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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 II 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 II, where they integrate forward and feedback inputs 

related with pain transmission. These laminae are also known as marginal zone and 

substantia gelatinosa, respectively. 

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

area receive contacts from Aβ 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 (II). It receives afferent inputs from 

Aβ 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 VII 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 II 

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 (β and γ). 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 III-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. 

 

 



Introduction 
 

 8 

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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II - 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, SCIs 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 SCIs, 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 SCIs is lower in Spain than in other 

European countries. 

SCIs 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. 
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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 SCIs, 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 SCIs), 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 SCI. 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 SCI 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 SCI 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 

SCIs 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 TNFα and IFNγ, 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-α, 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 debris, 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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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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III. 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 

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 Aδ 

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.   

Aδ fibers are thinly myelinated, so they can conduct a fast pain signal, at 5-30 m/s. In this 

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

 

Fiber Myelin 
Diameter 

(µm) 

Velocity 

(m/s) 
Function 

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

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

Aδ 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 Aδ 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 II (pure nociceptive), and V (mixed nociceptive and mecanosensory). Sensory fibers 

that are peptidergic terminate mostly in laminae I and outer II, and a few in lamina V; those that 

are non-peptidergic (labeled by binding lectin IB4) terminate mostly in the middle third of 

lamina II. 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. 

 

 

 

 

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, 



Introduction 
 

 21 

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 (Aβ 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 II 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-HT1 and 5-HT2 induces an increase in 

the conductance of potassium and therefore the hyperpolarization of the second order 

nociceptive neurons. It also interacts with 5-HT3 receptors in the dendrites of GABAergic 

interneurons in lamina II, 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 α-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 (Aβ 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, SCI 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 SCI 

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 

SCI 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. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: shift in the normal response to 

innocuous and noxious stimulus after an 

injury. 
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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 SCI, 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 TNFα (White et al., 2005; Moalem and Tracey, 

2006). TNF-α acts sensitizing Aδ and C fibers receptors. Together with IL-1β, it promotes the 
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expression of NFΚB, 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-γ: 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). 



Introduction 
 

 29 

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-α 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-α. 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-α (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-α, IL-1β, 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 SCI 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 SCI 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-II only receive nociceptive inputs in normal conditions, 

and lamina III and IV only inputs related to touch and temperature. After an injury, this clear 

organization can be lost, as some Aβ fibers arriving to lamina III-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 SCI 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 SCI. 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 α-

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 α2γ-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 µ- and Κ -

opioid receptor, and tramadol that acts on µ-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 

Painful diabetic 

neuropathy 

TCAs and selective noradrenaline 

and serotinin reuptake inhibitors 

(SSNRIs) 

CRPS None 

Nerve injury pain 
Amitriptyline (TCA), topical lidocaine 

and topical capsaicine 

Painful neuropathy 
TCAs, gabapentine, pregabaline, 

lamotrigine, tramadol, oxycodone 

Postherpetic neuralgia 

TCAs, gabapentine, pregabaline, 

lamotrigine, tramadol, oxycodone, 

morphine, lidocaine 

Peripheral  

pain 

 

Postamputation pain and 

phantom limb pain 

Gabapentine, lamotrigine, 

pregabaline, carbamazepine 

SCI pain Gabapentine, lamotrigine 
Central  

pain 
Multiple sclerosis 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. 

 

Drug 
Major 

contraindication 
Side effects 

TCA 
Cardiac complications 

and epilepsy 

Dry mouth, constipation, sweating, 

dizziness, somnolence, palpitations, and 

urine retention. 

Gabapentine and 

pregabaline 
None 

Somnolence, ataxia, dizziness, headache, 

nausea, vomiting, peripheral edema. 

Lamotrigine Uremia 
Somnolence, headache, nausea, double 

vision, vomiting, ataxia, dizziness. 

Tramadol None 

Nausea, vomiting, constipation, dizziness, 

somnolence, sweating, dry mouth, 

headache. 

Oxycodone None 
Somnolence, nausea, vomiting, 

constipation, dizziness. 

Carbamazepine 

Oxcarbamazepine 

Cardiac disturbances, 

liver disease 

Somnolence, ataxia, dizziness, double 

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 (Iannotti 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; García-Alías 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 SCI. 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 SCI, 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 SCI 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 (García-Alías 

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. 

 

 

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 50µl, for 1 to 10 minutes. As an example, a balloon filled with 15 µl 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 (Pinzón 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; Guízar-Sahagún 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 
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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 14th 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 III 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 SCI, 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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• 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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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 SCIs, 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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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±2ºC 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 Autònoma 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. 

 

    

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 (1µl per point, at 

0.5µg/µl). The injection was performed around two millimeters rostral and caudal to the 

epicenter of the lesion, and injected at low speed (2µl/min). The injection was done at 1mm 

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. 

 

• Ibuprofen: 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 

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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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 

2 
Extensive movement of one joint or extensive movement of one joint and slight movement of 

one other joint 

3 Extensive movement of two joints 

4 Slight movement of all three joints 

5 Slight movement of two joints and extensive movement of the third 

6 Extensive movement of two joints and extensive movement of the third 

7 Extensive movement of all three joints of the hind limb 

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

9 
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 

14 

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 

15 

Consistent plantar stepping and consistent FL-HL coordination; and 

no toe clearance or occasional toe clearance during forward limb advancement;  predominant 

paw position is parallel to the body at initial contact 

16 

Consistent plantar stepping and consistent FL-HL coordination during gait; and toe clearance 

occurs frequently during forward limb advancement; predominant paw position is parallel at 

initial contact and rotated at lift off 

17 

Consistent plantar stepping and consistent FL-HL coordination during gait; and toe clearance 

occurs frequently during forward limb advancement; predominant paw position is parallel at 

initial contact and lift off 

18 

Consistent plantar stepping and consistent FL-HL coordination during gait; and toe clearance 

occurs consistently during forward limb advancement; predominant paw position is parallel at 

initial contact and rotated at lift off 

19 

Consistent plantar stepping and consistent FL-HL coordination during gait; and toe clearance 

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 

20 

Consistent plantar stepping and consistent coordinated gait; consistent toe clearance; 

predominant paw position is parallel at initial contact and lift off; tail consistently up; and trunk 

instability 

21 

Consistent plantar stepping and coordinated gait, consistent toe clearance, predominant paw 

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. 

 

 

 

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 µs 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 (García-Alías et al., 2006). Single 

rectangular pulses of 25 mA and 100 µs 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 µs 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). 



  Methods and procedures 

 

 59 

 

 

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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  Data obtained from wind-up recordings can be expressed in different ways. The 

mean total activity is the mean increment achieved from the 2nd to the 16th 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, …). 

 

 

 

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. 

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 5µl of 0.5% cholera toxin 

subunit B (CTB, List Biological Laboratories, CA) were injected, using a Hamilton syringe (10µl, 

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 µm 

thickness) in the transverse plane in a cryostat.  Lumbar segments L1-L6 were also removed, 

embedded and cut at 20 µm 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 4ºC or for 1h 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 

Iba1 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 

Ionized calcium binding adaptor molecule 1 (Iba1) 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 Ca2+-free Krebs-Ringer 

buffer containing 0.0025% trypsin. Cells were then mechanically triturated through a glass 

pipette and filtered through a 40-μm nylon mesh in the presence of 0.52 mg/ml soybean trypsin 

inhibitor and 170 IU/ml DNAse. After centrifugation (500g), 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°C in a humidified atmosphere of 5% CO2 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 

(100µg 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 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. 
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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. 

 

 

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). 

 

 

Cavity formation and glial reactivity 

 

At the end of the follow up, animals were perfused and the spinal cords removed. Thin 

sections of 30µm 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 

Fig. 17: Results of the 

algesimetry tests performed 

using mechanical and thermal 

stimuli. Results indicate that 

hyperalgesia occurs very early 

after the contusion and is 

mantained until at least the 

first two months. All the 

injured groups displayed a 

similar reduction in 

nociceptive thresholds despite 

the different severity applied 

in the SCI. 
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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.  

 

Fig. 18: Histological assessment of the contusion SCIs. A) Representative images depicting the epicenter of SCI at 

different severities of contusion. Scale bar: 200µm. 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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Iba1 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. 

 

 

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: 100µm. 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). 

 

 

 

 

 

Fig. 20: Schematic representation of wind-

up generation:  (1) Increase of intracellular 

calcium in the presynaptic terminal leads to 

the increase in the release of amino acids 

and substance P (2). This causes the 

activation of AMPa receptors and a fasst 

membrane depolarization (3).  This permits 

the removal of the magnesium blockade in 

NMDA receptors. The activation of NMDA 

and Nk1 receptors (4) causes a long lasting 

depolarization, implying an increase in the 

intracellular calcium in the spinal neuron. 

The increase is translated into a boosting of 

the receptor activity in the membrane (5,6), 

facilitating the generation of action 

potentials and therefore the generation of 

wind-up phenomenon. Adapted from 

Herrero et al., 2000. 
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 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 SCI 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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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 SCI, 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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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 in vitro effects of each drug on glial cell cultures. 
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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 SCI, 

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 (1µg 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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Fig. 21: scores obtained by the different groups 

in the open field locomotion test.. GB group 

displayed significantly better scores (***, 

p<0.001) than all the other groups during all 

the follow up period. The combined group 

achieved worst scores than IBU and saline 

group at 7 and 21 dpo (***, p<0.001). Saline 

and IBU groups followed a similar tendency 

during all the follow up, although some 

statistical differences were achieved at some 

time points (&; 7, 14 and 28dpo). 

 

 

 

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. 

 

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). 

 

 

 

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. 

 

 
 

Fig. 27: Left panel, amplitude of the bs-MEP, elicited at 1Hz. 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. 

 

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).  

 

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).  

 

 

Fig. 30: Astroglial cells cultured in presence of GB or IBU. Note the morphological change only occurring in IBU 

treated cells. Scale bar 50µm. 
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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: 200µm and 100µm 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). 

 

 

Fig. 32: Immunohistochemistry against Iba1 (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: 20µm 

 

  

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 SCI, 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. 

 

 

 



Discussion 
 

198 

Functional deficits are dependent on the injury severity 

 

Apart from sensory disturbances, locomotion and functional performance are also 

affected after SCIs. 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; Majczyński 

and Sławińska, 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 SCI, 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 SCI, 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 SCI, 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 SCIs 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 SCIs 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 SCIs, 

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 

SCI, 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:  

 

- SCI 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 SCI, but with some 

minor alterations. These alterations are more frequent as the severity of the injury is 

increased. 

 

Chapter 4:  

 

- 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: Α-Amino-3-Hydroxy-5-Methyl-4-Isoxazolepropionic Acid 

BDNF: Brain Derived Neurotrophic Factor 

CamkII: Calmoduline Kinase II 

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: γ-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 

c-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 

TNFα: Tumor Necrosis Factor α 

WDR: Wide Dynamic Range 
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