A) The increase of the PO was statistically significant com-
pared to intact values (p<0.05), and also between the contused
groups (p<0,05, Fig. 88). Similar differences were found for the
ECV (Fig. BCL In the hemisection rais, MDY of ipsilateral limbs
showed also a progressive increase more marked for the limbs
ipsilateral (o the lesion than the contralateral pair (Fig. 8D-F).
In this case the maximum PD achieved was 145% in the con-
tralateral side and 280% in the ipsilateral side (p<0.05 vs. intacl
values, Fig. BEL The CV was also higher in both sides, but only
significantly in the ipsilateral side, compared to the intact value
{p<0.05, Fig. 8F),

since both diagonal coordinations assessed (LF-RH and RF-
LH) dsd not show sigmihcant dilferences between them, values
have been pooled and only one walue for diagonal coordina-
tion is expressed (Fig. BGL Animals with a 200 kdyn contusion
displayed the most marked loss of diagonal coordination., with val-
wes of PO increasing from 25% to almoest 400%, whereas ankmals
with 100 kdyn contusion and hemisection showed similar values,
increasing to 100%. The maximum PD was increased in all injured
groups compared to intact values, and in the 200 kdyn group was
also significantly higher than in the other injured groups (Fig. 8H).
As expecied, the coefficients of variation were also increased in
injured animals. although only the values of the 200 kdyn and the

hemisection groups reached statistical significance versus intact
values (p< 0005, Fig. 81}

Contralateral coordination in the foreimbs was not alfected
after any of the SC1s performed (Fig. 8]L The maximum PO val-
wes were very similar to the intact valees in all the injured growps
[Fig. 8K}, whereas the cocfficients of vanation were higher than
intact values, although without reaching statistical significance
(Fig BLL

Forr the hindlimbs, contralateral coordinaton tended 1o worsen
onily i the hemisection group: while the mtact and the contused
groups showed a regular PD around 506, in the hemisection group
vialues rose to 70E in some steps (Fig. ML Consequently, the max-
imum PD was only slightly, non significantly higher than inact
valves (Fig. M) The OV increased in all the injured groups, but
only significantly in the 200 kdyn group with respect to controls
{Fig. BOL

14, Motor and sensory evoked podentials

Electrophysislogical techndgues were used in order to assess the
functionality of the spinal circuits as well as the tralfic of informa-
tion alodg the spinal cord. Moter evoked potentials were elicited at
1 Hz to record the brainstem component {bs-MEP), and at % Hz to
record the cortical component (c-MEFP, see Fig. 9A). The first com-
panent (with latency around 7ms and amplitudes of 12-13 mV)
was [oat in all contused animals, excep in one rat of the 100 kdyn
group with a response of small amplitude, The bs-MEP was pre-
served in the contralateral side in the hemisection rats, although
with a reduction in amplitude to about half of the control at 42 dpo,
whereas in the ipsilateral side it was present in only two rats with
very amall amplinsde (Fig. 9A-C).

When MEPs were elicited with a higher frequency (9Hz), the
second component was recorded with latency around 20 ms, and
mean amplitude of about 2mV in the preoperative tests. After
injury, the c-MEP was absent in the 200 kdyn group and present
in the rats with 1080 kdyn contusion and with hemisection bast with
lower amplitudes than precperative values (Fig. 90-F)L
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Hegarding the S5EPs, only the mild contusion group and the
hemisection group in the contralateral side presented partal
preservation of the three components. Thelr amplitude was near
normal in the hemisection group, but reduced in the 100 kdyn
group (Fig. SG-ML

4, Discussion

In this work we have assessed and compared the deficits in
locomotion alter SCIs of different severity in the rat, by means of
simple methods that imply voluntary locomotion and stereotyped
tasks (Bassoet al, 1995; Collazos-Casiro et al, 2005; De Medinaceli
et al, 1982, and a more sophisticated digitized locomotion test
under forced locomotion on a treadmill, The information obtained
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provvides a comparative evaluation of the sensitivity and suitability
of the different methods for performing a detailed assessment of the
functienal stare of animals afver different 5015, as well as to improve
the detection of possible changes following trealments or repair
strategies [Kuerzi et al., 201 0). Moreover, they offer an overview of
the functional outcome after different kinds of spinal cord lesions.

4.1, Common rests for funcrional evalizerion of locoemotion

There are several tests and scoring systems 1o evaluate deficies
of locomation after CNS injuries, The most used are probably the
5 points Tarlov scale (Tarlov and Klinger, 1954) and the BBE open
field walking test (Basso et al, 1995, which permit o detect gross
deficits in locomotion, and are especially useful in discriminating
animals receiving lesions of different severity, The main problems
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with such methods ane the subjectivity associated with the obser-
wvational nature of assessment, a5 well as the limited discriminative
power mainly in the upper part of the scale (Basso et al, 1996).
Despite additional subscorings were introduced to give an extra
refinement 1o the final part of the BEB scabe (Basso, 2004; Ferguson

el al, 2004}, the quantification of the coordination between fore-
limhs and hindlimbs still remains conflictive {Koopmans et al,
2005), Assuming this. treatments unable to reach differences in
this part of the scale may have probably been discarded for further
testing, because of the inability to detect small improvements in
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the coordination part. Nevertheless, it constitutes one of the best
tests to do a fast evaluation of the functional state of an animal
after SC1. In our animals with spinal cord contusion there was good
relationship bepween the BBR score and the severity of the lesion,
as originally reported (Basso e1 al, 1995). Hemisection animals,
receiving a lesion supposed bo be milder than spinal cond contusion,
presented similar results o the 100 kdyn group., mainly character-
ized by the loss of coordinated gair. It is imporant to note that the
BBB scale was designed to evaluate functional outcomes after tho-
racle contusion injuries and not for partial sections, although it is
often used also for these lesions (Garcla-Alias et al., 2011; Sharp
ef al, 2012 L Thus, these two different injures resull in simalar BEB
SCOTES.

The inclined plane test was used to assess the functional
integrity of some supraspinal pathways [ Zhang er al, 20090, In this
vest forelimbs are also sssessed, as well as general balance. The nar-
row beam test is more focused on assessment of fine coondination,
sinoe animals have to be skilled enough to cross the beam withowt
foot slips. In contrast, other tests, like the BBB test, can be performed
even by moderately injured animals [Collazos-Castro et al., 2005].
The difficult lopmmotion is partially driven by the corticospinal tract,
which is not o relevant in rouring locomotion in roedents [Drew
et al. 2004; Majcryiiski and Stawifiska. 2007 ; Rossignol and Frigon,
201 1) Thus, changes in the namow beam test may reveal involve-
ment of corticospinal tracts {at least veniral and lateral fascicles),
in contrast to the open field walking vest thar does not depend on
corticospinal pathways [Basso et al, 19946,

Tests like the walking track foot print analysis are aimed to
assess changes reganding gait coordination and base of support
(Garcia-Alias et al, 2011; De Medinaceli ot al, 1982; Metz and
Schawab, 20041 An increase in the distance bebween paws may
indicate that the animal is adapting {ts suppon base in order to
improveequilibrium and to reduce the terguee sulfered by jointand
musches (Ballermann et al., 2006; Kloos et al., 20605), constituting
compensatory mechanisms more than recovery of the lost function
{Majczynski and Sawinska, 2007 . Another detectable aspectin the
walking track prints is the overlapping between ipsilateral forepaw
and hindpaw steps that occurs in animals with a coordinated gait.
Unfortunately, this parameter is difficult 1o gquantify with this tech-
migue, 5o anly large deficits in conrdination are easily detected.
Moreover, frequent deficits such as dorsal stepping or paw dragging
are rarely evaluated in this method, and they may introduce mis-
rakes in the measurements. Without video recordings, the speed
of the locomation is missed, as well as the duration of the step or
the synchrony between steps, Similarly, the possibility 1o obtain a
regular and long gait sequence at a similar speed in each animal is
unlikely. Although SCl animals present signs of improvement in the
willking track test (Garcla-Alias et al, 2010), these do not mecessar-
ily imiply recovery of central connections, bur most likely depend on
postural adaprations and some spontaneous recovery of the abil-
ity o support weight with the hindlimbs, a Feature essential for
performing patterned locomotion (Kloos et al., 2005; Kuerzi et al.,
2010).

4.2, Evaluarion of locomation and coondinatien

In the Last years new methods have been developed in order to
provide objective quantitative measurements refated to locomo-
tion and functional recovery after neural injuries, One of them is
the Catwalk system {Hamers et al, 2001, 2006; Koopmans et al,,
2005) based on recording the animal walking in a corridar above
a mirror where the paw contact with the floor can be taped and
analyzed. The main parameters wused ane the step sequence dis-
tribution, the regularity index, the print area and the maximum
contact during the stance phase, the duration of the swing and
stance phases, the base of support and the dragging of the tail and
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the abdomen. The main disadvantages of this technigque are the
problems with the overlapping of paws in animals with uncoor-
dinated gaifs, as well as the variable speed that each animal can
take when crossing the corridor. Other new techniques, such as
the Treadscan (Beare et al. 2009) and the Digigait system, allow
also reconding and analysis of the gait but include a programmable
running belt in order to control the speed of the animal walk. By
controlling the speed factor the locomotion may become forced at
same point, and give a reliable indicaton of the animals lecomo-
tor capability (Mancuso et al, 20011 L Adding controllable difficuloy
o the locomation task implies a beiter discrimination between
lesions or treatments, since only animals with better conditions
are able to perform the more demanding fest condition.

Previous works hawve used the Digigait Imaging system to evalu-
ate the pattern of lecomaotion in different animal models (Amende
et al, 2005: Berryman et al, 2009: Hampton et al, 2004; Kale
et al., 2004}, but only a few in 501 models (McEwen and Springer,
2006, Springer, 2000}, Unfortunately, physical limitations of the
more severely injured animals {external paw rotation, problems
regarding the orientation of the body, etc.), precluded the use of
Digigait Imaging system software directly, and we have added pro-
grammed simple Visual Basic® macros to manually calculate some
parameters directly from the footfall diagrams,

Cwur initial validation in intact rats presented the expected
decrease of the duraticn of the different gait parameters at
increasing treadmill speed [Clarke and Stll, 1999; Mancuso et al,
2011). Moreover, the limbs alternation rends o be perfect for
all possible calculations (ipsilateral, diagonal and contralateral) at
20=-30 cimjs, velocities that are around the physiological walking
speed (25 om/s, Berryman et al. 20090 At the low speed of 10cmjs
the animals made some missteps, resulting in increasing values of
phase dispersion. These mistakes were especially frequent in the
forelimbs and consequently alfected the ipsilateral and diagonal
coordinations, in which the connectivity between forelimbs and
hindlimbs is needed, as well as in the contralateral coordination in
forelimbs, Incontrast, at 20.and 30 cmy's the results show a continu-
ous and homegenous coordinathen, since PO values remain almaest
constant, indicating that normal rats walk in a regular and coor-
dinated manner, following always the correct alternation between
ipsilateral and contralateral limb pairs. The diagonal PR value lower
than 15-20% indicates that at these speeds the animals run with a
rrot altermarion pattern (Grillner, 1981).

The speed of 20cm)/s was selected o analyze the rat locomation
after SCis, because the majority of animals were able to walk for
encugh time to oblain a good video recording. At 30cm/s, some
injured rats presented difficulties to make enough valid consec-
utive steps to analyze progression of the PO and thus to detect
differences between lesions. In the analysis of locomotion after $CI
the first deficits were detected in the duration of the gait param-
eters. Animals with contusion tend to increase the time of stance
and stride, indicating that they spend more time in the food con-
fact phase, probably in order to add stability to the gait, as the
stance/swing ratio indicates. Hemisection animals displayed the
same trend, althowgh not so markedly, Another typical feamure of
locamation in SCT rats is the boss of regularity, as indicated by the
increase in the coefficient of variation,

The regular step pattern provides an intuitive representation
of the coordination deficits after SCI. This measure is ane of the
most useful, since it s correlated with the BEB resulis, bur being
a mare quantitative and objective approach. Significant deficits in
alternation were found for forelimb-hindlimb relationships (diag-
onal and ipsilateral alternation}, but not across the shoulder and
petvic girdles (contralateral alternation . The contralateral alterma-
tion presented only slight deficits in the moderate contusion group,
baxt tended to be unaffected at six weeks after injury, demonstrating
that connectivity between forelimbs and berween hindlimbs was
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preserved, When the connectivity implies imbs from the anterior
and the posterior trains deficits become evident, especially in the
200 kdyn group. The loss of alternation indicates that injured ani-
muals make mistakes in the stepping sequence, mainly because they
add some extra steps to compensate the increase in the stride time.

Animals with a 200 kdyn contusion presented the most severe
deficits, with high values of PD and CV, indicating uncoordinated
galt. The animals with mild contusion showed lower degree of
uncadrdination and bess heterogeneity in the steps. In the hemisec-
tion rats, the deficits were similar to the 100 kdyn ones, but more
marked in the side ipsilateral to the lesion, affecting ipsilateral and
diagonal relationships, in which connectivity between the shoulder
and the girdle limbs is needed. These data indicate that the spinal
cord lesions interrupted propiospinal connections between ante-
rior and posterior central pattern generators (CPGs), but that each
CPG was not affected, Therefore, the coordination between fore-
limbs and between hindlimbs remained unaffected, as indicated
by the valuwes of PD and CV,

It is important to pote that, although digitizing systems have
been previously used in the literature, the novel methodology
developed in this work Is comparatively simple and not time con-
suming. The results obtained are casy tointerpret and do not need
exhaustive analyses, although they provide a quantitative detailed
evaluation of locomotion in SC1 rats, and are well correlated with
the most common observational methods. Amongst all the calou-
lated values and parameters, the miost useful and simple to explain
locomation deficits, are the maximum PD and the correct perfor-
mance of the regular step patterns. Nevertheless, depending upon
the experimental design, different parameters may result more
sensitive for the detection of slight changes, and thus more uselul
for the study.

4.3, Motor and sommatoseirsory evoked potentiols

Most functional deficits after SCIs are caused by the partial o
total loss of ascending and descending tracts, so electrophysiologi-
cal pests are very useful to complement the functional assessmentof
animals (Cao et al., 2005; Garcia-Alfas et al., 2006; Redondo Castro
et al, 200 1; Valero-Cabeé et al.. 2004),

The brainstem component of MEPs was lost in all 5C1 rats,
except in the left side of the hemisection group; this implies a
direct pathway from supraspinal centers, without side crossing.
Regarding the second component, it was partially preserved after
SC1, except in the 200 kdyn contusion. The results of MEPs corrobo-
rate the disruption of dorsal and lateral motor pathways, although
the partial preservation of veniral tracts permits the uncoordi-
nated stepping, and in some cases even some coordinate steps, in
rats with mild thoracic cond contusion, The main deficits in the
100 kdyn contusion and in the hemisection groups were the loss of
coordination, and this might be due to involvement of the dorsal
corticospinal tract (Majczyiiski and Slawinska, 2007, The higher
preservation of the dorsolateral tracts would be the cause of the
functicnal differences companed to the more severe spinal cord
Comusion.

in this work we have addressed the gquantification of different
features of lecomotion after different 5CIs in the rat, in onder to
provide objective tests that can be easily performed in the experi-
mental laboratory, We propase a set of measurements derived from
the recorded paws of the rats during forced walking on a tread-
mill in arder to gquantify the functional deficits after SC1L The main
advantage of this new approach is the quantification of limb coor-
dimation features, as well as the relative simplicity and short time
needed of the technigue. In addition to the classical functional tests,
our analysis provides a complete characterization of the deficits
occurring after SC1, and allows clear discrimination between lesions
of different severity,
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Chapter 3 Results

Specific objectives

Spinal cord injury effects are not limited to the injury site itself but expand caudal and
rostrally to other regions of the nervous system. Moreover, not only the damaged elements play
a role in the appearance of functional, motor and sensory deficits, but the apparently preserved
elements can also be involved. This fact is mainly based in the limited regenerative possibilities
of the spinal cord and in the plasticity of the spinal circuits and cells.

Due to the catastrophic nature of the SC|, little can be done to restore the injury site, and
most therapeutical attempts are focused to reduce the extension of tissue damage in the
secondary injury phase, although with limited success until now. Contrarily, segments away
from the injury site can be remodeled and readapted to the new situation, and offer challenging
opportunities for the development of new strategies. In order to have an integrated view of the
plasticity in remote regions from the lesion, we have investigated the changes affecting several
elements along the nociceptive spinal circuit, which may play a relevant role in the development
of neuropathic pain and hyperreflexia. Moreover, it is important to take into account the

preservation of peripheral nerve functionality. The specific objectives for this chapter are:
1. Study of the changes in the central projections of sensory afferences to the dorsal
horn and in the local inhibitory tone.
2. Assessment of the glial activation in the spinal cord after chronic SCI.
3. Evaluation of the descending inhibitory pathways and the spinal inhibitory synapses.

4. Functional evaluation of plastic changes in the spinal circuits, by means of

electrophysiological techniques.

5. Study of the sensory dysfunctions, particularly of neuropathic pain, occurring as a

consequence of the plastic changes in the spinal cord caudal to a SCI.
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6. Assessment of axonal preservation in the sciatic nerve after different spinal cord

injuries.

To achieve all these objectives, we used experimental models of SCI of varying severity to
evaluate the relative importance of plastic changes in each type of lesion in relation with the

type of injury. The obtained results are organized in two publications.
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ABSTRACT:

Purpose: Spinal cord injuries (SCI) cause mator, sensory and autonomic dysfunctions below the level of laskon, and one
of the mast disabling consequences 8 newropathic pain, Since segments away from the epicenter lesion ane also al-
fected, we investigated piastic changes occurring in lumbar segments, 10 assess their contribution 0 pain states after
SCI. Methods: Different thoracic S5Cis were performed In adult rais. Several elements of the spinal nociceptive cincuit
were assessed, mainly by immunchistochemistry, Results: We detected alterations in different markers placed along
all the spinal nociceptive circuitry, The increase detected in the GADSS/8T enmyme and in gephyrin may indicate a
boost in spinal inhibition, Contrarily, other elements were indicative of hyparexcitability, such as gliosls, tha major pres-
ence of sensory afferences, and the loss of serctoninergic fibers. Not all changes kept direct relationship to the sever-
ity of the injury. Conclusion: The presence of neuropathic pain despite the increase in inhibitory tone confirmed the
unbalance between excitation and inhibition mechanisms, in this case leading 1o a general disinhibition, Since wide-
spread dysfunctions in apparently intact caudal segments after a central injury are relevant to the appearance of pain,
thiy emarge as new targets for therapies aimed to modulate spanal function.

1. INTRODUCTION provoke a maladaptive response of the spinal system, lead-
ing to the appearance of hyperreflexia and spasticity, as well
Spinal cord injuries (SCls) cause deficits of motor,  ag neyropathic pain. Among these symptoms, the most dev-
sensory and autonomic functions below the lesion level, that astating is neuropathic pain, that severely affects the quality
are also accompanied by the development of positive SIENS  of jife of the patients (Hulsebosch et al,, 2009; Soler ot al.,
due to abnormal signal processing in the remaining circuitry.  2007: Yezerski, 2005). Moreover, most pharmacological
These dysfunclions are usually permanent. and different  {reatments are ineffective for neuropathic pain, hardening
mechanisms are involved in their appearance and mainte-  even more the daily life of those who suffer from it (Finnerup
nance: abnormally persistent gliosis and inflammation, ¢8n- gt g1, 2007: Hulsebosch, 2002).
tral and peripheral sensitization, as well as a wide range of
molecular events that induce functional alterations in the
spinal cord after njury (for reviews see Costigan and Woolf,
2000; Yezierskl, 2005; Hulsebosch, 2008, 20091, They
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Figure 1. Schematic view of the nocicaptive circultny in the lumibar
spinal cord, Sensory afferences (IB4 and CGRP labeled fibers) en-
ter to the spinal cord by the dorsal hom (1), where they connect
with second order neurons. These synaptic connections arg sub-
jected to inhibitory modulation by the intermewons of the GABAer-
gic system, Once in the spinal cord (2], gial cells and mono-
aminargic descending fibers provide an extra modulation o the
nociceptive information, On the efferent side, gephyrin modulates
the clustevization and funchionality of inhibitory synapses on molo-
mirvrons (3. The nociceptive response travels (o the periphery in
farm of modor reflex response, that can be mecorded by electramy.
OrETy.

Alterations in the paln pathways after a SCl are nu-
merous, and may act simultaneously at different points of
the pain circuitry. Since the lesion is devastating in the epi-
cenier, liftle can be done o repair the injured area, but in
the last years, many researchers are focusing their effors in
areas far away from the lesion site. This is the case of the
Ilumbar segments, which although not being affected by the
primary lesion, present important changes in their functions
after a thoracic cord injury (Garcia-Alias et al., 2010; Datloff
et al., 2008; Carlton et al., 2009: Lee et al, 2005). There-
fore, it is important to know how segments caudal to the
injury modify the sensory and motor information which trav-
els along them, and how these adaptations can influence
the pain circuitry and the neuropathic pain symptoms, such

a5 hyperaigesia (il.e. exaggerated response to noxious stim-
uli) and allodynia {i.e. painful response 1o INNOCUOUS stimuli),

The dorsal hom is an important companent of the
sensory pathways since it receives the input of nociceptive
fibers, which are susceplible of changes after an injury.
Moreogver, it is also the first site of modulation and integra-
tion of pain signals in the spinal cord (Ondarza, et al., 2003;
Takazaa and MacDermaott, 2010). This modulation is mainly
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done by inhibitory intemeurons secreting GABA, as well as by
descending pathways from supraspinal centers releasing
neradrenaling and serotonin (Vanegas and Schaible, 2004).
The GABAergic interneurons mediate presynaptic inhibition
of primary afferenis and postsynaptic inhibition of spinal
second order sensory neurons. The main aim of this inhibi-
tion s to suppress the response of dorsal hom neurons o
low threshold mechanical stimuli (Mackie, 2003), but this
system s usually altered after central injuries (Hossaini et
al,, 2010; Tilakaratne et al., 2000}, Glial cells play an es-
santial role in maintaining the spinal homeostasis as well as
modulating synaptic function. After an SCI. astrogha and
microglia become reactive and acquire pronociceptive and
proinflammatory properlies that contribute to the mainte-
nance of hyperexcitability and central sensitization in the
spinal cord (Gwak and Hulsebosch, 2009, Inoue and Tsuda,
2009; Watkins et al., 2001). These phenomena greatly in-
fluence the final response of the spinal system in front of the
nociceptive stimulus, The outcome response is conveyed by
the wentral hom, where motoneurons also suffer changes
while immersed in a hyperexcitable environment, becoming
mone excitable (Sadlaoed et al., 2010; Rekling et al., 2000;
Floyd et al, 1998}, and therefore contribuling to hyperre-
flexia. In addition, descending inhibitory pathways are dis-
rupted after a SCI injury, implying an additional loss of cen-
tral control of motoneuron activity.

Taking together all these atterations, it i Imporant
to have an integrated view of all these elements, and also 1o
take in consideration the plasticity of the spinal cord circuits.
For this reason, in this work we have chosen some key ele-
ments of the nociceplive spinal system and have evaluated
them in SCl models of varying severities (mild contusion,
severe contusion and complete section), The main advan-
tage of this experimental design i the opportunity to study
alterations of several elements in the same animal and at
the same time after a SCI.

‘We firstly assessed the functional deficits as well as
the appearance of neuropathic pain after SC1. Three months
afer injury we performed an immunohistochemical study of
some potential contributors 10 the development of neuro-
pathic pain, at different sites of the nociceptive circuitry (Fig.
1), We studied the distribution and density of afferent fibers
arriving to the dorsal hom, as well as the general GABAergic
tone. Glial reactivity was measured as a potential contributor
te spinal hyperexcitability, and changes in the descending
serptoninergic fibers were also measured, The praservation
of inhibitory contacts in motoneurcns was assessed by the
study of gephyrin, & scaffold protein present in inhibitory
synapses and essential for their cormrect function, Finally, the
final motor response was studied by electromyographic re-
cordings of wind-up responses and withdrawal reflexes, n
order to correlata the functional findings with the histological
results, Our data indicate that aithough there are several
changes affecting the nociceptive spinal pathway, the de-
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gree and direction of these changes do not always directly
correlate with the severity of the injury. Our results highlight
the disbalance between excitatory and inhibitory systems,
and also the presence of important plastic changes ocour-
ring In the spinal cord during the first months after injury,

2. EXPERIMENTAL PROCEDURES
2.1. Laboratory animails

Adult female Sprague Dawley rats (8 weeks ald; 250-300
grams) were housed with free access to food and water at a
room temperature of 22+2°C under a 12:12 light-dark cy-
cles. All experimental procedures were approved by the Eth-
ies Committee of our institution, and followed the European
Communities Council Directive 86/609/EEC.

2.2, Surgical procedura

Operations were performed under pentobarbital anes-
thesia (S0 mg/ kg i.p., Sigma), and after subcutaneous injec-
tion of buprenorphine (0,05 mg/kg Buprex, Schering
Flough) near the incision site, After dorsal laminectomy of
the T8-TS vertebra, in two groups of rats the spinal cord was
contused at TB level using the Infinite Horizon impactor de-
vice (Precision Scientific Instruments; Lexington, UK), apgly-
img & force of 100 kilodynes (kdyn; group 100kdyn, n=8) or
200 kdyn (group 200kdyn, n=8). Data from displacement
and force applied was collected for each contusion. In an-
other group of animals the spinal cord was completely tran-
sected (complete section group, n=8), by means of a sharp
scalpel, at T8 vertebral level. To ensure that the injury tran-
sected the whole spinal cord both stumps were gently lifted
away, and repositioned back into the vertebral channel, After
the injury, the wound was sutured with 5/0 silk thread at the
muscular plane and the skin closed with small surgical clips
and disinfected with povidone iodine solution, Animals were
kept in @ warm environment until full recovery from anesthe-
sia, Bladders were expressed twice a day until reflex voiding
of the bladder was re-established. Amoxicilin was given in
the drinking water for 1 weak o prevent postoperative infec-
thons.

2.3, Functional evaluation: locomaotion

Locomotor hindlimb function and recovery was assessed
using the Basso, Beattie and Bresnahan (BEB) rating scale
(Basso et al., 1995) . Briefly, the BBB testing scale consists
of an ordinal scale from O points (no discernabde hind limb
meovement) to 21 points (consistent, coordinated gait with
parallel paw placement of the hindlimb and consistent trunk
stability). For measuring locomotor recovery, one animal at a
time was allowed to move freely Inside a circular plastic tray
{90 cm diameter x 24 cm wall helght) for 5 minutes, and two
axaminers observed the hindlimbs movements of the rat
The final score of each animal was the mean value of both
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examiners. Locomaotion testing was performed weekly until
90 days postoperation (dpo).

24, Neuropathic pain: mechanical and thermal alge-
Simedtry

Mechanical nociceptive thresholds of the hindpaws were
determined using an electronlc von Frey unit (Bioseb,
Chaville, France). Rats were placed into a plastic box with an
elevated metallic fine-grid surface, and acclimated to the
test chamber for 20 minutes, From the bottom of the box, a
metal tip attached to the sensor was applied directly to the
glabrous surface of both hindpaws. The force applied (in
grams) until the withdrawal of the paw was measured, and
the value of the test was the mean of at least three trials
separated by 5 min resting periods (Casals-Diaz et al,
2009). The maxmal force was limited to 35 grams o avoid
skin damage. Tests were performed before the surgery (pre-
operative values) and at 14, 28, 42, 60, 75 and 90 days if
the animals had a BEB score higher than 8, indicating the
ability to suppaort their weight with the hindlimbs.

Thermal nociceplive sensitivity was evaluated using a
thermal plantar algesimeter (Ugo Basile, Comerio. Italy).
Animals were acclimated in a plexiglas testing chamber for
20 minutes. The light of a projection lamp (150W) was fo-
cused directly onto the plantar surface of the right and left
hindpaws. The time to withdrawal of the heated paw (with-
drawal latency) was measured through a time-meter coupled
with infrared detectors directed to the plantar surface. The
maximal time of stimulation was limited to 20 seconds to
avoid skin damage. The value for each test was the mean of
three trials separated by 5 min resting pericds  (Hargreaves
&t al,, 1988). Tests were performed before the surgery (pre-
operative values) and at the same days as the mechanical
algesimetry test, in rats with a BBB higher than 8.

The Randall-3elitto test (Digital Paw Pressure Meter, IITC
Life Science, Woodland Hills, CA) was performed in all ani-
mals in order to have algesimetric data also from complete
section animals (and therefore with BBB score lower than B)
Before the test, each animal received 5 min of handling to
get used 1o manipulation; then it was placed under a soft
cotton cloth and carefully immobilized. The test consisted in
the application of an increasing mechanical force by the tip
of the device placed onto the medial portion of the plantar or
the dorsal surface of both fore and hind paws until a with-
drawal response resulted (Santos-Nogueira et al, 2011)
The mazimum force applied was limited to 250 g to avoid
skin damage. This test was parformed at 14, 42 and 90 dpo.

2.5. Retrograde labeling

At the end of the follow up, four animals from each ex-
perimental group and four intact animals were anesthetized
with pentobarbital (40 mg/kg). The right hindlimb was gently
shaved and disinfected. A small incision was done in the
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skin above the tbialis anterior muscle, and Spl of 0.5%
cholera toxin subunit B (CTB, List Biclogical Laboratories)
were injected, using 8 Hamilton syringe coupled with a 30G
needle, in the proximal third of the muscle, close to the en-
trance of the peroneal nerve branch. The injected volume
was distributed In three injection sites to avold muscle dam-
age, and after every Injection the needle was left in place fior
20 seconds and then slowly removed o avosd leaking out of
the tissue. The skin was closed and disinfected, and animals
were rehydrated with saline solution. Five days later, animals
wire perfused (588 below).

2.8, Immunohistochemisiry

Perfusion and tissue harvesting: Transcardiac  perusion
with 4% paraformaldehyde in phosphate-bulfered saline was
carried out in anesthetized rats at 90 days after surgery. A
T7-T10 spinal cord segment around the lesion epicenter was
remaoved, post-fived overnight and cryoprotected in 306 su-
crose, The thoracic spinal cord segments were serially cut
(30 pm thickness) in the transverse plane In a cryostat.
Lumbar segments L1-LE were also removed and processed.
Four animals from each SCI group and four intact animals
were used for CTE retrotracing, and their lumbar segments
were cut in the sagital plane. The other four rats of each
group and four more intact animals were used for other im-
munohistochemistries, and their lumbar segments were cut
transversally (20 pm thickness). Thoracke and lumbar sec-
tions were collected onto gelatincoated glass shdes and
immunostained with different antibodies.

Immunohistochemistry procedures: all the compared cord
sections were processed simultaneously, in order to apply
the same conditions. The sections were first rinsed in phos-
phate buffer (PB) and blocked with PB saline supplemented
with normal donkey serum (10%) and triten (0.3%:
PBST+NDS), After 30 minutes of blocking at room 1empera-
ture, sections were rinsed and incubated with primary antl-
bodies overnight at 4°C. After washes, secondary antibodies
were added for 2h at room temperature (in the dark). All the
antibodies were diluted in PBST+1% NDS. Later on, sections
were rinsed several times with PBS, and a final rinse with PB
before dehydrating the samples in graded ethanal solutions
(50%, 7O0%, 96%, 100%, 5 minutes each). Sections were
mounted with Cytoseal Mounting Medium (Aname) and kept
at room temperature.

Antibodies: Primary antibodies used, dilutions and manufac-
turers ane the following: Goat polyclonal anti-cholera toxin
subunit B (CTB), 1:5000, List Biological Laboratories. Goat
palyclonal anti-choline acetyl transferase (ChaT), 1:50, Milli-
pore, Rabbit polyclonal anti-giutamic acid decarboxylase
(GAD), 11000, Abcam. Rabbit polyclonal anti-gephyrin,
1:300, Abcam. Mouse monoclonal anti-glial fibriltary acidic
protein (GFAF), 1:1000, Sigma-Aldrich. Goat polyclonal anti-
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isolectin B4 (IB4), 1:1000, Vector. Rabbit policlonal anti-
ionised calcium binding adaptor molecule 1 (lbal), 1:1000,
Wako., Goat polyclonal anti-calcitonin gene related peptide
(CGRP), 1.500, Abcam. Rabbit polyclonal anti-serctonin,
1:5000, Sigma-Aldrich, Cy3 anti-mouse/rabbit secondary
antibody (made in donkey, 1:200, Jackson Immunoresearch,
UK) was used for GFAP and Ibal single immunahistochemis-
try, whereas for double immunodetactions Alexa Fluor 488
and 594 were used (imade in donkey, 1:200, Invitrogen).
Specificity and dilutions were lested for every primary and
sacondary antibody when purchased. For evaluatling antibo-
dy specificity, tissue samples {(controd and operated) wera
processed as described above but the primary antibody was
not added

Images and measurements: Images were taken with the
same sensitivity for each marker analyzed, with the aid of a
digital camera (Olympus DPEZ0) attached to the microscope
(Olympus BXS51). The images were transformed o a gray
scale and anatyzed using Image) software, Immunoreactivity
was assessed by calculating the integrated density (mean
grey value multiplied by labeled area), after defining a
threshodd for background cormection. In some cases, the pa-
rameter used was the inlegrated density that includes the
extension and the intensity of labaling. In other measura-
ments, the labaled area and the intensity of labaling wera
analyzed separately.

GFAP parmits a clear visualization of the glial scar that
limits the cavity, o this staining was used in thoracic sec-
tions o defect the cystic cavity, and to measure the pre-
sarved tissue.  For glial immunoreactivity (GFAP for astro-
cytes and Ibal for microglia labeling) measurements wara
done using ROIs (regions of interest) placed on the dorsal
hom, and comprising the medial part of laminae | to V. In
ventral horn measuremeants, the ROl was placed on lamina
X, incheding the area occupled by the motonaurons. Images
were taken at 20x magnification, and the Integrated density
was measured, At least five sections from L4-L5 segments
were used, Quantification of GAD, IB4 and CGRP immunore-
activities were done using ROIS in the dorsal hom, compris-
ing laminae | to IV, Measurements of both the labeled area
and the imensity of labeling were made in images taken at
10X magnification from at least five sections of L4-L5 seg-
ments, Gephyrin measuremants wene dong in MOLONEUTONS
labeled by ChAT. A minimum of twenty neurans (with a mini-
mium diamwter of 40 pm) were selectad in each animal, and
gephyrin immunoréactivity (integrated density) was meas-
ured in images taken at 40X from each selected neuron. The
mean of the twenty measurements was used as the mean
value for each animal, and then used to calculate the mean
of each group. Integrated density measured in intact animals
was considered as 100%. and values from injured groups
were referred to it. All the selected neurons were similar In
5ize, 50 N0 Brea cormection wWas necessany.
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Figura 2: Functional and histological effects of the spinal cord injuries. A) Opean field lecomation test, using the BEB scale: Normal
locomation is scored as 21 podnts. Animals with mid conlusion present coordinated locomotion with mild deficits, whereas anfmals
wilh Severe confusion barely stand thewr own weight with the hindlimbs, Animals with complele section present Mindiimb paralysis,
with anly siight movements in same foints. B) Representative images of the spinal cord of the oifferent groups. in sagital (intact and
complate section) and transversal views (intact, 100kdyn and 200kdyn). These images confirm the graded severity of the njun.
Scaly bar: S00um, C-0) Machanical and thermal algesimetry tests indicate that confused animals presenied & reduction in nosicep
five thresholds maintained during three months postinfury. E) Randall-Safitto fest measuwrements indicated thal partial and com-
plete injuries produced a significant reduction in mechanical nociceptive thresholds af ai time poinds. In all algesimetry tests (C, 0,
E} witlues ward significantly reduced compared (o preoperalivg valaes indicated a5 dashed Iives) (¥, p<008; **, p<0.01; ***=,
p<0.001 vs. precgperative values), and only some differances were detected when comparing infured groups, Indicating an all-or-
none response (0 pe0S 100ksvn ws. 200kdyn grous: & p<005, &8 p<00l 100kdve vE compledle  section)

Serotonin immunohistochemistry was performed on sag the plot profile tool of Imagel software, all the fibers
tal sections of 20 pm thickness. In order to detect only  crossing this line above a determined threshold were
the motoneurcn poal innerating the thialis antencsr Soen as peaks, and counted. This procedure was done In
muscle, CTB was also immunodetected. Images from  at least five different sections to obtain a mean value for
each animal were taken at 20X, and a line was draan  each animal,

perpendicular (o the main direction of the fibers. Using
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2.7. Electrophysiological tests

Animals were anaesthetized with pentobarbital (30
mg/kg, 1.p.) and placed prone over a warmed flat coil con-
trolled by a hot water circulating pump to maintain body
temperature. Electrophysiclogical tesis were performed
precperatively and at the end of the follow-up period.

Peripheral nerve conduction tests: Single electrical
pulses (100 ys duration at supramaximal intensity) were
delivered by monopolar needles insened percutanegusly
at the sciatic notch. The compound muscle action poten-
tials (CMAP) were recorded from tiblalis anterlor and from
plantar interosseus muscles, by means of an active elec-
trode inserted on the belly of the muscle and the refer-
ence electrode at the fourth toe (Valero-Cabré and
Navarro, 2001; Valero-Cabré, et al., 2004). Signals were
amplified, fitered (bandpass 1 Hz - 5 KHz), displayed on
an electromyograph (Sapphyre 4ME, Vickers) and ana-
Wzed. The direct muscle response (M wave) and the
monosynaplic reflex response (H wawve) with the highest
amplitude were selected and their amplitede and latency
measured, The degree of hyperrefiexia was calculated as
the ratio between the maximal amplitude of the H wave
and that of the M wave (Valero-Cabré and Mawvarro,
2001). valees from both hindlimbs were averaged for of
each rat.

Wind-up responses and withdrawa! reflexes: Wind-up
evoked responses were recorded from the rght tibialis
anterior muscle using a modified protocol (Solano et al.,
2003; Redondo-Castro et al, 2011). Trains of repetitive
electrical stimulation (16 pulses at 1 Hz, 1 ms width and
20 mA, intensity correspanding to 70-80% of the thresh-
old required to elict a withdrawal reflex in intact animals
using the same preparation) were applied by means of
monopelar needle electrodes, the cathode Inserted near
the medial plantar nerve in the right paw and the anode
between fourth and fifth toes. Electrical stimuli were sup-
plied by a Grass 544 stimulator using an isolation unit
(PSIUG; Grass Instruments). For recording, the active
needie electrode was placed in the tiblalis anterior mus-
cle, the reference electrode al the ankle, and a ground
electrode at the base of the tall. Responses were ampli-
fied 100 times with a Grass P511 amplifier, fed into a
PowerLaby 165P system and recorded with Chart software
(ADInstruments Lid.). In each session, electromyographic
wind-up responses were recorded and analyzed to meas-
ure the area under the curve (AUC) of each response, us-
ing Chart software and the RMS and Noise exiension that
determines the power content of a signal. Data of wind-up
recordings are expressed in two different ways, The mean
total activity Is the mean increment achieved from the 2~
to the 16™ stimuli when rectified for the first response,
this representation is useful 10 see the ganeral amplifica-
tion. The second is the measure of the AUC of the first
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stimull, as an indicator of the central excitabllity of the

spinal cord before the train of repetitive stimull (Redondo-
Castro et al., 2011).

Withdrawal reflexes were measured by delivering sin-
gle electrical stimuli of 50 mA and 1 ms, using the same
sotting used in wind-up recordings. Measuremants of tha
AUC of the C-fiber mediated response during the first sec-
ond of the response were made to assess the intensity of
the withdrawal reflex response (Valero-Cabré et al,
2004).

2.8. Statistical analysis

Data are shown as the mean £ SEM. Statistical com-
parisons between groups were made using two way
ANCVA for repeated measures with Bonferroni post hoc
tests (GraphPad Prism software). Differences between
proups were considered statistically significant if p=0.05.

3. RESULTS
3.1. Locomation

To secure reproducibility of the contusion lesions, the
force applied and the displacement suffered by the spinal
cord were measured (Cao et al, 2005). The mean force
applied was 10441 kdyn in the 100kayn group and
20442 kdyn in the 200kdyn group. The displacements
received were 836+33 pm and 1496144 pm, respec-
tively, which were significantly different between them
(p<0.001). Complete section injuries were confirmed his-
tologically by longitudinal sections of the spinal cord, and
contusion injuries by transversal sections with GFAP label-
ing (Fig. 2B). Integrity of lumbar segments of the spinal
cord was assessed in the same way (Fig. 2B, bottom
panel],

The locomotor test results indicate different functional
deficits depending on the severity of the lesion (Fig. 2A)
Intact animals presented normal locomotion (21 points in
the BBB scale); rats of the 100kdyn group showed plantar
stepping and coordinated gait, but some deficits regard-
ing toe clearance and rotation of the hindpaw position
(15-16 points); rats of the 200kdyn group presented
more marked deficits, such as uncoordinated gait and
only occasional plantar stepping (9-10 points). Animals
with complete transection displayed nearly complete pa-
ralysis, reaching only 1-2 points during the follow-up
[slight movement of some joints). There were significant
differences between all groups (p<0.001) at all time
points after injury,

3.2. Neurapathic pain

Regarding pain responses, all contused animals mani-
fested hyperalgesia in response to mechanical and ther-
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mal stimuli during the three months of follow-up (Fig. 2C-
D). Mechanical thresholds were around 14 grams in in-
tact animals, and fell progressively to B-9 grams in con-
tused animals. These values were significantly lower than
preoperative values, but no differences were detected
between groups. The thermal withdrawal threshold aver-
aged around 14 seconds in intact animals, while it was
reduced in contused animals to 11 seconds n the
100kdyn group and 8.5 seconds in the 200kdyn group.
Differences were detected between SCI groups and pre-
opérative values, but again not between injured groups.
Animals with complete transection were not tested with
these algesimetry tests because of their inability to sup-
port welght with the hindlimbs, but could be tested with
the Randall-Selitto test, This test indicated persistent
pressure hyperalgesia in the hindlimbs during the three
months follow up in the three SCI groups. Preoperative
pressure threshold averaged about 165 grams, and de-
creased to B8 grams in the 100kdyn group, 64 grams in
the 200kdyn group, and 53 grams in the complete sec-
tion group (Fig. 2E). The decrease of thresholds was sla-
tistically significant (p<0.001) In all groups comparad 10
preoperative values, and differences were also found be-
tween the 100kdyn group and the complete section group
(p<0.05 at 14 dpo, and p<0.01 at 90 dpol. Only in this
algesimetry test we could detect a trend to present more
hyperalgesia in more sevens lesions.

3.3. GABAergic tone: GABA synthesizing enzyme

The expression of the GADES/6T enzyme in the Supar-
ficial dorsal horn laminae (Fig. 3A) was increased in all
the injured groups compared to intact animals (p<0.05),
for measurements of the labeled area (Fig. 3B) and of the
intensity of labeling (Fig. 3F). These increases were simi-
tar in all the injured groups (45-50% higher than intact
animals, p<0.05), although it was slightly higher in the
complete section rats (G0%).

3.4. Peptidergic and non-peptidergic nociceptive aifer-

Images taken from laminae | to IV of the dorsal hom
indicated that the nociceptive afferenmis werg boosted
three months after injury (Fig. 3A). Labeling of IB4 was
found in lamina Il of the dorsal hom, with a significantly
increased immunolabeled area in the SCI groups (p<0.05,
570% in 100kdyn group, 670% In 200kdyn group and
520% in complete section group; see Fig. 3C). Regarding
the intensity, no changes were detected.

CGRP positive afferents presented a dense projection
pattern in laminae | and Il {Fig. 3A). Although the labeled
area was not significantly changed, the Intensity of im-
munoiabeling was significantly increased in all SCI groups
(p<0.01) compared to intact rats (Fig. 3H). Some CGRP
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positive fibers arrived to deeper laminae Y. The number
of such fibers was higher as the severty of the lesion in-
creased (mean number, intact 1.2 100kdyn: 3.2,
200kdyn: 6.6; complete section: 5.6) although their
length tended to decrease (mean of 265 ym in intact
animals, 250um in 100kdyn group, 200pm in 200kdyn
group and 1V5pm in complete section group. In all
groups, the thickness of the laminae from where the pro-
jections arose was unchanged. In addition, numerous
short CGRP positive profiles were observed arising from
the inner part af the supericial dorsal laminaeg.

3.5. Glial reactivity: microglia and astroglia

Glial cell reactivity was assessed in dorsal and ventral
homs of L4 and LS spinal segments (Fig. 44, 4C), and
expressed as the mean integrated density of immu-
nolabeling of GFAP (astrocytes) and Ibal (microglia), and
normalized versus the control value,

Microglial cells displayed a resting morphology in
samples from intact animals, In contrast with a character-
istic reactive morphology in all injured groups three
maonths after the lesion. The increase in immunoreactivity
for Ibal was statistically significant in all groups com-
pared to intact animals, and tended to be higher with the
severity of the injury (Fig. 48}, although in the ventral hom
measurements from the complete section group dis-
played lower values of integrated density than the con-
tused groups.

The immunoreactivity for astroglia was also increased
in dorsal and ventral horns of all the injured rats. The as-
trogliosis was higher with increasing severity of the injury
(Fig. 4D), with significant differences for the 200kdyn
contusion and the complete section group with respect to
intact controls,

3.6. Serotoninergic fibers

In intact animals seratoninergic fibers traveling along
the spinal cord were paricularly visible in the ventral
homs and near the lumbar motoneuronal pools (Fig. S0
In injured animals, the number of descending sero-
toninergic fibers was clearly reduced when compared o
the controls (Fig. 5A, 5C), showing a progressive decrease
as the severity of the leslon increased. Intact animals
presented a mean of 15 long fibers per cord section,
whereas this number was reduced to arcund 12 in the
100kdyn group, 4 in the 200kdyn group and O in the
complete section group. A qualitative study of the images
revealed that animals with 100kdyn contusion displayed
more serctoninergic fibers and more contacts on moto-
neurons than 200kdyn animals, whereas animals with
complete section showed complete absence of fibers and
contacts (Fig.58).
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3.7, Inhibitory Synapses on MOoloNeurons

Measurements performed on the surface of spinal
cord matoneursns IFIE. 6C) Indicated an Morease in
gephyrin immunoreactivity (Fig. 6A,8) in all the injured
groups, although without reaching statistical significance,
The inCrease was morne impartant 0 the mild contusion
group [163% of intact value), followed by the severe con-
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tusion Aroup {144%) and the compléte section group
(129%). It s imporiant to note that only large motoneu-
rons wera measured (minimum of 40 pm in diameter),
and most of them presented colabeling for ChAT and
Eephyrin (Fig. 6AL Smaller ChAT positive neurons did not
show gephyrin immunoreactivity on thelr surface.

Figure 3: : Changes In inhibitary infermeurons and afferent prajections [n the dorsal hom, A) Representative images from the dorsal
v @b L4-LS segments (schema in E), labeled against GAD, 184 and CGRP, Scale bar: 200 pmy 50 pm in the right column, GAD
mmunalisiachamisine rivealtd on incrégase in the ared (B) and the inténsity (F) of Wiing in all iy groups, Labeling for 184
posithe afferences displayed an ncrease in the area (C) but nof In the indensity (G immunolabeling for CGRF afferances showed
an ncrease of both the area (D) and the intenaity (H), CGRP projections increased n numbser and length o deep laminae (I, ndi
cated by white arrows in the rght panels of A). Statistical significance: * p<0.05; ** p=0.01; *** p=0.001 vs. intact animals; &,

peL0S vE, complele SeChion group.,
3.6. Inhibitory synapses on motoneurons

Measurements performed on the surface of spinal
cord motoneurons indicated an increase in gaphyrin im-
munoneactivity (Fig. BAB) in all the injured groups. al
though without reaching statistical significance. The in
crease was more important in the mild contusion group
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[163% of intact value), followed by the severe contusion
group {144%) and the complete section group (129%), It
is important 10 note thal only large moloneurons were
measured (minimuom of 40 pm in diameter), and most of
them presented colabeling for ChAT and gephynn (Fig
6A). Smaller ChAT positive neurons did not show gephyrin
immunoreactivity on their surface.
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Figure 4; Chronic gliosés in the spinal cord. Representative images taken from the dorsal and the veniral horn of the spinal cord at
L&-L5 devei (C), immunolabeled for GFAP and ibal (A). Quantification of ihal infegraied densily indicaied an incréease in microgiial
redctivity in ail SC1 groups comparndd 1o intacd aaimals i both dorsal and vantral homs, Dorsal o valuas of microghosis incraase
with the severity of the injury, In ventral homs, microgliosis was lower affer complele section than affer contusion Injuries (B). GFAP
gquanfification showad als0 an ncrease n asiroghoss m al wmjwred growes (D), and both dorsal and wentral hams showed higher
fmmunoneactivily with the saverity of the injury. Statistical significance: * p<0.05; ** p<0.01 versus intact animais; # p<0.05 vs

complete section group.

2.7. Electrophysiclogy: spinal reflexes and wind-up re-
SPONSEs

CMAPs recorded in the tibialis anternor muscle had a
mean amplitude argund 52 My in preaperative lests (Fig.
TA), Three monihs after injury, all groups presented a
slight reduction in the amplitude, although it was signifi-
cant only in the complete section group (40 mV, p<0.05).
Mo significant changes were detected in the amplitude of
CMAPs of the plantar muscles (average 8B.60 mV). Laten
cieg wire not signiticantly changed in any of the muscles
considerad

The monosynaptic spinal reflex showed significant
facilitation, measured as the H/M ratio, from a value
around 0.05 at baseline to higher values of 0.28 in the
100 and 200 kdyn groups (Fig. 78). The complete tran
section group had a lower degree of hyperreflexda, with a
mean H/M ratio of 0.15 (p<0.001 versus the contused
groups). Withdrawal reflex responses mediated by stimu
lation of C fibers (Fig. 7G) showed mean values of 800
pv's in the 100kdyn group, 525 pVs in the 200kdyn group
and 240 pvs in the complete section group, the later be-
ing similar to the control values (Fig. TE). Thus, both
mong- and polvsynaptic spinal reflexes showed maore
mmarksd facihtaton after contusion njury than afer com
plete transection of the spinal cord at the thoracic level,
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Figure 5 Seqptorin fibers and moloneurons (D) Descending seroloninergic fibers were visitbie alomg the enfire lumbar segment in
controd samples (A). The number of fibers diminshed &5 the Msion sevarly increased, being comphelely absant i he complalo Sec
tior group (CL Serotoninergic fibers made contacts on motanewrons of the pool innenvating the tiblalls anteror muscie, netrodabaled
with CTE (B), and the number of conltacts wone progressively reduced as the injury severdy increased (detalls al higher maghifica
fion in the insets of B). Statistical significance; * p=0.05; ** p=Q.01; *** p<0.001 injured group va. intact animais. Lines indicate
differences between njured groups. Scale bar 200 pm in A and B, 30 pm in nseds in B
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Flgure &: Gephyrin labeled synapses on motoneurons of lumbar sagments L4-L5 (C) Motoneurons kabeled with ChAT displayed a
diffuse pattern of gephyrin expression (A), Colabeling for both markers was present in most moloneurons except in the small ones,
Quantification of the gephyrin immunolabéling In motoneurons révealad a tendency 1o increase in injured spinal cords (B). Scala
bar: 50 pm.
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Wind-up recordings (Fig. 7F) indicate marked
facilitation after SCI. Wind-up measured as the total activ-
ity in the 16 stimuli [expressed as the AUC, Fig. 7C) gave
preoperative values around 5500 pvs in all groups,
whereas it increased at the end of the follow up to 9470
p¥s in the 100kdyn group, 6950 pvs in the 200kdyn
group and 7940 Vs in the complete section group. Due
to the intrinsic variability of the technique (Svendsen,
1999; Redondo-Castro et al, 2011), these increases
were not significantly different from preoperative values.
When measuring only the first response (Fig. 7D), base-
ling values of about 150 pvs increased to 490 uV's in the
100kdyn group, 230pVs In the 200kdyn group, and
200uV's in the complete section group.

4. DISCUSSION

In this study we made a detailed study of some of the
key companents of the spinal reflex creuitry and central
control pathways at segments caudal to a SCI, with the
aim of praviding an integrative view of the alterations in
the spinal nociceplive pathway and its refationship with
the severity of the injury and with the measurement of
neuropathic pain. Moreover, it may bring information on
the relative contributions of each element and, thus, help
to find potential targets for therapies aimed to ameliorate
neuropathic pain and hyperrellexia, frequent and dis-
abling secondary complications of 5Cls. Three months
after a SC1in the rat is considered a chronic stage, when
the primary consequences of the injury are already re-
solved (such as circulatory and inflammatory events, excl-
totoxicity, etc), and the plastic changes in spinal neural
circuits have already occurred. In fact, chronic time points
are usually the starting point of most therapies, when the
situation has become stable and the final consequences
are already established.

SCI causes a wide range of functional conseguences,
one of the most evident being the locomotion deficits,
which appear in a severity dependent manner. Another
consequence of SCI is the appearance of chronic newro-
pathic pain, which was also evidenced in all the experi-
mental groups included in this study. In this work only
Eroups with partial SCI by contusion were subjected to the
common mechanical and thermal algesimetry tests, due
to the limitations of these methods since animals need 1o
be able o support their weight on the hindlimbs. Never-
theless, the Randall-Selitio test is useful for detecting
neuropathic pain also in animals with complete spinal
cord section (Santos-Nogueira et al, 2011; Lee et al.,
2005). The decrease of nociceplive thresholds was main-
tained during the three months postinjury, without signifi-
cant differences between the groups, except for a grada-
tion observed in the Randall-Selitto test results. Even if
controversial, this lack of correlation between the degree
of hyperalgesia detected and the severity of the SCI was
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already cbserved in previous studies (Redondo-Castro et
al.,, 2011; Zhang et al., 2008), and may respond to an all-
or-noné mechanism. Other positive phenomena com-
monly seen in human SC1 patients and that have been
also demonstrated in SC| rats are caused by hyperexcita-
bility of the spinal circuitry caudal to the lesion, mani
fested s hypereflexia and exaggerated wind-up re-
sponses (Valero-Cabré et al., 2004; Redondo-Castro et
al, 2011). These positive symptoms can be related 1o
neuropathic pain, since they act as amplifiers of the no-
ciceptive signaling, acting on the final motor response or
on the integration of the input.

4.1. Increase in afferent projections and In GABAergic
tone after SCI

Once confirmed the appearance and long-term main-
tenance of signs of neuropathic pain in the SCI rats, we
studied changes in the central projections of nociceptive
afferents (CGRP and |B4 labeled fibers) and the expres-
sion of GAD, the main enzyme that synthesizes GABA and
thus a general marker for GABAergic interneurons in the
dorsal homn. Dorsal homns presented an increase in GAD
expression after the injury, as well as an increase in the
projections of peptidergic and non-peptidergic afferences.

The transduction of noxious stimuli is done through
primary sensory neurcns with small cell bodies and un-
myelinated or thinly myelinated axons. Two types of C-
fiber afferents can be distinguished by their sensitivity to
trophic factors and the presence of neuropeptides. The
non-peptidargdic neurons, detected by their binding to 1B4,
are dependent on the GDNF (glial derived neurctrophic
factor) family of growth factors, and their projections end
in the inner lamina Il of the spinal cord. The peplidergic
neurons, detected by CGRP and substance P labeling, are
dependent on NGF (nerve growth factor), and mainly pro-
ject 1o lamina | and outer lamina Il {(Snider and McMahon,
1998; Vulchanova et al., 2001).

We found a general increase of nociceptive afferents
density in the dorsal horn 8t lumbar levels following tho-
racic SCI. The increase in density and size of the projec-
tion area of nociceptive fibers caudal to SCI has been
attributed to sprouting of these fibers, since they usually
colocalize with Gap43, a marker of growth cones
{Ondarza et al, 2003). These changes may imply an in-
crease in the afferent input, as a first amplification in the
pain pathway and in spinal motor and autonomic reflexes
(Zinck and Downie, 2008), or alernatively represent a
compensatory response for the loss of descending Infor-
mation in order to increase the sensory feedback, essen-
tial for recovery (Tlilakaratne et al., 2000; Line et al.,
19949; Rossignol and Frigon, 2011). Touch sensitive fi-
bers normally terminate deeper in the dorsal horn than
nociceptive fibers [Takazawa and MacDermott, 2010).
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Our results akso show an increase in the number of CGRP
fibers reaching deep laminae, which may indicate a shift
in the nociceptive input o second order spinal neurons,
as has been reporied in other models of pain (Keller et
al,, 2007}, This could explain, at least in part, the appear-
ance of allodynia below the injury site. Moreover, the in-
crease in the intensity of 1B4 labeled fibers may be also
related to the hyperalgesic manifestations, since 184 fi-
bers are known to mediate thermal and mechanical no-
ciception (Vulchanova et al., 2001).

GABAergic Interneurons contribute to attenuate pain
signal modulation in the spinal cord in normal conditions,
but in pathological situations changes in the GABAergic
system can contribute to abnormal nociceptive responses
(Gwak et al., 2006). An increase in GABA synthesis was
already described after peripheral and central injuries
accompanied by neuropathic pain (Satoh and Omaote,
1996; Kontinen et al., 2001; Diaz-Ruiz et al., 2007), sug-
gesting & change in the activity or function of the GABAer-
gic system. Different causes may be underbing this
change: the first is a shift in function, from inhibition to
excitation, similar to what happens during development,
when GABA acts as a excitatory transmitter, depending on
the functional state of chloride transporters like NKCC1
and KCC2 (Sadiacud et al, 2010; Boulengusz et al.,
2010; Lu et al., 2008; Edgerton and Roy, 2010} This
would be translated into a lack of inhibitory influences at
the entrance of the spinal pain cirgull, singe GABA func-
tion is tghtly correlated with the degree of neuropathic
manifestations (Gwak et al.. 2008). One important paint
to mote is the existence of two soforms of the GAD en-
zyme: GADSS isoform generates GABA to act as an inhibi-
tory neurotransmitter, and GADGT for nonsynaptic pur-
poses (Erlander and Tobin, 1991). Despite the immurno-
histochemical analysis did not allow to differentiate be-
tween the expression of these two isoforms (both highly
expressed in superficial laminae of the dorsal hom), the
presence of signs of neuropathic pain during three
months after SCl makes more likely that the increase de-
tected is mainly due to an increase of GADSY, that pro-
duces GABA for nonsynaptic issues. On another hand,
after a SCI GABA may not be used solely as an inhibitor
but as a modulator of plastic changes aimed to compen-
sate functional deficits and gain locomotion skills at the
spinal level (Tillakaratne et al, 2000).

In summary, we found that caudal 1o the thoracic SCI
there is an increase in projections of nociceptive afferents
combined with an alteration of the inhibitory GABaergic
system, thus constituting the first abnormal processing
paint in the spinal pain circuit. Interestingly, these
changes do not show a clear relation with the severity of
the injury.
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4.2. Chronic gliosis is related to neuropathic pain and
hyperreflexia

Abnormally persistent glial reactivity is one of the
most accepted causes of cantral hyperaxcitability and of
the development of neuropathic pain  after SCI
{Hulsebosch, 2008; Hains and Wazman, 2006; Watkins
et al., 2001 Vallejo et al, 2010; Scholz and Woolf,
2007). We found an imporant degree of gliosis in the
lumbar dorsal horns of all injured rats, for both astrocytes
and microglia, in relation with the severity of the injury.
Glial cell reactivity may contribute to the chronification of
neuropathic pain, by maintaining sensitization of secon-
dary neurons in the dorsal horn (i and Suter, 2007;
Keller et al., 2007}, thus representing a second point of
amplification of the nociceptive information in the spinal
cord.

The ventral horns presented a similar degree of glio-
sis three months after SCI. The complete section group
had a slightly reduced microgliosis compared to the con-
tused groups, because a cord transection promoles a
lower inflammatory component or because the replace-
ment of microglia by astroglia has already started (Vallejo
et al., 2010). In the ventral horn, the implications of glic-
sis are mainly related to the efferent reflex responses,
which would be enhanced by central hyperexcitability In-
duced by reactive glia. It has been also proposed that
reactive microglia may be able to promote the growth of
new synaptic buttons, contributing to hyperreflexia (Little
el al., 1999). Both reactive astrocytes and microglia con-
tribute to the general state of hyperexcitability in the spi-
nal cord, and therefore promote the amplification of the
information traveling along the nociceptive system.

4.3. Serotonin descending pathways are reduced
after SCI

In the experimental groups, as expected, there was a
progressive loss of serotoninergic descending fibers and.
therefore, of the number of contacts on spinal lumbar
motoneurans as the severity of the lesion increased, Se-
rotonin projections arise from ventral medullary raphe,
raphe pallidus and raphe obscurus nuclei, and project to
all laminae in the spinal cord. They give a tonic inhibition
that constitutes an important modulation to spinal pain
systems, attenuating nociceptive responses in dorsal
horn neurons (Hains, 2003). Nevertheless, it has been
described that seratoninergic projections may akso have a
pronociceptive or facilitatory role in some models of per-
sistent pain (Vanegas and Schaible, 2004, Millan, 2002).
Such dual actions depend on different receplors as well
as on different concentrations of refeased serotonin, and
on the balance between facilitatory and inhibitory ale-
ments in the spinal cord. Serctonin receptors suffer an
important regulation after injury, that could eventually
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make moloneurons hyperexcitable, together with the ap-
pearance of persistent inward currents that promote long
depolarizations in motoneurons (Murray et al, 2010,
Heckmann et al., 2005; Lee et al., 2005). The observed

Results

lumbar segments from rostral centers can be translated
into & direct loss of inhibition in the dorsal horn, This pro-
gressive loss correlates with the results of algesimetry
and reflex wests, which indicate that the more severe the

lzss in the number of serotoninergic fibers arriving to the  lesion, the more marked the abnormalities.
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Figure 7: Electrosmyographic responses, (A) Compound muscle action polentials recorded from the tibials anterior musche showed
only a smal reduction in amplitude in the complete section group {* p<0.05 vs preoperative valuel. (B) Hyperreflaxia, expressed as
the ratio between the M wave and the M wave, was evident in all injured groups, especially after spinal cord comtusion, Complate
seetion animals had a significantly lower increase of the H/M ratio than confused animals (*** p<0.001). {C) Wind-up quantifica-
fion, measuning the total activity as the area under the cunve (AUC) of the 16 responses, showed Increased facilitation in all groups
after SCI, (D) Quantification of the firs! response of the wind-up (est 85 a measure of basal excilability, All injured groups presenied
a clear increase, being the mild injury grovp the one with the highest excitability, followed by the severe confusion group and the
complete section group (** p<0.01 100%dyn ws. complede sectionl. (E) Withdrawal reflexes responses. Three months after njury,
contised groups displayed Berndlecs compantd (0 proeoporativg valuds, The commplate Section group Rad & mdan value similar (o
the control, and lower than the 100kdyn contusion (** p<0L01L (F) Represantative recordings of wind-up, with the train of 16 re-
sponses. (G) Representative recondings of withdrawal reflexes. Nate the changes in the scale in each recaording.
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Maotanewrons are the last modulatory site of the spinal
girguitry, which elaborate the output of reflex responses
initiated by noxiows stimull in the periphery. In addition to
the loss of descending modulatory inputs, we found also
changes in the inhibitory synapses detected on the moto-
neuron surface, as indicated by the gephyrin immunohis-
tochemistry results. Postsynaptic receptors at inhibitory
synapses (mainly ghycine and GABA-A receptors) are ag-
gregated in clusters whose formation and anchorage to
the cytoskeleton is regulated by gephyrin [Jacob et al,
2005; Fritschy et al, 2008; van Zundert at al., 2005;
Alvarez et al, 1997). Gephyrin also has roles regarding
synapse formation, receptor mobilization and plasticity
(Fritschy ot al., 2008; Calamai ot al., 2009}, Since inhibi-
tory synaplic transmission relies essentially on ghycine
(Sadiaoud et al,, 2010), gephyrin labeling can be used as
a good marker to monitor changes in glycinergic inhibitory
synapses In the ventral horns (Jacob et al., 2005). It is
especially found in a-motoneurons, although interneurons
and y-motoneurons are also known to display some
gephyrin clusters (Destombes et al,, 1992).

An increase in gephyrin may be related to an in-
creased ghcinergic transmission to the motoneurons, and
therefore a reduction in their excitability. In our work we
hawve detected a trend to increase the presence of gephy-
rim after SCis, especially in the mild lesions, bul it does
not seem effective encugh since the reflex motor re-
sponses assessed by electrophysiclogical tests were
markedly facilitated. Thus, this increase in inhibitory sig-
naling can be interpreted as a compensatory strategy to
counteract the hyperexcitability present in the system,
with a disbalance between excitatory and inhibitory inputs
to motoneurons following SCI. Nevertheless, the eficacy of
this increase In inhibitory signalling can be unsuccessful if
the chloride homeostasis 15 also altered, as has been
described after SC1 (Boulenguez et al., 2010; Lu et al,
2008; Hasbargen et al., 2010,

4.5, Hyperreflexia and plasticity of reflex circuits

We assessed the functional state of the spinal reflex
circuits by means of in vivo electrophysiological tests. The
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polysynaptic withdrawal reflexes have been widely used to
study nociceptive responsiveness in animals and provide
quaniitative data about physiclogical changes in lumbar
segments after neural lesions (Cervero, 2009; Lee et al,,
2005; Valero-Cabré and Navarro, 2001, 2002; Valero-
Cabré et al., 2004). Measurements of the H/M ratio, used
to evaluate spinal excitability, indicate marked hyperre-
flexia in the contused groups, and only a slight increase In
the group with complete section. Withdrawal reflex results
showed a similar trend of hyperreflexia (Yoon et al,
2004). After a central injury, the supraspinal control s
partially or completely lost, and this has a facilitatory ef-
fect on spinal reflexes below the lesion site (Valero-Cabré
et al, 2004; Gozariu et al, 1997} Inflammatory proc-
esses and dysfunclions of the inhibitory systems are
known to contribute to hyperreflexia and therefore to
spasticity (Mackie, 2003). Hyperreflexia has been also
proposed as a mechanism to compensate the (oss of de-
scending information (Lee et al, 2005). Thus, mild le-
sions imply a limited loss of tissue, but the spared tissee
presents hyperexcitability and enhanced plasticity, which
will eventually lead to better recovery, but also to a higher
degree of hyperreflexia or neuropathic pain, since sensory
information can also be amplified.

Wind-up is a phenomenon of temporal summation
that has been widely used as expression of the sensitiza-
tion of spinal neurons, and conseguently related to
chronic pain states (Herrero et al., 2000; Redondo-Castro
et al., 2011; Cervero, 2009). Desplte sensory and motor
wind-up can be modulated parislly independently
(Cervero, 200%; Herero et al., 2000}, both phenomena
indicate the presence of spinal amplificatory mechanisms.
that can lead to pain and hyperreflexia, respectively. We
have assessed wind-up by means of electromyography,
using a preparation that allows a physiclogical condition
to study the full reflex responses (Gozariu et al., 1997;
Redondo-Castro et al., 2011). In our study, wind-up in-
creased after SCIs, indicating central excitability and am-
plification of the nociceptive signaling. When only the first
response s measured, a graded Increase appears with
the severity of the SCI.



Chapter 3

ii

Results

Figure 8: Schematlic represerdation of the abnormalities found [n the spinal nociceplive sysfem. Boxes indicate the main poins of
maduiation and ftegration of the sensary information in the spinal cord, The loss of efficacy of inhibilory sysbems In front of the
contral lyperexcitatility of the spinal cord promotes ampiification of the responses, contributing (o neumpathic pain and hypere-

fexia.
5. CONCLUSIONS

Our results indicate that after SCI there is an increase
of afferent input, glial reactivity and loss of serotoninergic
descending pathways at segments far caudal o the in-
jury, which contribute to the development of pain and
hyperreflexia. Compensatory mechanisms o inhibit the
abnormal influx of nociceptive information in the spinal
cord, such as an increase in GABA synthesis and of gly-
cimergic inhibitory synapses on the motoneurons also oc-
cur, but they seem nol encugh to counteract the siate of
hyperexcitability, We cannot discard some other mecha-
nisms, such as increases in persistent inward currents,
changes in receptor function and plasticity regarding inhi-
bition effectiveness in the spinal cord, as well as su-
praspinal changes. The unbalance between excitation
and inhibition induces a predominant disinbibition in the
spinal cord that has functional consequences, fike the
appearance of neuropathic pain and hyperreflexia (Fig. 8).
Moreover, this works highlights the spread localization of
the changes occurring after an SCI, not limited to the area
of injury, neither 1o a single mechanism. It Is also impor-
tant to note that not all the changes are directly related to
the severity of the injury, but some of them occur as all-or-
none responses, with a similar degree in all the lesions
studied. The results of this study indicate that the most
relevant changes are due to plasticity and differential
modulation of the preserved systems, and not to the loss

of their function. For this reason, they open a window for
new strategies designed to modulate the plastic changes
developing at caudal segments after SCI.
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ABSTRACT

Objective: To assess if spinal cord injury (SCI) can produce alterations in axons of peripheral nerves emerg-
ing caudal to the injury. Methods: Mild/severe contusion or complete transection was performed at T8 in
adult rats. The function and morphology of the sciatic nerve were assessaed three months after the lesion,
Results: There was a decrease in the amplitudes of muscle responses in narve conduction tests, The num-
ber of myelinated fibers was maintained, but some of them presented structural abnormalities. Conclusion:
Spinal cord injuries cause alterations in peripheral axons not affected by the injury. Preservation of the pe-
ripheral components is essential for potential regenerative and rehabilitation therapies. Thus, especial care
has to be taken to avoid secondary complications, due to compressions or immability, in SCl humans,

Abbreviations: CMAP: compound muscle action potential; kdyn: kilodynes; NP: neuropathic pain; SCI: spinal cord injury;
TA: tiblalis antarior,

Key words: spinal cord injury, axenal count, myelinated nerve fibers, peripheral nerve, sciatic nerve,

INTRODUCTION

Spinal cord Injuries (SCIs) cause disruption of as-
cending and descending pathways leading to paralysis
and loas of sensitivity balow the lesion Site, as well 85 1o
positive symptoms such as spasticity and neuropathic
pain. It Is generally assumed that 3Cis do not affect the
peripheral systems, but the consequences of a SCI can
expand 1o remate regions, cranially and caudally, and
lead to secondary plastic changes involving supraspinal
circuits and also the peripheral nervous system -3, The
matoneuron pools distal to the lesion may suffer atrophy
and degeneration 45 The SCI may also affect the central
axons of primary sensory neurons conveyed in the dorsal
column tracts. Central axotomy and retrograde degenera-
tion may affect the neuron soma in the dorsal root ganglia
and lead to degeneration of the peripheral axon branch £,

indeed, changes in peripheral excitabllity and function
have already been described in human S0 patients 2447,
mainly wsing electraphysiclogical technigues,

Maintenance of peripheral nerve functions s es-
sential in SCI rehabilitation, regenerative therapies, surgi-
cal bridges and neuroprosthetic stimulation strategies
L38-8, In this work we have performed histological and
electrophysiological analyses of the peripheral nerve fol-
lowing SCis of different severities in adult rats, in order to
assess if there were secondary peripheral alterations, and
if the severity of the injury was correlated with these al-
terations.
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MATERIALS AND METHODS

Adult female Sprague Dawley rats (8 weeks old; 250-
300 grams) were housed with free access to food and
water at a room temperature of 2242°C under a 12:12h
light-dark cycles, All experimental procedures were ap-
proved by the Ethics Commitiee of our institution, and
followed the Ewropean Communities Council Directive
86/609/EEC. All applicable institutional and governmen-
tal reguiations concerning the ethical use of animals were
followed during the course of this research. Researchers
participating in this work were blinded to the severity of
the injury received by animals.

Surgical procedure: Operations were performed  under
pentobarbital anesthesia (50 mg/kg Lp., Sigma), and af-
ter subcutaneous injection of buprenarphing (0.05mg/Ke.
Buprex, Schering-Plough] near the Incision site, After dor-
sal laminectomy of the T8-T9 vertebra, the spinal cord
was comtused at T8 level using the Infinite Horlzon impac-
tor device [Precision Scientific Instruments; Lexington,
UK}, applying a force of 100 kilodwnes (kdyn; group
100kdyn, n=5) or 200 kdwn (group 200kdyn, n=5}; dis-
placement and force applied was collected for each con-
tusion. In another group of animals the spinal cord was
completely transected (complete section group, n=5), by
means of a sharp scalped, at T8 vertebral level. To ansura
that the Injury transected the whole spinal cord both
stumps were gently lifted away, and reposttioned back
into the vertebral channel. In all the surgeries, the wound
was sutured with 5/0 silk thread at the muscular plane
and the skin closed with small surgical clips and disin-
fected with povidona iodine. Animals were kapt in a warm
emvironment until full recovery from anesthesia. Bladders
were expressed twice a day until reflex woiding of the
bladder was re-established. Amadcilin was given in the
drinking water for 1 week to prevent postoperative infec-
tions.

Evaluation of locometion: Locomotor hindlimb  function
and recovery was assessed using the Basso, Beattie and
Bresnahan (BBB) rating scale in open-field walking 2.
Briefly, the BEB testing scale consists of an ordinal scale
fram O points {no discernable hind Imb movement) to 21
points (consistent, coordinated gait with parallel paw
placement of the hindlimb and consistent trunk stability).
For measuring locomotor recovery, ome animal at a time
was allowed 10 move freely inside a circular plastic tray
(90 em diameter ¥ 24 em wall haight) for 5 minutes, and
iwo examiners observed the hindimbs movements of the
rat, The final score of each animal was the mean value of
both examiners. Locomotion testing was performed
weekly until 20 days postoperation (dpo).
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Figure 1: A) Locomator evaluation (BBE scare) indicate
graded functional deficits relaled fo the severity of the
injury. Groups displayed results significantly different be-
tween them at all time points (p<0.05). B) Amplitude of
the CMAP recorded in the tibialis anterior muscle [TA) 90
days after SCI. There was a reduction in amplitude after
SC1 compared with prefesfonal values, that was only sig-
nificant in the complete section group (* p<0.05 vs. pre-
lesional value),

Peripheral nerve conduction tests: Electrophysiological
tests were performed precperatively and afier three
months of follow-up. Animals were anaesthetized with
pentobarbital (30 mg/kg. L.p) and placed prone over a
warmed flat coil controlled by a hot water circulating
pump to maintain body temperature. Single electrical
pulses (100 ps duration at supramaximal intensity) were
deliverad by monopolar needles (27G) inserted percuta-
necusly a8t the sciatic notch. The compound muscie action
potentials (CMAP) were recorded from the anterior tibialis
and from the plantar interosseus muscles by means of an
active electrode inserted on the belly of the muscle and
the reference electrode at the fourth toe 911 CMAPs
were amplified, fitered (bandpass 1 Hz - 5 KHz), dis-
played on an electromyograph (Sapphyre 4ME, Vickers)
and measured. The responses with the highest amplitude
were selected and wsed for analysis. Values from both
hindlimbs of each animal were averaged.

Histological processing and axonal counting:At 90 dpo the
animals were perfused with 4% paraformaldehyde in
0.1M phesphate buffer. The sciatic nerve was harvested
proximal to its trifurcation (distal part of the thigh), and
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fixed with Websters fixative (3% paraformaldehyde and
3% glutaraldehyde in 0.1M phosphate buffer) overnight.
The nerve segments were postfived with 2% osmium
tetroxide in O.1M phosphate buffer for two hours. Sam-
ples were dehydrated using increasing graded solutions
of ethanal, incubated in propylene oxide for one hour and
then in a micture of 50% propylene cxide and S50% Epon
for 90 minutes, followed by incubation in 100% Epon
overnight. Transverse sections 0.5 pm thick were taken in
an ultramicrotome, collectad into glass slides, and

Total number of axons

Results

stained with toluidine blue. Images were acguired at
100X under light microscopy, and counts of the myeli-
nated fibers were performed using NIH Image ) software,
The density of myelinated fibers was obtained from
counts in fields chosen by systematic sampling represent-
ing at least 50% of the total area of the nerve, The total
number of myelinated fibers was calculated by multiplying
the myelinated fiber density per the cross-sectional area
of the nene 1213,

Alterated pxons

Figure 2: A) The total number of myelinated axons in the sciatic nerve was not significantly changed after SCI. B) Number
of altered fibers in different spinal cord injuries revealed an increase with the severity of the injury. Animals with complede
section had the highest number of alferad axons (* p<0.05 vs. intact rats). C) Representative micrographs of fransversal
sections of the sciatic nerve. Abnormalities of myelinated fibers (indicated by asberisks *) gre mare numerous in rats after
SCI, Scale bar: 10 pm.
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RESULTS
Locamolian

After the SCI, the rats showed a reduction in the BEB
scare in relation with the severity of the lesion (Fig. 1A).
Animals recelving 100kdyn contusion reached a plateau
at 1516 points, indicating plantar stepping and coordi-
nated gait, although with some deficits regarding toe
clearance and rotation of the hindpaw position; rats of the
200kdwn contusion group presented more marked defi-
cits, such as uncoordinated gait and only occasional plan-
tar stepping (score about 9-10 points). Animals with com-
plete transection displayed nearly complete paralysis, so
they reached scores of 1-2 points during the follow-up
{only slight movement of some joints). There were signifi-
cant differences between the three groups (p<0.001) at
all time points after injury.

Electrophysiclogy

CMAPs of the anterior tibialis muscle showed a pro-
gressive reduction as the severity of the injury increased
(Fig. 1B). Intact animals had a mean amplitude of
52.3:1.4 mV, whereas animals with mild and severe con-
tusions presented slightly reduced values (100 kdyn:
A7.4£1.8 mv; 200 kdyn: 47.811.6 mV), and complete
section animals showed a significant reduction (40.8+41.5
mV, p<0.05 vs. presurgical values). The latency presented
a non significant reduction in all injured groups (intact
latency: ~1.45ms; injured animals -1.30ms). Latencies
and amplitudes of the plantar muscles CMAPs displayed
similar results, with a small reduction in amplitude and no
changes in latencies,

Histology

Axpnal counts were done to assess if the reduction of
CMAP amplitude was due to axonal loss. Measurements
were performed in the tibial nerve, the main fascicle of
the sciatic nenve. Injured rats had a total number of mye-
linated fibers similar to intact nerves (Fig24; intact:
4B51+143; 100kdyn: 48644129 200kdyn: 4620+29;
gsection: 4650+£120), but they had an increased numbear
of fibers with abnormal appearance (Fig. 2B, intact
88:21; 100 kdyn: 277£46; 200 kdyn: 262+51; section
438+45). The abnormalities observed were mainly de-
tachment of the myelin sheath and axonal atrophy, but no
clear signs of degeneration were found in any of the rats
(Fig.2C). Some of these altered figures correspond to
Schmidt-Lamerman incisures. The abnormal fibers did
not display a fascicular organization within the section,
although in SCI groups there were more frequent at the
periphery of the nerve section. The sural and peroneal
fascicles on the sciatic nerve did not display so noticeable
abnormalities.

150

Results

DISCUSSION

The effects of a SCI are not restricted to the spi-
nal cord itsell but can expand to remote areas of the spi-
nal cord as well as to the peripheral nervous system 12,
Our results indicate that thoracic SCI causes clear func-
ticnal deficits, especially visible in locomotion. These
deficits keep a direct relationship with the severity of the
injury received 4-18 On the other hand, SCl did not cause
axonal degeneration In the sclatic nerve, although It in-
duced some axgnal alterations, despite the lesion did not
primarily affect its contributing neurons. Electrophysio-
logical tests showed also a mild functional decline of the
CMAP amplitude in muscles of the hindlimb.

Three months afier a thoracic SCI there was not
significant loss of myelinated axons in the sciatic nerve
compared to intact nenes, However, the number of ab-
normalities observed in myelinated fibers increased, par-
ticularly in the rats with complete cord section. We cannat
ensure that these alterations would eventually lead to
degeneration, as there were not typical features of axonal
degeneration (disorganized myelin forming bundles, pres-
ence of myelin bodies in the axoplasm, swelling, hyper-
plasia, axonal atrophy, etc). Indeed, the cbserved altera-
tions may correspond to Schmidt-Lanterman incisures,
placed near the nodes of Ranvier, where the myelin
sheath is partially reorganized. The increased presence of
this cisures in the injured animals may be considered as
a sign of nerve fiber dysfunction. In fact, an increase of
these structures was described at the onset of Wallerian
degeneration 1718, and in nerve compression injuries 18,

The loss of function of the hindlimbs after the
S0 causes muscle atrophy, but immobilization and mus-
cle atrophy by disuse seem to have small effects on pres-
arvation of CMAP amplitedes and histological outcomes
230, g5 our results indicate, Contrarily, axonal degenera-
tion has been reported In humans after SCI. This leads o
the assumption that the loss detected in humans may be
secondary not only to disuse, but also to compression in
paralyred limbs. Other causes may include edema caused
by inactivity and reduced blood flow following SCl 12,
Since locomation is more easily recovered in rodents than
in humans after SCI, the secondary complications associ-
ated to disuse and Immaobility would be less imporiant in
guadrupedal animals. Special attention must be given 1o
avoid such secondary complications of SCI in humans
(disuse, immobility, atrophy, nerve compressions) that
may eventually lead 1o peripheral nerve damage and loss
of functionality. This should be taken into consideration
when designing rehabilitation or regenerative therapies,
providing especlal care to maintaln peripheral neurcmus-
cular function 157,
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Specific objectives:

Some decades ago pain was firstly described as a neuronal phenomenon. More recently
glial cells have achieved a leading role as contributors to the appearance of NP. Whilst microglia
is especially related to the initiation of pain, astroglia is supposed to act later in the
maintainenance of chronic pain. These two glial cells are already known to play a beneficial role
after a neural injury, but the chronicity of some of their effects may become detrimental after a
spinal cord injury, and eventually contribute to pain, hyperreflexia and spasticity, among other
positive signs of dysfunction. Fortunately, understanding the roles of both populations after a
spinal cord injury gives us a good opportunity to use them and modulate their action in the right
direction.

The specific objectives for this chapter are the following:

1. Study the effect of glibenclamide as a trigger of microglial activation, administered
acutely after the spinal cord contusion, in order to promote the initial action of

microglial cells.

2. Study the anti-inflammatory effect of administration of ibuprofen in order to control

the pathological chronic inflammatory response after the SCI.

3. Combine both drugs in order to obtain synergic addition of the effects produced

when they are administered independently.

4, Assess the invitro effects of each drug on glial cell cultures.
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ABSTRACT

Microglia plays a crucial role in the development and establishment of chronic neuropathic pain after spinal cord injuries,
Since neuropathic pain is refractory o0 many treatments and some drugs only present partial efficacy, it is essential to
study new targets and mechanisms to amediorate pain signs. For this reason we have used glibenclamide (GB), a blocker
of Kure channels that are over expressed in microglia under activation conditions. Using GB we expected o trigger the
early scavenger activity of microglia in order to promote a better removal of dead celis and myelin debris and support the
microglia neuroprolective phenotype. Our resulls indicate that a single dose of GB (1ug) injected after spinal cosd injury is
sufficient o promote long lasting funclional improvements in locomotion and coordination. Nevertheless, these
improvements are accompanied by enhanced mechanical hyperalgesia. Combining in vivo and in vitro methodologies, we
assess the role of GB in promoting different microgiial phenotypes that may be used for the weatment of neuropathic
pam.

INTRODUCTION characteristics in remote regions, such as supraspinal

Amongst symptoms, such as motor paralysis, loss
of sensibility and autonomic dysfunctions bDelow the lasion
site, neuropathic pain s one of the most disabling
consequences of spinal cord injuries, considerably
affecting the quality of life of the patients. Neurogathic pain
iz refractory to most exisling treatments, and for this
reason many studies are focused on discovering new
ireatments or theraples for ameliorating the painful
sympioms. Presently, the most used drug treatments are
tricyclic antidepressants, GABA modulators (gabapentin
and pregabalin), serotonin and norepinephrine reuptake
inhibitors, and different blockers of wvoltage dependent
sodium channels. Nevertheless, despite they tarpet
different mechanisms to reduce activity in the nociceptive
system, the efficacy and effectiveness of these treatments
are usually difficult o predict and most clinical trials have
reporied negative effects (Finnerup et al., 2007; Baastrup
and Finnerup, 2008},

In the last years, dysfunctions of gial cells,
particularty of microglia, have emerged as important
contributors. in the appearance and maintenance of
neurcpathic pain (Watkins et al,, 2001; Tsuda et al., 2005;
Hains and Waxman, 2006; Hulsebosch, 2008; Milligan and
Watking, 2009; Inoue and Tsuda, 2009; Vallejo et al.
2010; Gwak et al., 2012). Glial cefls do not limit their
effects to the lesion sie, but show also reacthe

centers (Zhao et al, 2007), rostral spinal cord regions
[Cariton et al., 2009) and especially caudal regions (Detlaff
et al., 2008; Gwak and Hulsebosch, 2009; Garcia-Alias et
al,, 2010), where they contribute to the developrment of
spinal  hyperexcitability as well as to  below-level
neuropathic pain. Some recent approaches are, thus,
focused to the modulation of gikal reactivity after spinal
cord injuries. The most commonly used drugs are
minocycling, propentofylling and pentoxyfilling. Minocyciine
is a tetracycling derived compound that inhibits or delays
microglia activation and proliferation, and also attenuates
the expression of proinflammatory cytokines (Ledeboer et
al., 2005; Hains and Waxman, 2006, Me at al., 2010;
Chang and Waxman, 2010L Propentolfylline has
neuroprotective properies by  limiting  astrocytic  and
microglial activation in pathological conditions, and il s
thought to act as a selective phosphodiesterase inhibitor
modulating the secretion of cytokines that trigger
nociceptive transmission (Sweltzer et al, 2001; Gwak and
Hulsebosch, 2009, Pentoxifylline is also a global inhibitor
of astroglial and microglisl proliferation and  activity,
inhibiting extracellular adenosine transporters and
phosphodiesterases, that has provided good results
reducing neuropathic pain manifestations (Scholz and
Woolf, 2007).
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Figure 1. Funcilonal resulis: animals ireated with GB showed a
better performance in the open feld lbcomaotion test (A, the
walking rarow Deam (8], ihe inclined plane [C) and the massmum
spond supported in @ treadmil (D), For the four tests, dfferences
Ditwein Broups Hrﬂ-ﬂﬂﬂhﬂl‘rﬂmﬁtﬂl [* petQuls:; == moU0d:
o0 B 001,
Quiescent microglia lacks an outward K* current that
appears when activated, in response o increase in
intracedlular ADP and hypoxic conditions, leading to K
efflux. These K° channels associated with glucokinase
expression act as energy sensors of the ATP production,
and therefore couple the metabolic state of the cell with its
alectrical activity (Ramonet et al., 2004; Ostroumav et al.,
2007; Sun and Hu, 2010; Orega of al, 2012b).
Glibenclamide (Glyburide, GB) 5 a powerful blocker of the
Kare channals (Simard et al., 2008: Ortega et al., 2012b).
widaly usad to treat type 2 diabétes mellitus, and has also
diversa actions suppressing neutrophil migration and
chemotaxis in acute inflammatory conditions (Da Sitva-
Santos et al, 2002, Pompermayer et al, 2007), and
antioxidant or ant-inflammatory properties (Virgili et al,
2011; Abdallah et al, 2011). In the nervous system the
functional rode of Kares channeis is controversial, since both
beneficial and detrimental effects have been attributed to
its. activation. Whilst opening of Kar channels is beneficial
in the induced experimental autoinmune encephalomyelitis
mouse model of multiple sclerosis (Virghi et al., 2011) and
in some Bchemic reperfusion injurles (Zarch et al., 2009;
Sun and Hu, 2010}, their blockade by GB has also provided
positive effects in ischemic models (Simard et al., 2006,
2009; Ortega et al, 2012a) and In spinal cord injury
models (Simard et al., 2007 Popovich et al., 2012).

The main hypothesis of this work was based on the
use of GB as a trigger of microglial activation. An early
activation causes the expression of a neuroprotective
phenotype (de Yebra et al, 2006; Oriega et al., 2012b),
with the secretion of anti-inflammatory cytokings and
glutamate transporters 10 reduce excitotoxic damags.
Moreover, the enhancement of the scavenger and
phagocytic properties of microglia could eventually lead @
an earlier resolution of the initial traumatic events, and
therefore improve the functional outcome at long term
(Ortega et al, 20126). In this work we have injected GB
into the injured spinal cord and have followed up the
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animals until 6 weeks, In order 10 assess functional
improvement as well as changes in neuropathic pain signs.

METHODS AND MATERIALS

Laboratory animals

Adult female Sprague Dawley rats (B weeks old;
250-300 g) were housed with free access to food and
water at room temperature of 22+42°C under a 1212 h
light-dark cycles. All experimental procedures were
approved by the Ethic Committeg of our Institutbon, and
followed the European Communities Council Directive
86/605/EEC. Researchers involved in experimental tesis
wire blinded to the treatment received by each animal.

Surgical procedure

Operations were performed under
ketamine/xylacine anesthesia (90710 mg/kg Lp.). and
after subcutaneous injection of buprenorphine (0.05
mg/ kgl at the incision site. After dorsal laminectomy of TB-
T8, thie spinal cord was contused at T8 vertebral level using
the Infinite Horizon impactor dewice (Precision Scientific
Instruments; Lexington, UK), applving a force of 100
kiledyres, Data from displacement and force applied was
collected for each contusion. After the contusion, two
injections were parformed at 1 mm rostral and caudal from
the epicenter, Using a microsyringe coupled 10 an infusion
pump (KDS310; KD Scientific Inc.). In each injection, 1l
was introduced in the spinal cord using a glass capillary
[customtips, type IV, Eppendorf), that was maintained in
site for 5 minutes after injection to avoid liquid leaking.
Experimental groups were GB (glibenclamide, 0.5pg/ul in
each injection, 1pg total, n=9 rats) and control (saline
solution, Aplfinjection, n=9 rats). Glibenclamide (Sigma-
Aldrich, 51 Louis, MO) was prepared in dimethyl sulfoxide
and diuted in 0.01 mol/L PBS to final concentration
{dimethyl sulfoxide final concentration <0.5%). The wound
was sutured with 5/0 siik thread in the muscular plane and
small surgical clips in the skin, and disinfected with
povidene iodine solution. Animals were rehydrated with
saline solution supplemented with glucose (in order 1o
avold possible hypoglycemia caused by glibenclamide) and
kept in a warm environment wntil full recovery from
anesthesia. Bladders were oxpressed twice a day until
reflex volding of the bladder was re-established. Amoxicillin
was given in the drinking water for 1 week to prevent
postoparative infections.

Functional evaluation

Assessment of locomotion: Locomotor hindlimb function
was assessed using the Basso, Beattie and Bresnahan
(BBB) rating scale (Basso et al., 1995) during open fiekd
walking. The BBBE scale ranges from 0 points (no
discernable hindlimb movement) to 21 points (consistent,
coordinated gait with parallel paw placement of the
hindlimbs and consistent trunk stability). For measuring
locomotor recovery, one animal at a time was allowed to
move inside a circular plastic tray for 5 minutes, and two
examiners observed the hindlimbs movements of the rat.
The final score of each animal was the mean value of both
examiners. Locomotor test was performed weekly until 42
days postoperation (dpo).
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Beam fest for fine coordination: The rats walked inside a
dark tunnel along an elevated beam (beam dimensions:
2.5 cm width, 2 cm helght, 2 mm elevated from the ground
to place a paper sheat to print the inked paws), Hindpaw
plantar surfaces wera inked, and animals had to walk
along the beam so only the missteps were recorded by ink
in the paper sheet placed under the beam. Three
consecutive runs were performed, and the left and right
missteps done in the first 30 cm were counted in each run,
The mean of these values was considered as the result for
each rat in the testing day.

inclined plane test: This test measures the ability to
mainiain body position on an inclined plane for at least five
seconds. The rats were placed on the plane and iis
Inchnation was progressively Increased, untll recording the
maximum angle supported. that was recorded as the
oulcome measure, Three trials were done fo oblain the
average value for each animal and day.

Gait treadmill assessment: Animals were acclimated to the
belt compartment of a Digigait Imaging system (Mouse
Specifics Inc,, Boston, MA) before staning the test, and
trials were done using increasing speeds of the running
belt, with resting periods between them. The maximum
speed at which the rat maintained walking was calculated.

Neuropathic pain tests: mechanical algesimelry

Mechanical nociceptive thresholds of the hindpaws were
determined using an electronic von Frey unit [Bioseb,
Chaville, France). Rats were placed inlo a plastic box with
an elevated metallic fine-grid surfate, and acclimated to
the test chamber for 20 minutes. From the bottom of the
box, a metal tip attached to the sensor was applied directly
to the glabrous surface of both hindpaws (Casals-Diaz et

al., 2009). The force applied (in grams) until the withdrawal
of the paw was measured, being the value for the test the
mean of at least three trials separated by 5 min resting
periods, The maximal force was limited to 35 grams to
avoid skin damage. Tests were performed before the
surgery (precperative values) and at 14, 28, and 42 days
after imjurny.

Pressure algesimetry: Randall Selitto test was performed
by means of a digital paw pressure meter device (IITC
2500, IITC Life Science, Woodland Hills, CA) in all animals
before the surgery and at 3, 7, 14, 28 and 42 dpo. With the
animal carefully immobilized, an increasing mechanical
force was applied with the tip of the device on the mid of
the plantar or the dorsal surfaces of both forepaws and
hindpaws untll & withdrawal response resulted. The
maximum force applied was limited to 250g to avoid skin
damage (Santos-Nogueira et al., 2011).

Elactrophysiological fests
Animals were anaesthetized with pentobarbital (30

mg/kg. i.p) and placed prone over a warmed flat coll
controlled by a hot water circulating pump o maintain body
temperature. Electrophysiological tests were performed
preaperatively and at the and of the follow-up pariod.

Peripheral nerve conduction test: Single electrical pulses
(100 ps at supramaximal intensity) were deliversd by
monopolar needles insered percutaneously at the sciatic
notch, Compound muscle action potentials (CMAPs) were
recorded from the tibialis anterior (TA) muscle and the thind
plantar interosseus (PL) muscle, by means of an active
electrode inserted on the belly of the cormesponding muscle
and the reference electrode at the fourth toe (Valero-Cabré
et al, 2004) amplified and displayed In an
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Figure 3. Eectrophysiology resufs:
Representative recordings of CMAPs of
e plamtar muschs (A, The rato
betwoen M omnd M waves amplitudes
indicates  marked nypemefxia  afes
spinal cord contusion (B
Representative recondings of MEFs i
the tibials antenor muscle, elicited at
1H: (C} or GH: (D). Their mean
ampliudes a0a rapresarted in F and G,
respectivedy. Recordings of SSEPs n
intact and injunsd rats (E), Percentage of
presendation of SSEP components (M)
Indicating bather presandation of the
three components in raks Eroated with

GE.

- a a e ]
aleciromyograph (Sapphyre 4M, Vickers), The latency and
amplitude of the direct muscle response (M wave) and the
monosynaptic reflex response (H wave) wena calculated.
Values of both hindlimbs of each animal were averaged.
Motor evoked potentials (MEPs) were elicited by
trangcranial electrical stimulation, using two monopolar
needie electrodes placed subcutaneously over the skull,
the anode over the sensonmotor conex and the cathode at
the hard palate, and recorded from the TA muscle (Garcia-
Alfas et al., 2006). Single pulses of 25 mA and 100 us
duration were deliverad at 1 or 9 Hz, the adequate pulse
rates for eliciting the brainstem compenent (bs-MEP) and
the cortical component (c-MEP), respectively. The muscle
responses were displayed in the oscilloscope to measure
the amplitude and latency of each component.
Somatosensory evoked polentials [SSEPs) were evoked by
electrical stimuli of 8 mA and 100 ps delivered at & Hz to
the tibial nerve at the ankie, and recorded by needle
electrodes placed subcutaneously on the skull [same sites
as stimulation needles for MEPS). Up o 256 responses
were averaged on-ling; the peak laténcy and the paak-lo-
peak amplitude were measured for N15, N20 and N30
waves (Valero-Cabré et al, 2004), referenced here as N1,
M2 and N3 components. SSEPs were repeated three times
with minutes between triaks, and the responses with the
highest amplitude were selected and used for analysis,
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Immunohistochemistry and histology

Anesthetized rats were perfused with 4%
paraformaldehyde in phosphate-buffered saline at 42 days
after Injury. A T7-T10 spinal cord segment around the
lesion epicenter was removed, post-fived owernight and
cryoprotected in 30% sucrose. The samples were
embedded in TissueTek and serially cut (30 pm thickness)
in the transverse plane with a cryostat. Sections were
collected onto  gelatincoated glass  slides  and
immunostained with primary antibody against glial fibrillary
acidic protein (GFAP; 1:1000, Sigma-Aldrich) to visualize
the cavity formed around the lesion. Neuronal survival in
vantral homs was measured in seclions labelad against
MeuM (Neuronal Muclei, 1:200, Millipore), and the
preservation of myelinated axons in dorsal funlculus
determined by Immunestaining of myelin basic protein
(MBP, 1:50, Ultraclone) and meurcfilament (NF, 1:1000,
Millipore).

Lumbar segments L1-L6 were also removed and
embedded for sectioning at 20 pm thickness, and
processed for immunohistochemical detection of markers
of astrocytes (GFAP) and microglia (Ibal, 1:1000, Waka).
Glial labeling measuremeants were done in L4-L5 segments
using a RO (region of interest) placed in the dorsal hom,
comprsing laminae | to IV, and a ROl in the ventral horm,
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placed around lamina X including the area occupied by
matoneurans. Cy3 conjugated secondary antibody (1:200;
Jackson Immunoresearch) was used for single labeling,
and Alexa Fluor secondary antibodies for double
immunohistochemistry, At least five sections per animal
were used to perform the measurements,

Luxol fast blue staining was wsed to visualize
myelin in samples from the lesion site. Seclions of 30 pm
of thickness and separated from the next 450 pm wene
used o measure the otal myslinated anea as well as the
myelination of the dorsal funiculus.

An addittonal batch of animaks wedne contiused and
sacrificed at 1 and 3 dpo (n=3 por time and treatment) 1o
evaluate early microglial reactivity. Samples harvested at
these early time points were cul longitedinally {30 pm
thickness) and a RO was placed in the epicenter, and
rostral and caudal to it Al least fe ROIs of each area were
measured in different sectons of the same animal
Measureaments of the inlegrated density were performed
for EDA (1:200, Serobec) and Ibal labelings.

Microglial call culture

Glial cell cultures were prepared from 1 day-old
Sprague Dawley rats as previously described (Servitja et al.,
2000). Rats were decapitated and cortices immediately
dissected oul. After meninges and blood vessels wers
remaved, the Lssue was minced and incubated for 10 min
at 37°C in Ca®.fres Krebs-Ringer buffer containing
0.0025% trypsin. Cells were then mechanically triturated
through a glass pipette and filtered through a 40-pm nylon
mesh in the presence of 0.52 mg/ml soybean trypsin
inmibitor and 170 IU/ml DNAse, After centrifugation (S00g),
the cells were stained with Trypan Blue exclusion dye,
counted In 8 Neubauer chamber, and then resuspended
{300,000 cells/mi} in 90% DMEM, 10% FBS, 20 U/mi

b R

jim from epanter

200pm in D

penicillin, and 20 mg /ml streptomycin. Cells were plated
and incubated at 37°C in a humidified atmosphere of 5%
COz and 95% air; medium was replaced every 5-7 days.
After 9-11 days in vitro, microglial cells were oblained by
shaking the flasks during 3-4 hours at 300 rpm. Floating
cells were pelleted and subcultured at 100,000 cells,/ml on
mixed ghal-conditioned medium,

LPS {10 ng/mi) or a spinal cord lesion extract (100
i protein/mi) were added after 24h in order to activate
microglial cells. Ghibenclamide {15 nM} was added 24h
after activation, Lesion extracts were obiained from injured
spinal cords harvested 7 days after a 100kdyn spinal cord
contusion. Frash tissue was oblained from the lesion site
{around 1 cm) and frozen with liguid nitrogen. Samples
were rinsed with liguid nitrogen a few times while being
mechanically disgregated. Then the frozen paricles werg
resuspended in DMEM supplemented with a diluted
cocktail of inhibtors of proteases and disgregated again,
Finally samples were sonicated for 5 minutes and
centrifuged (15000 rcf, 5 minutes). Quantification of the
protéin contént was done by the BCA methad.

Pictures of the cultures wereé taken in phase
contrast Lo evaluate morphological changes of microgla.
Cells were then fixed with 4% paraformaldehyde and
immunatabeled to detect Ibal and ED1 profeins, used as
markers of microglia and phagocytic activity, respectively.

Statistical analysis

Data are shown as the mean + SEM. Statistical
comparsons bebween Eroups weré made esing twd way
ANOVA for repeated measures with Bonferroni post hoo
tests, or t4est analyses (GraphPad Prism  softwara),
Ditferences between groups were considered statistically
significant if p<0.05.
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RESULTS

Functional resulis

Voluntary locomotion: Injured rats showed a severe
functional deficit during the first days after the injury, with
BHB wvalues around 10-11. At the end of the follow-up
animals injected with saline injection reached 14 poinis
{consistent coordination and rotated position of the paws),
whereas animals treated with glibenclamide had a mean
score around 17 points (consistent coordination, paralbel
position of the paws and toe clearance, Fig. 1A), The
differences were statistically significant from day 21
(p=0.05)

Beam test: Imact rats displayed very few mistakes when
crossing the elevated beam (average 1.3 mistakes In a
total of B9 steps). Alter injury, contrel rats made more
footslips than GB rats (2.3 + 1.0 vs. 1.5 + 0.8; p<0.05)
(Fig. 18).

inclined plane: In preoperative testing sessions, animals
stood in the inclined plane until 55°, After injury. control
animals had reduced values (45.54+41.20°), whereas GB
animals supponed higher angles (48.67 + 0777 p<0.001)
{Fig. 1C).

Maximum treadmill spead: While intact rals wene able to
run at speeds up to B0 cmy/s (ranging from 75 to 100
cm,/s), injured animals maintained running to @ mean of
32.5 £ 6.65 cm/'s. GB rats showed a lowaer reduction. being
able to fen &t @ mean maximum speed of 50.60 + 3.62
cmys, significantly higher than in control injured rats
(p=0.001) (Fig. 1D}

Newropathic paln results

Mechanical algasimeatry: Preoperative testing gave a mean
mechanical threshold value of 14.30 grams (Fig 24). The
withdrawal threshold was reduced in all the injured animals
lo 11-12 grams, and only at the end of the follow up the
values increased shightly {around 13 gL Mo significant
differences were detected between the two injured groups,
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Randal-Selitto  test: After spinal cord confusion. the
pressure withdrawal threshold lowered by about 20% in
dorsal skin and by 10% in plantar skin of both fore and
hind paws during the first two weeks, and retumed to
normal values at later time points (28 and 42 dpo tested),
In the GB group the threshaolds followed the same tendency
bul were significantly lower than in control injured rats,
more markedly during the first week after the lesion (Fig.
28). GB treated animals still displayed lower values than
contral animals at the end of the follow up (p<0.01).

Electrophysiology results

Peripheral nerve conduction: The amplitude and the
latency of the dircct M wave did not change significantly
after the spinal cord injury, despite a slight not significant
reduction in the TA muscle at 42 dpo (preoperative values:
=56 mV; control group: =50 mV; GB group = 53 mV), thus
indicating proservation of theé normal periphenal nere
function, Hyperreflexia was measured as the ratio between
the M wawve amplitude and the H wave amplitude in the
plantar muschas (ratio H/M, Fig. 3A-B). Intact animals had a
ratho around 0.07, and this value increased In both groups
after the injury (0.19 £+ 0.04 in control group and 0.21 +
0.03 in GB group), without significant differences between
tham,

Central pathways conduction: MEPs were elicited at 1Hz
(Fig. 3C) and at 9Hz (Fig. 3D}, in order to elicit the
prainsterm and the comicdl components, respectivaly. Thi
brainstem component averaged around 18mV in amplitude
in precperative tests. It was completely abolished in saling
injected animaks during the follow up after injury, whereas
2 out of 10 GB weated rats showed partial presemnvation,
with amplitudes about 2 mV {p<0.05, Fig. 3F)L The cortical
component had a mean amplitude around 1.5 mV in
precperative recordings, and fell to 0.78 mV in the control
group and 0,88 in the GB group (Fig. 3G). For both MEP
componants the differences between the wo injured
groups were statstically significant,
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Three distinguishable components can  be
identified in SSEP recordings from uninjured animals,
based on the peak latencies. SSEPs were partially of
completely abolished after the Injury (Fig. 3E) but
reappeared during the follow up with smaller amplitude.
There were more rals (50%) of the group GB rats showing
the three SSEP components at 42 dpo, than in the controd
group (1056 (Fig 3H).

Histology at the lesion site

Thoracic cord sections were  immunoestained
against GFAP (Fig. 4A) in order to determine the lesion
extent, Although withowt reaching statistical significance,
the GB group had slightly more cord tissue spared than the
control group (areas in the epicenter: 1.75 & 0,12 mm? in
GB group, 1.56 + 0,09 mm? in saline group, Fig. 4B, C).

The number of surviving neunons was counted in
the wventral portion of the damaged spinal cord by MeuM
immunostaining (Fig. 4D), since the dorsal parl was
markadly destroyed by the impacl. No signiflicant
differences wene detected botweon theé two groups (Fig.
4E), with the highest loss of neurans found at the epicentor
of the besion i Both g@rowps.

Measurements of the area occupied by myelin,
stained with LFB, indicated that demyelination was almost
complete at the epicenter (Fig.5A), and reached normal
levels at 2 mm rostrally and cauodally. There waré no
significant differences between contrd and GB groups (Fig.
58}, despite a slightly higher myelin area at the epscentars in
the GB group (saline: 1.04 + 0.18 mm¥; GB: 1.21 ¢ 0.18
mim?, Fig. 5C). Myelin preservation in the dorsal funiculus
was also similar in both groups (saling: 0.06 £ 0,015 mm?:
GB: 0.08 £ 0.022 mm?, Fig.50), but again there was a
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g In bath corsal (C) and veriral hams (0] compared with
n thar sadine injected group. Microglind cells inbeled Tor

Ibal (B) displayed samilar lewvels of immunoroactiviy in

tendency to present more myelination in the GB group,
although without reaching siatistical significance.

The area occcupied by myalinated axons was also
quantified in the domal funiculus of sections around the
injury site (Fig. BE). The area was considersd as oocupied
by functional axons only if a dense and ordered pattern of
neurofilament dots Surrounded by MBP layers was
detectad. Thers was a severs loss of myelinated axons at
thr epecenter ared (Fig. oF); In fact, only 1 saline rat and 3
GB rats had preserved measurable tissue in the epicenter
(Fig. 5G).

Histology at lumbar segments

GE administration significantly reduced the
astrogliosis In the dorsal horn (abowt 30%) and in the
ventral hom (about 20%) of the lumbar cord compared with
vehicle adminstration (Fig. 6A €, DL In  contrast,
measurements of micmglnal reactivity indicated that there
Wene md S-EI'III'ICSI'IT CI‘IEF‘IRE‘.S- in daorsal and ventral horns
(Fig. BB, E, F) between GB and control gEroups at six weehls
postinjury.

Histology at carly time

in arder to confirm the early effect of GB injection
on microghal cells, microgliosis and phagocylosis were
assessed in samples harvested at early times after the
contusion. Samples at 3 days, but not vet at 1 day, showed
a large increase of microglial and macrophagic celis
detected in the eplcenter, Caudal and rostral regions also
displayed reactive microglial cells and macrophages to a
minor extent. The cell morphology was rounded in the
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epicenter, whereas in the surrounding regions microglia
wire not 50 rounded with thick prolongations,

Microgliosis was measured 85 the Ibal integrated
density in the epicenter, rostral and caudal regions (Fig
TA), Both groups presented similar results for microgliosis,

although GB treated animals had slightly, but not
significant, lower reactivity (Fig, TBL
Phagocytosis was assessed by EDL  labeling

integrated density (Fig. TC). At 1 dpo, most of the ED1+
cells were accumulated in the epicenter, with only a few
cells detected in the surrounding regions, At 3 dpo, there
wis a large increase aspacially in the apcenter arsa. The
integrated density of EDL was higher in saline injected rats
than in GB inpected fals in the epicenter, 8l 2 dpd
(p=0.001, Fig. 70).

Microgiial reactivity In culture

Microghial culiures were performed in osder o
confirm the phenotypic changes shown by microglia when
activated and when exposed to GB. LPS wes used 85 a
well-known activator, and lysate from injured spinal cord as
a nowvel aclivation method, Resting microglial cells
displayed a small and round maorphology, with some short
and thick prolongations. After addition of LPS to the culture
madium, microglia became more flattened and rounded,
indicating activation, although some cells maintained an
intermadiate morphology [round with sofme probesses). The
addition of GB after 24h of LPS did not provoke a
5igl'l'lflﬂﬂl'|1 change in morphology but a lower proportion of
cells emitted prolongations, Suggesting stronged activation
The addition of ysates from Injured spinal cords produced
a different pattern of activation, with less flattened
marphalogies but numersus and thicker prolongations as
well as & clear increase in the amounmt of refringent
vacugles. After adding GB vacuolization was more evident.
with cells presenting shorter and thicker prolongations (Fig.
gL

In control cullures, EDL, a lysosomal glicoprolein,
wis widaly distributed n the Soma, although Some sufacd
expression could be detected. Activation with LPS

Results

promoled a concentration of the labeling around the
nuclhewss, with lght [abeling seen in the processes. Similarty,
the activation with the spinal cord extract induced an
increase of ED1 spread within the cells, Indicating an
increase of microglia phagocytic activity. The addition of GB
to the activated cells accentuated the Increase in ED
expression, especially in the culture activeled with the
aextract (Fig. B).

DISCUSSION

Initial features occuming afler a contusive trauma
1o the spinal cord include breakdown of the blood brain
barrier, rupture of capillaries and necrolic loss of tissue
together with the later formation of a cystic eavity limiting
the cell death area. Another typical feature of spinal cord
Injuries is the important |ﬂr|ﬂml11ﬂlﬂﬁ' and gliotic responsa
after the trauma. It is considered that microglia s the first
glial population acting in the lesion site. Once activated,
microglia releases excitatory amine acids, cytokines and
several inflammatony mediators implcated in the Induction
of secondary cell death and central sensitization of spinal
neurons. Moreower, ATP, substance P and glutamate are
released in high amounts after the injury, also contributing
te central sensitization and participating in - microglal
activation. Thus, central sensitization further activates
microglia, establishing a feedforward cycle of activation
and sensitization (Hains and Waxman, 2006) However,
microglia do not constitute a unigue ool population, bul
rather, show a range of phenolypes in a dynamec
equilibnum with the lesion microenvironment and the
evolution of the lesion process (de Yebra et al, 2006,
Thus, microghial cells heve also important beneficial
properties; apart from  their essential function as
scavengers of myelin and cell debns, they can also exert
neuroprotective functions, increasing axonal sprouting,
promoling  synaplogenesis and neurcgenesis, and
modulating neuronal activity (Popovich et al, 1987
Cullheim and Thams, 2007; Tanga &t al. 2004; Ortega et
al, 2012b). Secondary 1o rucraghal activation, astrotyles
become also reactive and proliferate, imiting the leswon
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Figure B. Microglal call cullunes: Ropresematen images of mecrofial culturcs unoor Contrast phase MCroScopy (SCale bar 200 pmp Nobe tha
change in cell marphology after addiion of LPS (rounded cells) and of cond injured exrsct (actvated morphology, thick prooesses and numorous
refringend vesicles), Immunofluorescence images. highlght differences in the amount snd detribution of ED1 peatein {in red), indicative of
phagocytic phanolype. in microgha (dentifiod by foal laboling in groon . Scake bae 20um.

area by contributing to the glial scar formation and
replacing microglia to sustain synaptic changes promaoted
by previously activated microgha (Tenga et al., 2004: de
Yebra et al., 2006). Despite these beneficial effects, the
two glial populations can stay pathologically activaled after
spinal cord injuries, contributing to perpetuate phenomena
such as inhibitbon of axonal growth, central sensitization
and hyperexcitability. For these reasons, modulation of glial
actions has become a promising tool to improve the
outcome of spinal cord injuries. In this context, our
hypothesis was that GB, administesed in situ just after the
cord contusion, may enhance the initial beneficial effect of
microglia after the lesion, and therefore, secondary
detrimental events would be reduced. and the chronic
deficits may be less severe.

GB bhinds the sulfonylurea receptor subunits
(especially the SUR1 isoform) present (n the K*ae sensitive
channel. GB is active at very low doses (ECwo=48nM at
pHT.4), and its activity increases at shightly acidic pH. Dua
to its chemical structure, it has limited diffusion and tends
o accumulate in acidic tissues, leaving Intact tissues
unaffected. Thesa two features make GB an interesting
drug, since it needs a low dose o be active, and its effect
may be limited to the acidified injured tissue in the spinal
cord therefore increasing bioavailability (Simard e1 al,
2008, 2007; Ortega et al., 2012b), GB is a FDW approved
drug, currently wused for the treatment of diabetes.
Nevertheless, according to clinicaltrials.gov, there are a few
clinical trials designed 1o test GB effectiveness in stroke
(NCT:01268683, NCT:01132703, NCT: 00TO0E56) and
traumatic brain injury (NCT:01132703, NCT:014541542),
but none on spinal cord injury.

Our resuls indicate that a single intraspinal
injection of GB i able to induce marked changes in the
lesion environment, and improve functional recovery. AL the
injury site, GB promoted slight sparing of tssue and
increase of preserved myelinated axons, although wilhouwt
increasing the number of surviving neurons. In remote
regions from the injury site, such as the lumbar segments,
there were relevant changes in the glial response promoted
by GB injection. At 42 days, microglia appeared with an
activated morphaology. showing similar immunoreactivity in
both saline and GB injected groups. Contrarily, astroglia

immunoreactivity was significantly reduced in animals
ireated with GB. Different explanations may be given for
this astroglial effect: the first is that astrogla may be also a
GB target (astrocytes also display SUR receptors, but not
Plucokinase; Ramonet et al. 2004), but  further
experiments have o be done to address this issue, The
second may be related to the replacement of microgha by
astroglia in the tissue. It has been reported that GB
anticipates the peak of phagocylic activity of microgiia in
some injury models (Orega et al, 2012b). Finally, a
transiont  replacement of astrocyes by microgha (o
facilitate neuroprotection cannot be discarded. This effect
has siready been observed in the hippocampus after the
astroglis  removal produced by elpha-amincadipate
microinjection (Rodriguez et al., 2004} Thus, if microglia
were more effective in the initlal scavenging and
phagocytosis, an earlier resolution or reduction of the
neuroinflammatory reaction would reselt in a reduction of
chronic astrogliosis. To confirm this point, we analyzed
spinal cord tissue harvestied at 1 and 3 days after
contuskon. Microglial reactivity was diminished in GB
treated animals especially at 3dpo, and was accompaniad
by a reduction of the ED1 marker. probably due to a
reduction in the infiltration of macrophages. The reduced
infiltration in the lesion site must be accompanied with a
boost of phagoeytic actions of microglia as a result of GB
treatments (Ortega et al., 2012b). and result, as a
consequence, in a reduction in the inflammatory area.

The in vitro model developed by adding an injured
spingl cord extract to microgiial cultures attempled to
mimic the signaling cues present in the in vivo cord injury
environment. Indeed, LPS and the lesion extract produced
different morphological changes indicating  different
activation profiles. Microglial calis treated with the lysate
presented a phagocytic phenotype, with numerous
refringent vacuoles and intense ED1 labeling. ED1 is a
Elycopratein present in lysosomal membranes and also in
the cell surface, in microglia, monocytes and macrophages,
related with the expression of a phagocytic phenotype
iDempiseaux et al, 1994; Sanag et al, 2010} The
addition of GB 1o the culture increased accumulation of
vacuoles in microglial cells and also the expression of ED,
confirming the hypothesis that GB enhances microglial
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activation, but without increasing inflammation in the injury
site,

The beneficial effects of GB intraspinal injection
were observed In improvements of voluntary locomotion
(BBE open field test). as well as in functional tests that
require extra skills to the animals, such as inclined plane,
walking narrow beam or running at increasing speeds on a
treadmill. We hypothesize that GB may axert some affect
on the spinal circuitry, the central pattern generators or
their connections o higher centers. In fact, activated
microglia 5 known to promote the formation of new
synapses as well as remodeling of ewisting circuits and
neurogenesis (Tanga et al, 2004; Cullheim and Thams,
2007; Ortega et al., 2012a). Therefore, by inducing earlier
and higher microglial activation GB might promote am
incregse  in  synapse strength and enhance spinal
excitability (Ostroumov et al.,, 2007}, which would lead to
an increase in the volume of information traveling to
caudal |lumbar segments, resulting In  functional
improvement after the thoracke spinal cord injury. On the
other hand, such Increase in the activity of spinal circuits
could also lead to ncreased hyperal@gésia in the treated
animals, as reflected in the algesimetry tests, since
nociceptive information would alko be amplified.

In summary, the intraspinal injection of GB
resulted in long lasting improvement in motor functional
tests, probably coupled to functional preservation of axons
along the spinal cord. Unfortunately, animais treated with
GB presented more marked hyperaigesia than control
injured animals, which might be related to increased
excitability in spinal circuits. Therefore, despite the efficacy
of GB in terms of functional recovery of locomotion, a
better modulation of microgiia phenotypes needs to be
found in order to avoid the sensory detrimental effects.

Acknowledgements

This work was supporied by grenis from the Fundacio
MaratdTva (grant 0702100, the Ministeric de Ciencla e
Innovacidn (grant SAF2009-12495), the MICINN (grant IPT
D10000-2010-35) and the Generalitat de Calalunya
(20095GR1380), and funds from Red de Terapia Celular
(TERCEL} of Spain. We thank the technical assistance of
Monica Espejo, Jessica laramillo and Marta Morell, the
help in culture work of Cristina Gutiérrez, the surgical help
of Abel Torres-Espin, and the contributions of Dr. Rita Vaz.

Author Disclosure Statemeant
No competing financial interests exist,

REFEREMNCES

Abdaliah DM, Nassar NN, AbdEiSalam RM. 2011 Glibonciamide
pneliorates ischemis-reparfusion ingury vin modulaling odidative stress
and inflammalory medislon o the ral hippotampus. Biain Res
1385257 -62.

Bapstrup C. Finnerup N 2008, Pharmacological management of
rBuapathic pain follewing spinal cond injury. CNS Drugs 22:455-475,

Basso DM, Beattie M5, Bresnahan JC. 1995, A sensitive and rofiabie
Lumnm= roding scale fof open fekd testng in rats, | Nearobrasma
12:1-21

Carticn SM, Du J, Tan HY, MNesic 0, Hwget GL. Bopp AC, Yamani & Lin @,
Willis WD, Hulsebosch CE, 2009, Panghernl and ol senstization in
rEmote spinal cond contribute to central neunspathic pain after
spinad cord injury, Pain 147, 265- 76,

Casals-Diaz L Vive M, Navarra X. 2009, Nociosptive respanses and spinal
plastic changes of afferent C-iibers in theee neuropathic pain modals
induced by sciatic nene injury in the mi. Exp Neurel 217:84-95,

168

Results

Chang ¥-W, Wazman 5G. 2010. Minocycline atienuaies mechanical
allochymia and certral sensiization follkowing peripheral second-degree
i injury. ) Paén 11:1146-54,

Cullhpim 5, Thams 5. 2007, The microghal networks af the brain and theair
ok iR ieuronal noteonk plasticity after lesion, Braén Aes Rev 55:89-
.

Damoseau )G, Ddpp EA, Calama W, Chao D, MacPhorson GG, Diksira
Ci. 1894, Rat macrophoge iysosomal membrane antigen recognined
by monoclonsl aribody EDL. immenology B3:140-7,

Dwtioff Wi, Fsher LE, McGaughy V, Longbrake EE. Popovich PG, Basso
DM, 2008, Remote octivation of micoglin and pro-infammatory
eytohines pradict the arset and severity of below-level neurcpathic pain
after spinal cord injury in mis. Exp Meurol 2122337 -47,

D Yetira L, Malpesa ¥, Urée G, Pugiese M, Liivens J, Kerkeran-Legoll L
Mahy N. 2006 Desociation between hippocampal neurcnad lpss,
sstiogliol and microghal reactvity after induced
reverse glutarmals iransport. Newothem Inl 43691 -697,

Finnamup NB, Sndmup SH, Jensen TS, 2007, Cheonic neeopathic pain:
mgchanipms, drug lagets and measurement. Fundam Clin Pharmacol
21:129-36.

Garcla-Alias G, Torres-Espin A, Vallejo C, Mavarro X 2010, Functional
vobvement of the umbar spinad cord after contusion to T8 spinal
sagment of the rat. Restor Neurol Neurasel 28:781-02,

Garcia-Alas G, Valero-Cabeé A, Loper-Vales R, Fonés J, Vierdd E, Mavaaro L
F0046. Differential motor and outcome N rats with
rmid-thoracic oF kigh lumbar complete spinal cord injues, Brain Res
1108:195- 204,

Gwak ¥5 Hulwebosch CE. 2009, Remole astrocytic and microglial
actvation modulsles nevronal Mmperecitabilly 80d  Dedow-leved
naurcpathic pain afes spinal infury in rat. Neurosciencs 161:885-503.

Gk Y5, Hang ), Unabin GC, Hulsebosch CE. 20112, Spatial and temporal
activation of spinal ghal cells: Fole of geopathy in central neuropathic
paan following BRinal cond injury in rats, Exp Newnd 234:362- T2,

Hains BC, Waxman SG. 20068, Activated microglia contribute 10 the
maimenance of chronic pain after spinal cord injury. J Neurosd
TEA4308-1T.

Hulsebosch CE 2008 GEopaihy snsunes persistent inflammation and
chiraele pain aMer spiral sond njufy. Exp Newrd 214:6-9.

Inoue K. Tsuda M. 2009, Mcroglia and neuropadhes pain. Glia 57:1465 -
T8,

Lisdeboer A, Sloans EM, Millgan ED, Frank MG, Mahony JH, Maier SF,
Watking LR, 2005, Minocyohng altensales mecharical allodynia anrd
proinflammatony Cytoking exprossion in rat modots of pain faciaation.
Pain 115:71-83,

Milligan ED. Watking LR, 20049, Pathological snd protective robes of gis in
chronic pain. Nat Rew Newroscl 10:33- 36,

Roe H, Thang H, Weng HR. 2010, Minocycling prevents impaired glial
giutarmate uptake in the spinal sensory syrapses. of neurpathis (&S
Mewrcscience 1T0:601-12,

Ortega F), Jolkkonen i, Mahy N, Rodriguez M. 2012a. Glibenclamide
enhances peurogensss and improves long-lerm functonal recovery
after transiont focal cenpbeal ischemia. J Coneb Biood Flow Mitab. doc
10 038 febfm 7012 168, [Epub abesd of print].

Oriega Fl. Gimeno-Bayon ). Espincsa-Pasrilia F, Carrasco UL, Batlle M.
Pugiiesa M, Maky N, Rodriguor M), 20120 ATP-depandent potassium
chanrel blodkade strengthens microglial neuroprolection after hyposis-
Bohemia in rals. Exp Neurod 235252 - 06,

Ostroumay K, Grandolio M, Mstd A 2007, The effects induced by the
sulphonylures glibenciamide on the neonatal rat spinal cord indicate &
nowvel mechamnem o contral neuronal eccaability and  Ehibitory
neurptmnsmission, Br ) Prarmacol 150047 -57.

Pomparmayee K, Amaral F, Fagundes C, Vieirs &, Cunha F, Temoirs M,
Souza D. 2007, Effects of the treatment with glibenciamide, an ATP-
sorsitive potnssium channel biocker, on intesting schemia and
raparfusion injury. Eur J Pharmacol 558:215-223.

Popovich PG, Lemeshow 5. Gersel JC, Towvar CA. 2012, Independent
ovaluation of the eoffects of glibenclamide on meducing progressive
hemarrhagic necrosis after cervical spingd cord injury. Exp Neursd
233:615-22.

Popovich PG, Wel P, Slokes BT, 1597, Cellular inflammalony fesponse
afer spinal eord wwnwnﬂ-HaMLMmiJﬂmp
Neurnd 464:443 - 464

H:HWD.MHH Pugliesa M, Maby N, 2008, ATPSersithe
polassium channets and gucokinase colocalize in activated miciaglia.
Meurchiol Dis 17:1-9,

Rodrigues M, Martings-Sdnther M, Bormal F, Maby N, 3004, Helefagensity
between hippocampal and septal asiroglia as @ contributing facior to
diffeventiad in vive AMPA excitotoxicity. ) Neuroscl Res 77:344-353,



Chapter 4

Sanag T, Yuasa 5, Makamum Y, Sueukl E, Aokl M, 'Warita H, Eoyama ¥,
Uching S, Wohsaks 5, Ohsiwa W. 2010, Appearance of phagecytic
microgha adipcent fo motongurons in spinal cord tissue from @

transgenic rat model of amyotrophic lateral scherosis. )
Mourpsci Fes B8:2T 3646,

Sanos-Nogusoirn E. Redondo-Castro €, Mancuso R, Mavarro X 2011
Randal-Salimp Test: A new aporoach for the delacion of nsuropothig
pain after spinal cord injury, J Newotrouma G:1-8,

Schodr I, Woolf CI. 2007. The neuwopathic pain tiad: neurons, immune
cedls and gha. Nat Neungeci 10:1361-8.

Servitja JM, Masgrau A, Pargo R, Sard €, Picatoste F, 2000. Effects of
cnilative siress on phospholipid sigraling in rat cullued astrocyles and
brain slices. ) Meurochem T5:T68-54.

D Silva-Samos J, Sartos-Siva M, Cunhn F, Assreuy I 2002, The role af
ATBmmmmmmmmmmmumummmmm
emudation, J Pharmocol Exp Ther 300:946-951.

Samand IM, Chan M, Tarssov M, Bhatta S, hvandva S, Malntchenko L
Teymbahyuk N, West G, Goermanch V. 2006, SUR1L-
reguiated NCCE-ATP channel mediales cerebrad edema after ischemic
sroke, Mat Med 12:433-440.

Shmand JM, Tsymbakuk O, vanay A, hanowa 5, Bhatta 5, Geng I, Woo SK,
Gerparieh V. 2007, Endethelial sulfendurea receplor 1 - reguisted NC
Ca-ATP channels mediale progressive homorrhagic necrosis following
spinal cord injury. J Clin bnvest 117:2106-2113.

Simard /M, Woo 5K, Bhatia 5. Gerzanich V. 2008. Drugs acting on SURL
to frearl CHS ischemia ond traumn Curr Opin Pharmassol 8:42-9,

Semard UM, Yurovsky ¥, Tsymbalyuk N, Melnfichenko L ivancva 5.
Gorranich V, 2008, Protective affect of dolayed treatment with low-dose

ide i theee models of mohemic strokop. Stroke 40:60d4 - 609,

Sun %-L, Hu G. 2010. ATRP-sensilive potassiem channeds: 8 promising
target for proteding neunwsculor unil function in stroke. Clin Exp
WWMETQE-EEE‘.

Results

Swoltie SM, Schubert P, Deleo JA 2001 Propentofyiing, a glial
MCHUIELNG SEent axhibils BntalodyTic properies in B et model of
nauropathic pasn, J Phosmacol Exp Thor 287:1210-7,

Tanga FY, Raghawendra V. Deleo . 2004, Quantitative realtime AT-PCR
essgsament of spinal microgial and SsUoCytic Bcthvation markeds in a
ot modiel of newopathic pain, Newmchem int 45397 -407,

Tewda M, ous B Salter MW. 2005, Neuropathe: pain and apingl
microgia: o big problam from molscules in “small” g, Tronds
Meurosel 28:101-T.

valero-Cabrd A, Fords ), Mavamo X 2004, of mefex
responses mediated by differemt afferent sensory fibers: after spinal
codd trarsection, | Meurophysiol 91:2838-48.

Wallgie A. Tiley DM, Voged L Beryamin A. 2010, The role of glia and the
immune sysiem in the development and maimenance of neuropathic
pain, Fain Pract 100167 -84,

Virglll M, Espinosa-Pariila J, Mancera F. Postén-Zamorano A, Gimeno-
Bayon J, Rodrijgues MU, Mahy N, Pugiess M, 2011 Oral somanistatan
of thit Faze channed opener disrodds amelormies disease progrosson
iy i Freurine moded af maltiphs Scenodia, ) Neuroinfammation B:149,

‘Watkins LR, Miligan ED, Maker 5F, 2001. Ghal actvation: a driving force
for pathalogical pain. Trends Meuroscl 24:450-5,

Zmich A Teroudi H, Soleimani M, Kabeps M, Cyahanguin B. 2009,
Nouroprotecthve offects of diasonide and s antagonism by
gibenelamide in pyramidal newons of ral hippocampus subjected 1o
Ischamia-reperiusion-induced injury. Int ] Neuroscl 119:1346-61.

Zhno P, Wasmnan 56, Hains BC, 2007, Modulation of thalamic nociceptive
processing alter spinal cord injury through remole actvation of
thalamic microgiia by cystoine cysteing chomokine ligand 21 J
Mewrosci 27:8893-002.

169



Chapter 4 Results

170



Chapter 4 Results

Publication
LI PEEE D g R

Positive and negative effects of ibuprofen
treatment after spinal cord injury:
especial focus on microglia

E.Redondo Castro, X.Navarro

Ready to be submitted

171



Chapter 4 Results

172



Chapter 4 Results

Positive and negative effects of ibuprofen treatment after
spinal cord injury: especial focus on microglia

Elena Redondo-Castro, Xavier Navarro.

Group of Neuroplasticity and Regeneration, Institute of Neurcsciences and Department of Cell Biology, Physiology and
Immunoloegy, Universitat Autdnoma de Barcelona, and Centro de Investigacidn Biomédica en Red sobwe Enfermedades
Neursdegenarativas (CIBERMED), Bellaterra, Spain.

Corresponding author: Dr. Xavier Navarmo, Unitat de Fisiologia Médica, Edif. M, Universitat Auténoma de Barcelona, E-08193
Bellaterra, Spain.
Tel; +34-935811966, Fax: +34-935812986, E-mall; xavier.navarro@uab.cat

ABSTRACT

Ibuprofen is commonly used as anti-inflammatory, analgesic and antipyretic drug, due to its high efficacy
and few side effects. Its main effects are mediated by the non-specific inhibition of COX enzymes, but it
can also exert some COX-independent effects, such as the inhibition of the RhoA signaling and the
modulation of glial activity, These other effects have boosted the use of ibuprofen as a tool to promote
axonal regeneration after neural injuries, as well as to increase functional recovery, with controversial
results showing positive and negative outcomes of buprofen treatment in several experimental models.
We have evaluated the effects of ibuprofen administered at 60mg/kKg twice a day to rats subjected to a
mild spinal cord contusion. Qur results indicate that ibuprofen is highly effective reducing mechanical
hyperalgesia in rats, but failed to produce locomotion and electrophysiological improvements. Such
effects may be explained because ibuprofen reduces the phagocytic activity of microglia after the injury,
when this action is essential to remove dead cell and myelin debris secondary to the trauma. These
results highlight the importance to have into account the multiple activities of single drugs as well as the

design of the treatment, in order to avoid unexpected detrimental effects.

HKeywords: ibuprofen, neuropathic pain, spinal cord injury, microglia, functional recovery.

Running title: Ibuprofen after SCI

INTRODUCTION

lbuproden (2-44-isobutylphenyl propienic acid)) is a
non steroidal antiinflammatory drug broadly used as anti-
inflammatory, analgesic and antipyretic, because of its
effectivity and few side effecis (Adatia et al, 2012)
Ibuprofen can exert actions on multiple cell targets in the
central narvous system, such as astroglia, microglia and
neurons, Regarding the molecular targets, the main actions
are the inhibition of RhoA signaling and the unspecific
inhibition of COX enzyme (Fu et al., 2007, Xing et al., 2011},
The RhoA signaling pathway is important In regeneration,
since s activation leads to awgnal growth collapse and
restriction of axonal growth as well as to neurite growth
inhibition (¥ing et al, 2011). Inhibition of RhoA signaling has
been proposed as a mechansm contributing 1o functional
recovery after different neural Injuries {Dergham et al., 2002;
Hiraga et al., 2006; Kubo et al, 2007). lbuprofen can also
exert some COX-independent effects, such as the inhibition of
neutrophil attraction and activation, and the disruption of G
protein activity, thereby altering several signaling processes
(Adatia et al., 2012).

Despite not being a first-line drug for the treatment of
neuropathic pain, seweral authors have reported beneficial
effects of the use of ibuprofen, a drug with a short half-life
but long lasting effects (Adatia et al., 2012). Amang them,
some highlight its powerful analgesic effects (Guindon and
Beaulieu, 2008 Ortega-Alaro et al., 2012}, and others have
also reported positive effects after spinal cord injury (SCI),
such as enhanced tissue preservation and regeneration of
descending seratoninergic and corticospinal fibers, leading to
functional improvements (Dergham et al., 2002; Fu et al,
2007; Wang et al,, 2009, Kopp et al., 2012). Ibuprofen has
also been tested im other models with different resuits:
positive results were achieved in stroke and IBchemia models
(Park et al., 2005) and in Alzheimer disease models (Blasko
et al, 2001), but negative outcomes were detected in
traumatic brain injury modets (Browne et al., 2006).

in this work we assessed if administration of
ibuprofen after & mild thoracie spinal cord contusion in rats
was able to reduce neuropathic paln signs and 1o promaote
functional recovery. Our results canfirm the analgesic efficacy
of ibuprofen, although functional improvements were nol
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observed. We hypothesize that ibuprofen may have different
effects on astroglia and microgha, thal would explain the
absence of functional and histological improvements but the
ameligratkon of pain,

MATERIALS AND METHODS

Laboratory animals

Aduft female Sprague Dawley rats (8 weeks old;
250-300 grams) were housed with free access to food and
water at room {emperature of 2222°C under 8 12:12 light-
dark cycles. Al experimental procedures wene approved by
the Ethics Committee of our Institution, and foliowed the
European Communities Councl Directive B56/009/EEC,
Researchers testing the animats were blinded regarding the
treatments reciived,

Surgical procadures

Rals were operated wunder hetamine/xylacing
anesthesia (90/10 mgfkg Lp) and after subcutameows
Injecthon of buprenorphing (0.05 mg ki at the incision site,
In two groups of rats, the spinal cord was contused at TB
vertebral level after T8-T9 dorsal laminectomy, by using the
Infinité Horizon impaclor  deévice  (Precesion  Scientific
Imstruments, Lexingion, UKL The force applied was 100
kilodynes, and data of displacement and force applied was
recorded for each contusbon. After the lesion, the muscular
plane was sutured with 5/0 silk and the skin closed with
small surgical clips and disinfected with povidone lodine
solution, Animaks were randamly divided in two éxpermeantal
groups of 8 rats each: IBU group (administered (buprofen,
Sigma Aldrich, G0 mg kg s.c. twice daily, starting 30 minutes
after the S5C1), and control group (received saline solution
fallowing the same administration time and voluma). Animals
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were kept in a warm emvironment until full recovery from
anesthesia. Bladders were expressed twice & day until the
animals regained reflex voiding of the bladder. Amuoxicillin
was given in the drinking water for 1 week 10 prevent
postoperative  infections. Mo additional analgesics were
adrmnistered after the surgeny.

Functional evaluation

Neuropathic _pain: the Randall Selitto test for mechanical
hyparalgesia (ITC 2500 Digital Paw Pressure Meter, ITC Life
Science, Woodiand Hills, CA) was performed in all the
animals before the surgery and al 3, 7, 14, 28 and 42 davs
after the SCI. Before the test, each animal received 5 min of
handling to gel used 1o manipulation; then it was placed inlo
a soft cotton cloth and carefully immobilized. The tip of the
device was applied onto the medial portion of the plantar or
the dorsal surfaces of both fore and hind paws inducing an
increasing mechanical force until a withdrawal responss
resulted (Santos-Nogueira et al., 2012}, The maximum force
applied was limited to 250g to avoid skin damage.

Voluntary locomotion: Locometor hind limb function was
assessed using the Basso, Beattie and Bresnahan (BBB)
rating scale (Basso et al, 1995). Briefty, the BBB scale
consists of an ondinal scale from O points (no discamabhe
hindlimb movement) o 21 points [(consistent, coordinated
gait with parallel paw placement of the hindlimb and
consistent trunk stabilityl. One rat at a time was allowed to
mowve frealy inside a circular plastic tray (80 cm diameter x
24 cm wall helght) for 5 minutes, and two examiners
observed the hindlimbs movements of the rat. The score of
gach animal was the mean wvelue of bolth examiners.
Locomation was tested weekly during the follow-up.
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Figure 2. Functional rescults. Resutts from functional
tests indicate that the outcome is similar for both
Eroups in the open field locomation test (A) and the
walking narrow beam fest (B The maximwn speed
supported in a8 [readmill was slightly fower in the
ibuprofen  group,  although  withowt  significant
differences (C-D).

Marrow beam iest: M s used to assess fine locomotor
caordination, Animals had to walk ingide a dark twunnel (7 em
width, 13 cm height, 40 cm length) along an elevated beam
(2.5 cm width, 2 cm height, 2 mm separated from the ground
to place a paper sheet). The hindpaw plantar surfaces were
inked and the rats were allowed to walk along the beam, so
the missteps were recorded with ink in the paper sheet
placed under the beam. Three runs were performed, and only
the beft and right missteps done in the first 30 om wene
counted in each run. The mean of these values were
considered as the final result for each testing day.

Traadmill running: The animals were acclimated to the belt
compartment of a DigiGait system (Mouse Specifics Inc.,
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Results

Boston, MA) for some minutes béfore staring the test. The
treadmill speed was progressively increased to force the rat
W walk, with some resting periods botween trhals. The
magimum speed supported was recorded from 3-4 trials for
each animal, preoperatively and at the end of the follow-up
perited.

Electrophysiological tests

Animals were anesthelized with pentobarbital (30
mg/kg Lpd and placed proneé over a warmed flat coil
controdled by a hot water circulating pump to maintain body
temperature. Electrophysiological tests were performed
precperatively and at the énd of the follow-up périod.
Peripheral_nerve conguction tests: Single electrical pulses
(100 ps) were defivered by monopolar needles inserted at
the sciatic notch at increasing intensity until the maximal
amplitude of the response was reached, The compound
muscle action potentials (CMAP) were recorded from the
tibialis anterior and the interossei plantar muscles, by means
of an active electrode inserted on the belly of the muscle and
the reference electrode at the fourth toe (Valero-Cabré et al,,
2004). Values from both hindlimbs of each animal were
averaged. The latency and the amplitude of the direct muscle
response (M wave) and the monosynaptic reflex response (H
wave) ware measured. The potentials with the highest
amplitude were selected and used lor analysis,

! They wene elicited by
transcranial electrical stimulation, wsing two needle
clectrodes placed subcutaneously over the skull, the anode
over the sensorimotor cortex and the cathode at the hard
palate, and recorded from the Ubialis anterior muscle
{Garcia-Alias et al., 2006). Single pulses of 25 mA and 100
ps duration were delivered at 1 or 9 Hz, the adequate pulse
rates for aliciting the brainstem component (bs-MEP) and the
cortical component (c-MEP), respectively. The muscle

respanses were displayed in the ascilloscope to measune the
amptrtuda and Ial:enl:.'_nl n‘f each ::nmpunenl

: They were
mrnhed tr:.ralecmnal 51.II‘I‘II.I|I clfﬁ m.ﬂ. and 100 mdﬂlmred at

Cc Ampbtucs MEP $pps, TA

: Figure 3. Electrophysiology,

Hyperreflgxia medssured &5 [he
H/M  ratio was  simifary
increased in the Do groups
after spinal cord injury (Al The
bs-MEP amplitude (B) was
reduced at & weeks, but the ¢
MEP ampiitude was similar to

F controls in both groups (CL A

A higher proportion  of safine
[ treated rals had the three
companants of the S5EPs

preserved than the ibuprofen

™~/ _
LI ! treated rats (D). Representative

| recordings of S5EPs are shown
L i E amd F. dpod days post
operation.
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€ Hz to the tibial nerve at the ankle, and recorded by needle
alectrodes placed subcutaneously on the skull. Up to 256
responses were averaged onling; the peak latency and the
peak-to-peak amplitude were measured for N15, N20 and
N30 waves (Valero-Cabré et al., 2004), referred here as N1,
N2 and N3 components. SSEPs were repeated three times
with minutes between trials, and the responses with the
highest amplitude were selected and used for analysis,
Wing-up and withdrawal reflexes: Spinal reflexes were
measured by delivering single stimuli (SOmA, 1ms) by means
of monopalar needie electrodes, the cathode inserted near
the medial plantar nerve In the right paw, and the ancde
between the fourth and fifth toes of the same paw. The
active recording needle electrode was placed in the tibials
anterior muscle, the reference electrode at the ankle, and a
ground electrode at the base of the tail. In each session,
withdrawal reflexes were first assessed by delivering single
pulses (Vatero-Cabré et al., 2004}, Then, wind-up responses
were obtained by applying a train of 16 stimuli at 1Hz and
intensity =0.7x threshold, Electromyographic responses were
recorded and analyzed to measure the area under the curve
{AUC} of each response, using Chart software and the RMS
and MNoise extenslon (ADInstruments) that determines the
power content of a signal. Measurements of the AUC of the
C-fiber mediated response during the first second were made
to assess the intensity of the withdrawal reflex responses.
Similarly, wind-up responses were measured and results
axpressed as the AUC of the first response [Valero-Cabré at
al., 2004; Redondo-Castro et al., 2011).
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The intensity of the first

response of wind-up recordings
tended o be lower in ibuproden
than in saline group (C)
indicating reduced central basal
hyperexcitability, The withdrawal
spinal reflexes were evoked at
higher threshold (D) and
presented lower acthity during
the first second of the response
(E}) in the ibuprofen group
compared o the saling group.
#+ p<0.01;, *** p<0.001 va
saline group,

Histological studies
Transcardiac perfusion with 4% paraformaldehyde in

phosphate-buffered salinge was carmed oul in anesthetized
rats at 42 days after SCI, T7-T10 and L1-LE spinal cord

segments  were  removed, postficed overnight  and
cryoprotected in 30% sucrose.

The thoracic spinal cord segments were embedded
in TissueTek and serially cut (30 pm thickness) in the
transverse plang in a cryestal. Sections were immunostained
with primary antibodies against glial fibrillary acidic protein
(GFAP, 1:1000, Sigma-Aldrich) to visualize the cavity formed
around the lesion, and NeuN (1:200, Millipore) to detect the
neuronal nuclei, Conventional Luxal Fast Blue (LFB) staining
was used to visualize myelin in samples from the lesion site.
Sections 30um thick and separaled from the next 450um
were used to measure the tolal myelinated area as well as
the myelination of the dorsal funiculus. In order o discard
nan functional myelin, additional measurements were done
on sactions immunolabeled against myelin basic protein
(MBP, 1:50, Umraclone) and neurofilament (NF, 1:200,
Milipore). This combined labeling permits to differentiate
functional fibers as a dod of neurofilament surmounded by
MEBP labelling, forming a dense and organizated patiern.

Lumbar segments L4-LS were embedded, cut at 20
pm  thickness, and subjected to Immunohistochemical
detection of different proteins. Glial reactivity was assessed
using antibodies for GFAP and |bal (1:1000, Wahko)
Measuraments of integrated density were done using a ROI
(region of interest) placed in the dorsal hom, and comprising
the medial part of laminae | to . In ventral hom
measurements, a ROl was placed around lamina [X. Cy3
conjugated secondary antibodies were used for single
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SOCHGNS of the injury Site, Staimed for
GFAP (A}, showed a large central cavity
and destruction of the dorsal hall of
the spinal cord. Measwremenis of the
spared tissue revealed higher foss of

= R apm e

FrFrF R rrrr

=

tissue in the rostral areas of the injury
in the tbuprofen than in the saline
injected group (B, as well as in the
epicentar (C). Images of ventral horns
stained For NeuN to label suniving
meurans (). There were no signifficant
differences in newaaal 1oss belwadn
the two groups (E). * p<0.0§ =°
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immunahistochemistry  (Jackson  Immunaresearch, UK
dilution 1:200), and Alexa Fluor secondary antibodies for
double immunohistochemistry. Five sections from each
animal were used in all measurements, expressed as the
percentage with respect 1o the integrated densily measuned
in the saline group.

An additional batch of animals was injured (100kdyn
lesion, n=3 per group) and sacrificed at 3 days in order to
see the effects of ibuprofen administration at an early time,
Injured  segments werd hamrvested after  parfusion, cut
longitudinally at 30 pm thickness, and immunolabeled
agamst el (110000 RO for analysis were placed in the
lesion epicenter and in réglons rostral and caudal to the
epicentar,

Microghal cell culture
Glial cell cultures were prepared from 1 day-old

Sprague Dawley rats as previously descnibed (Senvitja et al.,
200d)). Rats were decapiated and cortices immediataly
dissected out, Meninges and blood vessels were removed,
and the tissue was minced and intubated for 10 min at
A7*C in Ca®*free Krebs-Ringer buffer containing 0.0025%
trypsin. Cells were then mechanically triturated with a glass
pipette and fitered through a 40-um nylon mesh in the
presence of 0.52 mg/ml soybean trypsin inhibitor and 170
IU/ml DMAse. After centrifugation (500g). the cells were
stained with Trypan Blue exclusion dye, counted in a
Meubauer chamber, and then resuspended (300,000
cells/ml) In 90% DMEM, 10% FBS, 20 U/ml penicillin and 20
mg/ml| streplomycin, Colis were incubated at 37°C in a
humidified atmosphere of 5% COz and 95% alr and used
after 9-11 days in vitso, media was replaced every 57 days,
Microgiial cells were obtained by shaking the flasks during 3-
4 nowrs at 300 mpm. Flpating cells were pelleted and
subcultured at 100,000 calis/ml on miked @lial-conditionsd
miedium.

LPS (10ng/mi) of & spinal cord lesion extract ( 100ug
protein/ml) ware added in order to activate micraglial cells.
In bath cases, ibuprofen (200mM) was added 24 hours later,
Lesion extraclts were oblained from injured spinal cords
harvesied T days after a 100kdyn confusion. Samples were
rinsed  with liquid nitrogen  while being  mechanically
triturated. Then the frozen particles were resuspended in

P01 *** pe0001 va saiine v,
it ibuprofen group. Seale bar: 500um in
A, 200w in D,

DMEM supplemented with 8 diluted cocktall of protease
inhibitors {1,/1000) and disgregated again. Finally samples
were sonicated for S minutes and centrifuged (15000 rcf, 5
minutes). Protein content was measured by the BCA method.

Cells were fixed with 4% paraformaldehyde (25 min,
TOCHTY temperature).  Samples  were subjected o
immunocytochemisiry to detect lbal (1:500) and ED1
proteing (1:200, Serotec), used B8 8 markers of microgha
and phagocytic activity, respectively.

Data analysis

[Data are shown as the mean + SEM. Statistical
comparisons between groups wera made using two way
AMNOVA for repeated measures with Bonferroni post hoc tests
or t-iests analyses (GraphPad Prism software). Differences
between groups were considered statistically significant if
=000,

RESULTS

MNeuropathic pain: mechanical hyperalgesia

Hyperalgesia 1o mechankcal stimulus was tested in
plantar and dorsal suraces of hindpaws and forépaws. In
dorsal forepaws (Fig. 1A4) there was a general decrease of
thresholds in both groups, with no difference between them,
Contrarily, measunémants in the dorsal surface of hindlimbs
evidenced a reversion of the hyperalgesia in the ibuprofen
tredated group, Starting at 14 days and maintained watil the
end of the follow-up pericd (Fig. 1B). Tests on planiar
surfaces showed that ibuprofen reduced the hyperalgesia in
both forelimbs and hindlimbs (Fige 1C, D). This affect was
especially evident in the hindpaws, since thresholds
remained similar to preoperative values duning all the follow
up period, being significantly higher than in the control
Injuresd growp at several time polnis.

Recovery of locomotion

Scores abtained in the open fietd locomation best did
not differ between the two injured groups during the follow
up (Flg. 24). In the walking namow beam test group 18U
showed a slight reduction in the number of footslips,
although without reaching statistical significance (Fig, 28). In
contrary, IBU treated animals had slightly worse results in the
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Figure 6. Myelination. Representative images of the spinal cord injured epicenter stalmed with Luxol Fast Blue (AL
Measurements in the whale injurny sections and in the dorsal funiculus (DF) indicated a similar loss of myslinated Hssue in
the two injured groups (B Represendative images (C) from 1mm rostral, epicentar and 1mm caudal cord sections
immunastained for neurefilament and MBP. with white lines indicating the area with an ordanizated pattern of myelinated
fibers. Myelinated axons were slightly more spared in the saline group than tn the ibuprofen group (DL Scale bar; 500pm

inn A and 200pm in .

maximum speed supporied on the treadmill (Fig. 2C.D). Gait
paramoters wene also measured and did not display any
significant difference between the two injured groups [data
niot shownj,

Ebectrophysiological results: Modulation of spinal reflexes

Hyperreflexia, measured as the ratio between the M
wave amplitude and the H wave amplitude (ratio H/M, Fig.
AA) was similarly increased in both groups (-0.05 in
preoperative values, ~0.3 in both treated groups),

The brainstem MEPs, evoked ai 1Hz stimulation.
were reduced im amplitude in both groups [intact rats:
-1BmV, saline: -T.3mV, ibuprofen: -B.9m\V; Fig. 38), and
present i a similar proporion of rats on Both groups (25
30%). The cortical MEPs, evoked at 9Hz stimulation. were
recorded with similar amplitudes (Fig. 3C), and in the same
proportion of animals in both groups [-T5-85%). Regarding
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S55ERs, the saline group had a higher proportion of animals
wilhh the thret components mreconded (~=70%) than the
ibuprofen reated group (25%) (Fig. 3 D-H)

Wind-up responses were increased after spinal cord
contusion compared to intact animals (Fig. 4A). The first
Mesponse, indicatneg of basal excitability, was mong markediy
increased in saling rats than in ibuprofen treated rats |F|I:-'.-
4C) This difference was more obvious at the end of the
follow-up period, when buprofen animaks had a first
fesponse similar o preoperative values and significantly
lower than saline animals (p<0.01). Wind-up responses were
similar in saline and I1BU groups (guantification not shown),

Ibuprofen treated rats had a higher threshold o
ewvoke the withdravwal refléxes han controd injured rats,
indicating lower excitability (Fig. 40L In addition, the
withdrawal reflex response (Fig. 4B, E} was of lower intensity
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Astrogliosis

Dorsal

Ventral

Figure 7. Microgliosis (A) and
astrogliosis (B) were measured in
dorsal and vantral horns of lumibar
cord  segmends at 42 dpo.
Measurements of  integrated
density did not reveal significant
changes Iin microgitasis (C} and in
astrogliosis (D) befween the fwo
infured groups. Scale bar: 100um,
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in the B group at all time points, returming to almoast normal
values at the end of the follow-up period

Histology in the lesion site

The amount of tissue spared after spinal cord
contusion [Fig. SAl was similar al the epicentes and caudal
SEEMEnts in the two groups, bat in the rostral segments the
IBU group presented larger tissue loss than the saline group
(Fig. 28], Thi area occupiad by Neul labaling, as well as the
absolute newronal counts, did not reveal any significant
difference when comparing both groups (Fig. SC.0)0. In bath
groups there was total loss of neurons in ventral hom at the
epicenter and near sections (Fig SE).

My&lmation was assessed in the injury site by Dwo
different techniques. Luxol Fast Blue stalned sections (Fig.
GA) showed a similar profile of myalination in the epicenter
andl sufrounding areas (FIig. GE). An additionsl measurement
of the myelinated fibers was done by combining
neurgfitament and MEBEP protein immunodetection in the
dorsal funiculws (Fig. 8C). Although not reaching statistical
significance, ibuprofen animals displaved & lower ares
occupied by myalinated axons (Fig. 60).

Glial reactivity In lumbar cord segments

Both  microglial and  astroglial  reactivity  was
assgesaed in the lumbar segments at the end of the follow up
pericd (Fig. 74,B). Measurements of inlegrated density (Fig.

wintral

TC0) did not reveal any significant change i both
populations between the groups, although inm both cells
displayed a clear activated phenotype.

lbuprofen effects on microglis: cell cultures and early time
affects

Im order 10 unravel If ibuprolen was doing a direct
effect on microglial activity, cultured microglial cells wene
activated by a classical activatar (LPS), and by using a lysata
obtained from injured spinal cords. in order 10 mimic the
environment of a spinal cord injury. Phase contrast
microsoopy  (Images not shown) reévealed activation of
microglia after the two activators according to morphological
criteria, The expression of EDL, used as an indirect marker of
phagocytic activity, was ncreased by both activators. The
addition of ibuprofen to the LPS and edmact conditions
induced & reduclion i microghkal signs of activalion and
phagooytic activity, especially in the extract condition (Fig.
BA)

In order to conlirm this action in vivo, microglial
reaclivity was assessed in different areas of the spinal cord
at 3 days after contusion and of ibuprofen administration
(Fig- BE). Results indicated that ibuprofen was able 1o
attenuate microglial reactivity in the epicenter and mose
markedly in rostral and caudal regions 1o the lesion (p<0L0S
vs saling) (Fig. 8C)
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DISCUSSION

The mesults of this study ndicate that ibuprafen
offers good results regarding neuropathic pain after spinal
cord contusion, since two daily injections of ibuprofen were
able to significantly ameliorate mechanical hyperalgesia in
rats. This effect was delectable n both forelimbs and
hindlimbs, meflecting reduciéd panm responses above and
helow the level of the lesion, These positive results related to
pain amelioration are coincident with others praviously found
{Guindon and Beaulieu, 2008; Orega-Alvaro et al., 2013).
Contrarily, administration of ibuprofen did not provide any
improvement  in terms  of  functional  locomotion,
electrophysiological resulis and histological measureamaeants
in our Study. These resulls are contrany o thase of authors
which previously repored some Tunctional and histological
improvement with ibuprofen treatments in models of spinal
cord injury (Fu et al. 2007; Weng et al, 2000) but
coincident with results abtained In models of iraumartic brain
injury. in which worsening of cognitive oulcomes and no
histological improvement were detected (Browne et al.,
2006, and of epilapsy, in which the edema was larger in the
treated animals (Régniar ot al., 2010).

Even though, our negative functional resulls are
colncident with our electrophysiological data, which highlight
a reduction in hyperrefiexia, as can be seen in the wind-up
responses  and In the withdrawal mefleces. Penpheral
elements wene fully functional, and they permitted an almast
perfect locomotion. Although hyperreflexda is  normally
considered as a negative outcome after spinal cord injury, in
fact it is necessary to recover some functions below the
injury site, since an additional afferent input is needed
compensate the loss of functionality of some elements. (Lee
et al., 2005), On the ather hand, this reduction in the spinal

Results

excitability may account, at least partially, for the reductian in
hyparalgesia detected in the Randall-Salitto test.

Regarding the lack of histological Improvement in
our model, it s important to take into account that the anti
inflammatory actions of |buprofen, placed just afier the
injury, may have a dual effect on the sSecondary injury.
Although an inadequately controdled Inflammabion can be
harmful, some inflammation is needed to limil the expansion
af the secondary injury as well as to scavenge all the cell and
myilin debris onginated in the initial phase of the spinal cord
imury. For this reason, an early treatment with an anti
inflammatory drug 83 ibuprofen could reduce the beneficial
inflammation occurring after the trauma. Maybe for these
actons, the spantd tSsud in the cpecentor is sghtly minor in
the epicenter in our model, as well as the area occupied for
myelinated axons, This set of results is discordant with some
ather works that reported better tissue preservation as well
as a better preservation of some Spinal tracts (Fu &1 al,
2007: Wang et al., 2009; Xing et al., 2011). Fortunately, our
model did not Induce a major loss of neurons In the injury
site, although it can not be defined as a clear
neuroprolaction, as soma authors have reported (Park et al.,
20085; Wang et al.. 2009),

Since the Involvement of glial aclions in the
appearance and maintenance of NP pain after S0l are widely
krnown (Watkins ef al., 2001: Hains and Wauman, 2006
Gwak et al., 2012), we decided 1o assess changes in glial
reactivity afier a 6 weeks of ibuprofen treatment. Effects of
ibuprofen on astroglia have been exiensively studied, and it
is known 1o acl on its migration, plasticity and functionality
(Lichtenstein et al., 2010). On the other hand, effects aimed
to microglia are not 50 well-studied, and are limited 10 some
studies regarding the phagocytic properties (Jlin et al., 2008;
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Figure 8 Microghial cultures showed ewidence of activation after the addition of LPS or a lesion extract (A} The
addition of ibuprslen o bodth conditions nduced morphologcal changes and roduced EDL labading, indicating &
reduction in the phagocyiic activity of microgiia. Microgiiosis was reduced by (buprofen treatment in samples of spinal
cords harvested at 3 days after operation (dpo) (B, C), especially around the epicentfer, Scale bar; 20pm in A, 200um

in B. = p=0.05 vs. saling condition.
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Magano et al, 2010 or modulation of cytokines related to
the inflammatory response (Park et al., 2005; Heneka et al.,
2005).

in our work we hypothesize than ibuprofen could
have a strong effect on the early inflammation, concretely on
the activation of microglia, and that o could obstruct the
initial beneficial actions of microghia as 8 scavenger after a
SCL

The effects of ibuprofen in the glial reaclivity at the
end of the treatment seemed to be mild, Since treatment
was started just after the injury, the initial action of ibuprofen
was also assessed In samples harvested at three days afler
the injury, and they confirmed that ibuprofen was promaoting
an initial reduction of microgliosis in the injured spinal cord.
To go a little bit deeper on this effect, we established
microglial cell cultures, and our data suggest that |buprofen
may ba modulating the phagocytic phenotype of microglia, as
ED marker indicates. Then, we may hypothesize that anti-
inflammatary actions of ibuprofen imply the reduction of the
phagocytic abilities of microglia, therefore limiting their
capacity or removing cell death and myelin debris. This could
contribute to a worse resolution of the initial phase of SCI
and consequently promote a longer and more detrimental
secondary phase of injury. This is transiated In our model
into a worse histological outcome and into a worse
performance in functional tests. Something similar may hawve
eccurmed in some works that obtained similar negative
resufts (Browne et al, 2008). For this reason, it would be
necessany 1o delay antkinflammatory treatments after SCI, in
order to generala a time window in which the early and
beneficial inflammation can take place.

In conclusion, ibuprofen is able to ameliorate NP
symptoms after SCI, but this beneficial effect s accompanied
by & worst functional and histological outcome. Although
further experimants may be addressed, our data indicate
that this effect might be mediated by microgiia. Ibuprofen
reduces the phagocytic activity of microglia, therefore limiting
their baneficial actions just after the SCI. For this reason it s
important  to  consider the differemt  phases of
neurginflammation after a SCI, in order to decide the best
time window for each treatment. Results like this must be
taken into account when designing therapies, since
beneficial effects are usually sided by detrimental outcomes
that really limit thelr effectivity and usefulness.,
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Chapter 4 Results

Effects of the combined treatment with glibenclamide and ibuprofen after

spinal cord injury

As shown in the previous studies, a single dose of glibenclamide (GB) injected just after
the SCI was enough to provide a consistent and long lasting functional improvement,
observable in different functional tests. Unfortunately, this positive effect was accompanied by a
more marked hyperalgesia in front of mechanical stimuli. On the other hand, chronic treatment
with ibuprofen (IBU) was effective in ameliorating neuropathic pain signs occurring after the SCl,
although without providing any functional improvement.

Since these two individual treatments provide good results in different aspects, we aimed
to obtain synergistic effects by combining the two drugs. A group of rats was subjected to spinal
cord contusion (group GB+IBU, n=8): GB was injected just after the injury in the spinal
parenchyma (1ug divided in 2 injection points), and one week later a daily treatment with
ibuprofen was started (60mg/kg, every 12 hours). In this way, GB may have a time window
enough to exert its effects on microglia without being interfered by the anti-inflammatory
effects of ibuprofen.

The methodology used for the functional, electrophysiological and morphological
evaluation was the same explained in the two previous studies. The results are exposed below
for the group receiving the combined treatment, compared with the previous groups treated

with only GB or IBU, and the vehicle control groups.

Functional results

Contusion parameters were similar in all groups, independently of the later treatment
received, so any effect cannot be attributed to differences in the contusion severity. Control
conditions were set for both drugs, with saline solution injected subcutaneously (IBU-) or
intraparenchimally (GB-). Since both control groups showed very similar outcomes in all the
tests, both groups have been pooled and are represented as the saline group for convenience,
and some of the values of the treated groups are represented as normalized values (normalized
versus its own control in each case).

The assessment of the open field locomotion revealed an important improvement of
voluntary locomotion only in the GB group (Fig.21). The rest of the groups presented similar

evolution after the injury.
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Cpen field locomotion
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Other functional tests revealed a similar tendency, indicating that the combination of the
two drugs was not affecting the final outcome compared to the controls. Glibenclamide
treatment was the most effective treatment, promoting better locomotion results. In the walking
narrow beam, assessing fine coordination, all the treated groups displayed similar results, which
were significantly better than the saline controls, returning to almost normal values (Fig. 22). In
the inclined plane, all treated groups also supported angles near the preoperative values,
significantly better than the saline condition. In both tests, both treatments have a beneficial

effect by themselves, but the combination does not result in any additional effect.
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Fig. 22: Left, walking narrow beam: all treated groups had better result than the saline group, but no differences
were detected between treatments. Right, the inclined plane test show similar results, with slight but significant
improvement in the outcome compared to saline controls. In this case, IBU and GB+IBU results were significantly
different from GB. Statistical significance: *** p<0.001 vs. saline condition; &&& p<0.001 vs. GB group.
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Neuropathic pain

Good results were obtained by administering ibuprofen to SCI rats, as it consistently
reduced mechanical hyperalgesia. Contrarily, GB seemed to increase it. The combination of both
drugs did not provide additional effects in mechanical and thermal algesimetry tests. When all

the groups were compared, no statistical significance was found in any of the comparisons (Fig.
23).
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Fig. 23: Results of the customary algesimetric tests, expressed as the percentage of the preoperative threshold
value.

A more precise test, the Randall-Selitto test, allowed the detection of differences in
mechanical nociceptive thresholds. With this test we detected a worsening in the mechanical
hyperalgesia in the GB group, but amelioration in the IBU group. The combined treatment did
not provide improvement of the neuropathic pain signs. Only at some time points the combined

treatment was better than the ibuprofen alone treatment, and only in the plantar surface (Fig.
24).
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Fig.24: Randal-Selitto test results in plantar and dorsal surfaces of hindpaws and forepaws. The combined treatment
only provides better results than ibuprofen treatment in the plantar hindpaw at two time points (3 and 14dpo).
* p<0.05; ** p<0.01; *** p<0.001 vs. IBU group.

Electrophysiology: peripheral and central conduction

Several electrophysiological measurements were performed in order to see any possible
effect of the combined treatment. Unfortunately, none of the outcomes provided a clear
improvement.

The peripheral nerve conduction tests were normal after the SCI. A few changes were
detected in the amplitude and latency of CMAP of the tibialis anterior muscle. Similarly, the
hyperreflexia (measured as the H/M ratio recorded in the plantar muscle) was similar in all the

groups, and the combined group showed very similar results to the IBU group (Fig. 25).
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Fig. 26: Results of amplitude and latency of the CMAP in the tibialis anterior muscle. The H/M ratio was similarly
increased in all experimental groups.

Regarding central conductions, MEPs and SSEPs were evaluated. Motor central
conduction was severely affected after the spinal cord contusion, and the amplitude of bs-MEP
became greatly reduced. In fact, only some animals had a preserved response, as indicated in
figure 27. The cortical component appeared less affected, but its amplitude was also reduced in
all the injured groups. For both components, the combined group was the one with the lowest
mean amplitude, and also the group with the lowest percentage of animals preserving bs-MEP.

On the other hand, the preservation of SSEPS was present in a similar proportion of rats in
the GB+IBU group than in the IBU group, and slightly lower than in the GB group, when only the
preservation of at least one component was considered. However, when the three components
were considered, all the groups displayed a reduced preservation, especially the groups treated

with ibuprofen and with the combination of drugs.
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Fig. 27: Left panel, amplitude of the bs-MEP, elicited at THz. Numbers indicate the number of rats preserving the

MEP. Middle panel, amplitude of the c-MEP; all the rats presented the cortical component. Right panel, preservation
of at least one component, or of the three components of SSEPs. ** p<0.01 vs. preoperative value.
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Spinal reflexes

Spinal lumbar reflexes were assessed during all the follow-up, but the main differences
were noticed at the end of the follow-up (Fig. 28). The intensity of the stimulus required to elicit
the withdrawal reflex was higher in the IBU group, indicating a lower spinal hyperexcitability.
The combined group required a threshold similar to the GB group. When the intensity of the
response was measured, the combined group also reverted the effect obtained with the IBU
treatment, as it presented a higher response. Something similar was detected in the wind-up
responses. Treatment with ibuprofen alone reduced parameters related to central
hyperexcitability, such as the first response intensity, but the combined group did not have
better effects than the group with only GB. Similarly, when the total activity accumulated in the
16 responses was measured, the reduction found in the IBU group was not observed in the
GB+IBU group. Thus, only treatment with ibuprofen alone had effects on reducing central

hyperexcitability and hyperreflexia.
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Fig. 28: Threshold needed to elicit the withdrawal response is reduced after injury. The intensity of the reflex
response increased after injury, except in the IBU group, indicating a reduction in hyperreflexia. Similarly, wind-up
responses tended to increase after the injury, and were partially reduced with all the treatments, but especially in
the IBU group. The total wind-up activity was also increased in all the groups, and partially reduced in IBU animals.
** p<0.01,*** p<0.001 vs. preoperative values; ### p<0.001 vs. saline group.
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Histological analyses

Typical markers were assessed by immunohistochemistry to assess tissue sparing, gliosis,
myelination and neuronal survival, and none of them revealed any significant improvement in

the combined group (Fig. 29).
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Fig 29. Representative images depicting the lack of effect of the combined treatment on tissue preservation and on
demyelination.

Glial cell cultures
All the results obtained until this point lead us to the idea that although both drugs were

supposed to act on different targets, they may be converging at some point, and probably
cancelling the effects of the other drug. For this reason we used glial cultures in order to unravel
if both drugs were counteracting their effects on astroglia or microglia.

In culture, GB did not seem to exert any clear effect on astroglia, as morphological
changes were not visible, despite the fact that astroglia also possess SUR receptors (Simard et al.,
2006). On the other hand, activated astroglia showed a change in morphology (concretely

estelation, Lichtenstein et al., 2010) clearly visible in the cells supplemented with ibuprofen (Fig.

30).

Control

Fig. 30: Astroglial cells cultured in presence of GB or IBU. Note the morphological change only occurring in IBU
treated cells. Scale bar 50um.
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Microglial features were studied in resting and activated conditions, using two different
activators. The first was LPS, classically used to activate microglia through the TLR receptors
pathway. With the intention to mimic as much as possible the environment of a recent spinal
cord injury, we used protein lysates obtained from injured spinal cords that were added to the
culture medium. Animals receiving a 100kdyn contusion (the same severity that was used in the
treatment groups) were sacrificed and their cords were harvested at 7dpo, assuming that this
time point is considered a peak of inflammation. In this case, we expected to activate microglia
through the pathways that would act in the injury environment, such as lypidic mediators,
interleukins, cytokines and myelin debris. This activation profile might be different from the
activation in response to an infection, as mimicked by LPS.

A first approach was the observation of morphological changes, as depicted in figure 31.
Both activators produced a morphological change in microglial cells consistent with a reactive
phenotype, as they become hypertrophic and emitted thick prolongations. Interestingly, both
activators produced slightly different morphological changes, and in the case of the activation
for the lysate, they also promote the presence of refringent vacuoles inside the cells. These
vacuoles may correspond to phagocytic vacuoles. This feature was even more evident when GB
was also added, therefore confirming our initial hypothesis that GB may act boosting the

phagocytic activities of microglia after a SCI.

Fig. 31: Morphological changes in microglia after LPS or lysate activation. The last picture in the right is a detail from
Extract+GB condition. Note the huge amount of vacuoles inside the cytoplasm of activated microglial cells. Scale
bars: 200um and 100um in the detail.
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Since the morphological changes can not be directly correlated with the activation
profile, we assessed the expression of ED1 as a marker of phagocytic activity. ED1 is a
glycoprotein placed in the lysosomal membranes and in the plama membrane, and their
presence is increased in phagocytic phenotypes. Immunocytochemistry against this protein
revealed a diffuse pattern in resting microglial cells, but its presence was greatly increased in

activated conditions (Fig. 32).
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Fig. 32: Immunohistochemistry against Ibal (in green) and ED1 (in red). Drugs did not exert a clear action on
phagocytosis by themselves, but promoted a more intense labeling in the activated conditions. The combined
treatment reduced the activation of microglia and their phagocytic abilities. Scale bar: 20um

The combined GB+IBU treatment seemed to reduce the activation of microglia, as morphologies
were more similar to the resting cells. Moreover, the intensity and extension of ED1 labeling was
also reduced, indicating that the combination of both drugs was somehow limiting the

activation of microglia in culture.

The lack of effectivity of the combined treatment

The treatments used were partially effective when administered alone, but the
combination of both drugs did not imply a synergistic nor an increased effect. In fact, the
combined treatment was even worse in some outcomes than the individual treatments. Both
treatments were originally focused to different targets; ideally glibenclamide must exert its
actions on microglia, during the early phase, and ibuprofen on astroglia on a prolonged phase.
Despite considering a time window for the activity of glibenclamide, the anti-inflammatory
effects of ibuprofen may have reverted the initial positive effects of glibenclamide. This fact has

to be taken into account when combining different drugs, also when they have well defined
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actions. It is also important to respect the optimal timing of each strategy, in order to avoid
interferences and consequently the reduction of the effects.

The exact mechanism by which glibenclamide and ibuprofen concur in the modulation
of the phagocytic activity of microglia remains unknown, so further experiment might be

addressed to unravel this issue.
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General discussion

Spinal cord injury (SCI) patients report with high prevalence a moderate to severe pain
that degrades quality of life and interferes with rehabilitation therapy (Widerstrom-Noga et al.,
2001a, 2001b). Because of the multiple tissue damage that accompanies SCI, pain may be the
consequence of a number of pathological processes arising from musculoskeletal, peripheral,
and central nervous system tissues. Among them, the most disabling and dificult to manage is
neuropathic pain (NP). Below-level NP occurs following SCI and, similarly to neuropathic
peripheral nerve injury pain, is poorly responsive to common analgesics. In addition, the
decreased mobility and changes in autonomic functions further limit the possible range of

analgesic therapeutics that may be used.

Experimental model of neuropathic pain after spinal cord injury

The development of new therapies for any injury or disease generally requires extensive
basic research including adequate preclinical in vivo models before the translation to clinical
trials in human patients. Nonetheless, there are frequent failures in translational attempts from
converting experimental results into successful clinical treatments. These failures may be due, at
least in part, to the experimental model itself not reproducing exactly the pathogenetic
mechanisms of the human disease, or to methodological problems in the techniques used for
assessment. In this sense, the research on pain has considerable shortcomings, since animals
lack the capability of expressing the subjective sensation regarding quantity and quality of pain.

It is essential for researchers to count on reliable and reproducible animal models, despite
the intrinsic unpredictability of human SCI consequences. The most frequent type of spinal
injury in humans is the contusive trauma, and therefore spinal cord contusion or compression
models in rodents are the most used in the field, and they have became an essential tool also in
NP research. The weight-drop and the impact devices developed during the last years are
reported to result in reproducible anatomical and behavioral outcomes (Basso et al., 1996;
Ghasemlou et al., 2005), with mild to severe locomotor deficits resulting from the trauma
intensity applied.

The first step of our work was to set up the animal model of contusion, confirming that the
lesions were accurate and reproducible, in terms of mechanical parameters as well as in

functional and electrophysiological outcomes and pain responses (Yezierski, 2005; Cao et al.,
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2005). Histological assessments were also done, mainly the measurement of the spared tissue
and the glial reactivity. We have used contusions of different severities, as well as section cord
injury models (hemisection or complete transection). In this way, we made available a wide
range of experimental conditions to study the appearance of several physiopathological
features, in order to unravel which ones were directly related to the severity of the injury and
which were intrinsic to the lesion itself.

The first chapter of this thesis is based on the study of the evaluation of pain responses
following SCI of varying severity, emphasizing the utility of the Randall-Selitto test, previously
used to assess the efficacy of analgesic treatments (Randall and Selitto, 1957) as well as
inflammatory painful responses (Anseloni, 2003). In this thesis we have used this method to
assess NP in animals with central injuries of different severities. Importantly, it allows testing in
complete section and severe contusion animals, which cannot be tested in customary
algesimetric tests that require body weight support. Another important advantage of this test is
the possibility to test pain responses at early time points after the injury. This is especially useful
when testing acute effects, independently of the motor recovery from the different injuries.

Our results from the algesimentry tests applied to detect hyperalgesia and allodynia suggest
that pain is basically an all-or-none phenomenon, and all animals present a similar degree of NP
signs independently of the severity of the injury. Although in some measurements there was
some slight tendency, indicating that more severe injuries can present more marked signs of

hyperalgesia, in any case these differences achieved statistical significance.

The relevance of segments distant to the injury

One of the main objectives in this thesis was the study of spinal cord segments distal from
the injury epicenter. In fact, alterations after SCI have been described in distant cord segments
(rostral and caudal), thalamus, brainstem and cortex (Zhang et al., 2005; Hains et al., 2005; Zhao
et al., 2007; Detloff et al., 2008; Carlton et al., 2009; Baastrup et al., 2010; Yague et al., 2011). We
focused on the lumbar cord segments, where the sensory inputs and motor outputs for the
hindlimbs are gathered, as a relevant site for studying below-level NP, the most frequently
reported by SCI patients. Particularly, spinal lumbar reflexes are an important circuit to assess the
connectivity as well as the excitability of the spinal cord (Cervero, 2009; Hubli et al,, 2011). By
simulating a nociceptive input, we elicited neural responses integrated and transmitted to

produce a muscular response. In this way we confirmed the increased excitability of the spinal
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circuits after SCl, and found that spared segments not directly affected by the lesion play an
important role in the maintenance of NP signs.

We have reported for the first time the wind-up responses in SCI rats. Although it was
described some decades ago (Mendell, 1966), wind-up has rarely been used systematically, so
comparisons between works and laboratories are difficult. We characterized the appearance of
these responses as a form of short-term plasticity in the lumbar cord segments. Especial
attention was given to the different calculations to quantify the wind-up responses, despite its
inherent variability (Svendsen, 1999). Although the repetitive stimulation used in wind-up
recording is not exactly the stimulation found in normal conditions, it can be used as a tool to
activate nociceptive circuits, and as an indirect way to mimic features occurring in the spinal
nociceptive circuits after SCI. In addition, it is also an easy way to demonstrate that the spinal
system is able to amplify a nociceptive input, and this phenomenon is likely to occur in spinal
cord injury patients. Despite wind-up cannot be considered as a direct measurement of pain, it
gives essential information about the spinal function regarding the integration and modulation
of sensory and nociceptive signals. More importantly, it demonstrates the ability of the spinal
pain system to amplify signals, and this feature is extremely important in a neuropathic pain
context.

The putative mechanisms underlying this increased spinal excitability have been widely
discussed; among them the postlesional reactivity of glial cell populations seems to play an
important role (Zhang et al., 2005; Hulsebosch, 2008; Cervero, 2009; Gwak et al., 2012). We
assessed glial reactivity at different chronic time points (from 1 to 3 months), and observed a
persistent activation of both astroglia and microglia populations. Such chronic activation has to
be considered as pathological, since it should have been resolved in a shorter time. This fact also
highlights the importance of remote regions not directly affected by the contusion itself. We
observed that measurements of glial reactivity where quite similar between injuries of different
severities, suggesting once more the existence of all-or-none phenomenona related with the
presence of NP. In summary, once the spinal cord is injured, hyperexcitability develops and signs
of pain appear, and the exacerbated glial reactivity participates in their maintenance; the lack of
a direct relationship with the gradation of the injury may be due to the amplificatory nature of

neuroinflammatory and excitability processes.
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Functional deficits are dependent on the injury severity

Apart from sensory disturbances, locomotion and functional performance are also
affected after SCls. A good functional study provides important and useful information about
the state of spinal circuits and pathways, as well as of the effectiveness of pharmacological
treatments and physical therapies (Basso et al., 1995; Kuerzi et al., 2010). The BBB scale is
probably the most frequently used when assessing functional recovery, mainly because it is a
fast and easy method to obtain general information about the locomotion capabilities of the
animal. Unfortunately, this scale is highly qualitative, especially in its upper part. Coordination is
the most difficult parameter to assess in this test, and is in this part where many treatments can
be discarded for not showing a clear efficacy (Basso, 2004; Ferguson et al., 2004; Koopmans et al.,
2005). We strongly believed that we were missing a lot of information from a certain point of the
scale. As an example, a 100kdyn contusion and a hemisection injury are clearly different lesions,
but they obtained a similar score in the BBB scale. Therefore, we performed a battery of
functional tests in order to obtain more detailed information, including gross and fine
coordination, and general balance. Despite its versatility and low time consuming properties,
tests such as the walking narrow beam, the walking track analysis or the graded plane did not
provide enough quantitative data on coordination and alternation. Hence, we used the treadmill
of the Digigait System to force the locomotion by increasing the speed. Adding difficulty to the
functional tests permitted us to distinguish more clearly between different severities of
functional deficits. That is, by increasing the difficulty of the locomotion task, the sensitivity
increases (Collazos-Castro et al., 2006). Compensation and plasticity must be taken into account
when assessing functional recovery, since once damaged, locomotion systems may readapt
themselves to a new circuitry that can permit locomotion, although it can imply a variation in
the normal features. It is also important not to expect complete reversion to normal features and
parameters, so recovery can imply new motion characteristics (Gulino et al., 2007; Majczynski
and Stawinska, 2007; Curt et al., 2008).

We analyzed gait parameters, coordination and alternation patterns by designing simple
Excel macro programs, in order to add objectivity and quantify parameters that can hardly be
observed in an open field locomotion test. The main advantage of this method is the reduction
in time used when compared to other kinematics analysis made by other authors, and the fact
that researchers do not need any specialized training to analyze most of the obtained results

(Hamers et al., 2001; Beare et al., 2009).
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Complementarily, we performed a study on peripheral axon preservation, in order to
confirm that the functional deficits observed after SCI were depending on the lesion itself. Our
results indicated that, although there was an increased number of structural abnormalities in the
myelinated fibers of SCI animals, the total number of axons was maintained, and the functional
conduction properties of the sciatic nerve were not significantly altered. These findings imply,
firstly, that the peripheral nervous system is affected after the SCl, despite that it is not primarily
affected by the lesion. Second, that peripheral axonal damage can be discarded as the basis of
the functional deficits occurring after the spinal cord contusion. The alterations reported in
paraplegic human nerves are more marked and include evidences of axonal degeneration
(Berman et al., 1996; Nogajski et al., 2006; Lin et al., 2007; Van De Meent et al., 2010), but it does
not occur in rats. Therefore, apart from the mild damage caused by SCl, most of the axonal
alterations are likely attributable to immobilization and nerve compressions in disabled people.
It is important to emphasize that efforts should be devoted to maintain the peripheral systems
as normal and functional as possible during the recovery of SCI, in order to take the most

possible from therapies and rehabilitation.

Plasticity of the spinal cord after injury: the importance of disinhibition

Circuits implicated in locomotion become remodeled after SCl, and the same occurs in
sensory circuits participating in the processing of pain. We made a novel analysis focused on the
plastic changes of the nociceptive spinal circuit occurring in the lumbar segments, caudal to the
thoracic SCI. Although many publications have dealed with single alterations (Floyd et al., 1998;
Tillakaratne et al., 2000; Hains and Waxman, 2006; Hasbargen et al., 2010; Lin et al., 2011; Kong et
al.,, 2011), we detected a lack of integrative studies in the literature since one simple system can
not explain most of the physiopathological features of NP detected after the injury. In our case,
we studied the spinal circuitry of nociception, based on the withdrawal reflex response. Starting
from the periphery and the nociceptive afferences, we moved into the spinal cord, where the
information is integrated, modulated and conveyed to other areas, and to the motor output.

We assessed several key elements of pain signal processing in animals with SCls of
different severities. One of the main findings was a boost in some inhibitory features, such as an
increase of the synthesis of GABA and of inhibitory synapses on motoneurons. The obvious lack
of efficacy of this increase has to be seen not as a failure but as a compensatory mechanism, or,

in the case of GAD enzyme, as a strategy to promote plastic changes. Thus an increase of
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excitability does not simply imply a compensatory increase in inhibition, but also the
remodeling of circuits, in order to generate new connectivity and a new environment in the
spinal cord.

In addition, the increased presence of nociceptive afferents, combined with an increased
glial reactivity in the dorsal horn and the reduction of descending inhibition, contribute to the
amplification of nociceptive inputs arriving to the spinal cord. Lumbar motoneurons are also
surrounded by reactive glia, and despite the increase in inhibitory synapses, the lack of
descending serotonin inputs can imply an additional point of amplification.

Once more, although some of the analyzed elements seem to change in a lesion severity-
dependent manner, the NP signs were similar after contusion of varying intensity and
transection of the spinal cord. This fact is probably explained because SCls are accompanied by
important inflammatory and excitotoxic responses that result in central hyperexcitability, so
linearity is not kept in graded injuries (Gozariu et al., 1997; Costigan and Woolf, 2000; Mackie,
2003; Valero-Cabré et al., 2004; Ma and Quirion, 2008; Hulsebosch, 2008; Gwak and Hulsebosch,
2009).

The findings of our study in the chapter 3 give support to the view that the balance
between excitation and inhibition is clearly inclined towards the excitation side following SCls,
despite that inhibitory elements are also clearly enhanced. It is important to note the
importance of the remote changes in areas (lumbar segments) that are not directly affected by
the injury (made at thoracic T8 segment), but undergo plastic adaptative changes to the new
environment and interruption of descending inputs. This point of view is gaining interest in
recent years for the design of new treatments and therapies, since plasticity might sometimes be
underestimated (Ding et al., 2005; Dietz, 2011). Attempts for restoring lost functions do not
necessarily imply the return to initial features. At the end, the unbalance between excitation and
inhibition leads to the appearance of hyperreflexia, spasticity and neuropathic pain,

independently of the severity of the injury.

Pharmacological treatments after SCI: modulating glial reactivity

Glial cells are the most abundant cell type in the central nervous system. The
consideration of glial cells has evolved from a simple supportive role of neurons to presenting a
predominant role in inflammatory, synaptic and plastic phenomena (Scholz and Woolf, 2007;

Hulsebosch, 2008; Milligan and Watkins, 2009; McMahon and Malcangio, 2009; Pirttimaki et al.,
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2011; Gwak et al., 2012). After an important injury such as a contusion to the central nervous
system, microglia and astroglia shift from their normal homeostatic and defensive actions to
new phenotypes and functions. Microglia becomes quickly activated in the injury site and
contributes to a fast and exacerbated neuroinflammatory reaction. There it contributes to limit
the loss of tissue and reduce as much as possible the injured parenchyma, through the
acquisition of a phagocytic and proinflammatory phenotype. Microglia and macrophages
scavenge dead cells and myelin debris from disrupted axons (Popovich et al., 1997; Hains and
Waxman, 2006; David and Kroner, 2011). Secondarily, astrocytes perform homeostatic functions,
such as buffering the increased concentrations of glutamate and other excitatory amino acids,
blood-barrier maintenance, and neurotransmitter regulation (Scholz and Woolf, 2007; Fitch and
Silver, 2008). They also secrete extracellular matrix molecules and form the glial scar in order to
limit the injured tissue and preserve surrounding tissues, although this can imply a regeneration
barrier difficult to overcome.

After this primary phase, a secondary phase occurs in which there are endogenous
attempts for reestablishing the lost connections (if possible) or for creating new ones.
Inflammation events usually resolve after a few days/weeks, but unfortunately after a spinal cord
injury the resolution of inflammation is quite longer and innefficient. Inflammation mediators
diffuse from the injury epicenter and reach distant areas, and the inflammation becomes
chronically and pathologically activated, instead of being progressively resolved. The persistent
inflammation promotes feedback processes that contribute to maintain this situation.
Simultaneously, as the environment of the SCI remains unhealthy, glial populations also remain
activated. This unremitting activation can last for months after the injury, and contribute to the
maintenance and perpetuation of abnormalities occurring after the SCI, such as hyperexcitability
and central sensitization, and eventually NP states (Watkins et al., 2001; Milligan and Watkins,
2009).

This abnormal activation and chronic inflammation should be somehow modulated with
anti-inflammatory drugs. However, it is important to highlight that NP include also non
inflammatory features that anti-inflammatory drugs can not really modulate. Therefore, the
reality is that NP is still refractory to most analgesic treatments (Finnerup et al., 2007). It is
important to note that neuroinflammation is needed in the healing process after the SCI, but it
requires certain control. For this reason we designed two different treatments based on the

modulation of the glial component of neuroinflammation.
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On one hand, we chose glibenclamide as a powerful drug aimed to boost initial actions of
microglia, considered as beneficial. The main hypothesis was that promoting a more effective
removal of degenerating debris from the lesion would result in a better resolution of
neuroinflammation, and a less detrimental secondary phase of injury. On the other hand,
ibuprofen is widely used as an anti-inflammatory agent, and administered some time after the
SCI it may act helping in the resolution of neuroinflammation. It is important to consider an
initial time window in which inflammation is required, so acute treatments with anti-
inflammatory drugs might be counterproductive. When considered independently, both drugs
offered good results in mild contusion injuries.

Glibenclamide provided functional improvement, probably through a microglia
mediated effect that implies a stronger phagocytic phenotype and a reduced infiltration in the
cord parenchyma, contributing to less tissue damage. Our hypothesis seemed to be right, as an
intraspinal injection of glibenclamide promoted sparing of tissue and myelinated axons.
Functional recovery was also significantly improved. Electrophysiological data was not so
conclusive but suggested a slight improvement in central conduction.

Regarding the ibuprofen treatment, if started just after the injury, it was detrimental in
terms of central conduction and functional outcomes, probably because the treatment limited
the initial inflammatory response, so the damage became more extended and the tissular
preservation was hampered. However, the reduction in inflammation partially reduced the
mechanical hyperalgesia detected in forelimbs and hindlimbs.

Thus, we achieved partial efficacy with these two treatments, but mainly restricted to
pain or to functional recovery. The combination of both treatments implied the delay of the start
of ibuprofen administration, in order to permit the initial effects of glibenclamide. Unfortunately,
we found an unexpected convergence of effects in the phagocytic ability of microglia after the
SCl, and the interference gave even worse results in some outcomes when compared to the
individual treatments. Interactions between drugs apparently working on different mechanisms
or pathways must be carefully assessed, as many indirect effects can play unexpected roles. This
probably increases the difficulties that researchers face when designing new treatments and

strategies to ameliorate NP.
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Conclusions

Chapter 1:

The animal model of spinal cord contusion is reproducible and implies the appearance
and maintenance of neuropathic pain signs, such as mechanical and thermal

hyperalgesia.

Hyperalgesia develops to a similar extent independently of the severity of the spinal cord

injury.

Wind-up responses are enhanced after SCI, and may be used as a good indicator of the

spinal excitability after a SCI.

Chapter 2:

SCl causes functional deficits that correlate with the severity of the lesion.

Quantitative methods to assess functional deficits and recovery are essential to assess the

effectivity of new treatments and therapies.

Automatized analysis of locomotion using video recordings in a running belt increase the
objectivity in measurements of general coordination and locomotion, when compared to

customary functional tests.

Chapter 3:

Distant cord segments are also affected by the SCI, and greatly contribute to the

development of NP features.

Lumbar cord segments show a wide variety of plastic changes in several sites of the
nociceptive pathway. These changes imply a general disinhibition state, despite the

boost of some inhibitory elements.
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The hyperexcitability resulting from the unbalance between excitatory and inhibitory

systems is reflected in hyperalgesia and hyperreflexia.

Peripheral axons are fully preserved three months after a thoracic SCl, but with some
minor alterations. These alterations are more frequent as the severity of the injury is

increased.

Chapter 4:

206

Glibenclamide produces an enhancement of phagocytic actions of microglia just after
the SCI. One single dose promotes a long-lasting functional recovery accompanied by a

more marked mechanical hyperalgesia.

Daily treatment with ibuprofen attenuates the inflammatory processes in the injured
spinal cord. It ameliorates neuropathic pain symptoms but does not provide any

functional, electrophysiological and histological improvement.

The combination of both drugs did not provide additional beneficial effects because
glibenclamide and ibuprofen present contrary effects on a common target, the

phagocytic activity of microglia.
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AMPA: A-Amino-3-Hydroxy-5-Methyl-4-Isoxazolepropionic Acid

BDNF: Brain Derived Neurotrophic Factor
Camkll: Calmoduline Kinase Il

CBR: Cannabinoid Receptor

CMAP: Compound Muscle Action Potential
CNS: Central Nervous System

COX2: Cyclooxygenase 2

CRPS: Complex Regional Pain Syndrome
CST: Corticospinal Tract

DNIC: Difusse Noxious Inhibitory Control
Erk: Extracellular Signal-Regulated Kinases
GABA: y-Aminobutyric Acid

RMN: Raphe Magnocellular Nucleus

GB: Glibenclamide

HCNS: Heterotopic Noxious Conditioning Stimulation
IASP: International Association for the Study of Pain
IBU: Ibuprofen

IHC: immunohistochemistry

KCC: K-Cl Cotransporter

LFB: Luxol Fast Blue

LPS: Lipopolysaccharide

LTP: Long Term Potentiation

MAPK: Mitogen-Activated Protein Kinases
MCP1: Monocyte Chemoatractant Protein-1
MEP: Motor Evoked Potential

bs-MEP: Brainstem Component of Motor Evoked Potential
¢-MEP: Cortical Component of Motor Evoked Potential
NFKB: Nuclear Factor Kappa

NK1: Neurokinin 1

NKCC: Na-K-Cl Cotransporter

NMDA: N-Methyl-D-Aspartate

NP: Neuropathic Pain

PAG: Periaqueductal Gray Matter

PGE2: Prostaglandin E2

PKA: Protein Kinase A

PKC: Protein Kinase C

RT: Room Temperature

SCI: Spinal Cord Injury

SSEP: Somatosensory Evoked Potential
STT: Spinothalamic Tract

SUR: Sulfonylurea Receptor

TCA: Tricyclic Antidepressant

TLR4: Toll-Like Receptor 4

TNFa: Tumor Necrosis Factor a

WDR: Wide Dynamic Range
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