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Recent studies indicate that reactive oxygen species (ROS) are critically involved in persistent pain primarily through spinal mechanisms, thus suggesting ROS involvement in central sensitization. To investigate ROS involvement in central sensitization, the effects of ROS scavengers and donors on pain behaviors were examined in mice. The capsaicin-induced hyperalgesia was used as a pain model since it has 2 distinctive pain components, primary and secondary hyperalgesia representing peripheral and central sensitization, respectively.  Foot withdrawal frequencies in response to von Frey filament stimuli were measured and used as an indicator of mechanical hyperalgesia. The production of mitochondrial ROS was examined by using a ROS sensitive dye MitoSox-Red. Mice developed primary and secondary mechanical hyperalgesia after capsaicin injection. A systemic or intrathecal ROS scavenger treatment significantly reduced secondary hyperalgesia, but not primary hyperalgesia, in a dose dependent manner. MitoSox positive dorsal horn neuron numbers were increased significantly after capsaicin treatment. This study suggests that ROS mediates the development and maintenance of capsaicin-induced hyperalgesia in mice, mainly through central sensitization and the elevation of spinal ROS is most likely due to increased production of mitochondrial superoxides in dorsal horn neurons. 

This study also investigated the role of mitochondrial antioxidant SOD2 in pain.  Experiments were done to measure spinal levels of SOD2 protein and activity, inactivated SOD2 protein, and ROS accumulating dorsal horn cells after capsaicin injection to mouse foot with or without ROS scavengers. The capsaicin-induced hyperalgesia was determined in mice after manipulating SOD levels. Results showed that following capsaicin treatment, spinal levels of SOD2 activity were decreased, inactivated SOD2 proteins were increased, but total SOD2 proteins were unchanged. These changes were reversed with ROS scavengers. Mice showed enhanced or reduced hyperalgesia with decreased or increased SOD2 levels, respectively. The number of ROS accumulating cells was increased in SOD2KO mice but decreased in SOD2Tg mice. The data suggest that SOD2 activity levels determine the ROS accumulation, which in turn determines the levels of central sensitization and capsaicin-induced secondary hyperalgesia. Therefore, this study suggests a therapeutic potential of targeting SOD2 in persistent pain conditions. 
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CHAPTER 1: INTRODUCTION AND BACKGROUND

Pain is one of the most prevalent conditions limiting productivity and diminishing quality of life and therefore is an important medical problem. Over one-third of the world’s population suffers from pain yearly. Pain is defined as “an unpleasant sensory and emotional experience associated with actual or potential tissue damage, or described in terms of such damage” (Merskey and Bogduk, 1994). It is a sensation transmitted from sensory nerves through the spinal cord and to the sensory areas of the cerebrum, where sensation is perceived. As a part of the body’s defense system, pain triggers mental and physical behaviors that seek to end the painful experience while also being a feedback system that promotes learning, making repetition of the painful situation less likely. Pain may be sharp or dull, intermittent or constant, throbbing or steady, and sometimes is very difficult to describe. Pain becomes the primary reason for seeking medical attention when it persists. There are various ways to relieve pain based on the knowledge of pain transmission and modulation in the nervous system at the present time. However, the human population suffering from either acute or persistent pain is still large, due to lack of proper understanding of pain mechanisms and proper treatment paradigms. Thus pain treatment is a severe economic and health problem worldwide. Therefore, there is an urgent need for better understanding of pain mechanisms, especially persistent pain mechanisms, and for the development of proper management paradigms, in our society, scientific community, and among heath care professionals. 
Significance of the Project



Acute pain (nociceptive or physiological) is detected by primary afferent nociceptors and the information is transmitted to the brain and sensed as pain (Woolf and Salter, 2000). The mechanisms underlying acute pain show a rather straight-forward information transmission system. However, persistent pain is different in that it is the result of a maintained abnormality in the peripheral and central nervous systems (Woolf and Costigan, 1999; Woolf and Salter, 2000). In persistent pain, peripheral and/or central sensitization develops. In persistent pain, peripheral sensitization contributes to an increase in the sensitivity and excitability of the primary afferent terminal. In the case of central sensitization, sensitized spinal dorsal horn neurons respond more vigorously to peripheral input and receive input from expanded cutaneous receptive fields (Cook et al., 1987; Woolf and Thompson, 1991). The enhanced activation of N-methyl-D-aspartate (NMDA) receptors (NMDAR) by phosphorylation is an important means by which central sensitization is initiated and maintained (Chen and Huang, 1992; Zou et al., 2000).  After phosphorylation of the receptor, the NMDA-activated currents are enhanced by increasing the probability of channel openings (Chen and Huang, 1992). This may cause an increase in excitability of sensory processing in the dorsal horn of the spinal cord that results in greater firing of spinal efferent systems in response to given noxious inputs and normally innocuous stimuli (Haley et al., 1990; Woolf and Thompson, 1991; Raymond et al., 1993; Ren and Dubner, 1999; Zou et al., 2000; Guo et al., 2002; Votyakova and Reynolds, 2004). This phenomenon of central sensitization, induced by intradermal capsaicin injection, is considered the underlying mechanism of some persistent pain such as the secondary hyperalgesia (Dougherty and Willis, 1992; Willis, 1994) and is a significant clinical problem.  

An emerging concept in the field of persistent pain is that elevated levels of spinal reactive oxygen species (ROS) play a critical role in central sensitization. Studies have shown that ROS are critically involved in cell death in many degenerative neurological conditions, such as Alzheimer disease, Parkinson disease, amyotrophic lateral sclerosis, and other brain dysfunctions ranging from brain injury to aging (Gerlach et al. 1994; Jenner 1994; Hensley et al. 1997; Lewen et al. 2000). We are now extending this concept to the role of ROS in central sensitization and pain. However, little is known about how ROS elevation develops in the spinal cord and why it leads to pain. Therefore, it is important to explore the ROS mechanisms in central sensitization and thus pain, which can then lead to the development of new treatment paradigms. We propose that spinal ROS are important intermediate signaling molecules between high intensity nociceptive inputs and central sensitization and that an antioxidant superoxide dismutase (SOD) plays a critical role in reducing central sensitization. Presently, the most widely used drugs for pain management are morphine, aspirin (NSAIDs), and a variety of non-specific agents (anti-convulsants, antidepressants). While they are somewhat effective in providing analgesia in patients, their usage is limited due to various accompanying unwanted effects, such as habituation, tolerance.  ROS involvement in pain is a novel idea and the research proposed here will provide the knowledge needed to develop new pharmacological strategies specifically targeting spinal ROS. Understanding the molecular and cellular mechanisms that underlie the initiation of pain and how spinal ROS mediates the development and maintenance of capsaicin-induced hyperalgesia will undoubtedly reveal novel targets for the discovery of more effective and more specific pain therapies. 

The Nociceptive pathway and Perception of Pain


The vast majority of pain signals which are processed by the nervous system are designed to detect the potential source of bodily harm and to trigger responses which can prevent or alleviate the damage (Bonica, 1990; Martin and Eisenach, 2001). The pathways that carry information about noxious stimuli to the brain, as might be expected for such an important and multifaceted system, are complex. Transmission of nociceptive information is carried from the spinal cord through three major ascending pathways: the spinothalamic, spinoreticular, and spinomesencephalic tracts. However, they all share one common characteristic: nociceptive signals are detected in the periphery by free nerve endings of  C and Aδ primary afferent fibers (Sherrington, 1906). Thinly myelinated Aδ fibers with medium-sized cell bodies in dorsal root ganglia (DRG) mediate fast pain, which is described as sharp, acute well localized pain. Unmyelinated C fibers with small-sized cell bodies in DRG meditate slow pain, which is reported as dull, throbbing longer-lasting pain (Julius and Basbaum, 2001).  Besides conduction velocity, there are also other differences between the two fibers such as their response specificity to different modalities of stimuli.  Aδ fibers are mainly activated by noxious intensities of mechanical and thermal stimulation; whereas, C fibers often respond to noxious mechanical, thermal, or chemical stimuli (Bessou and Perl, 1969).

In the spinal cord, the spinothalamic tract is the most prominent and well studied ascending nociceptive pathway. It is comprised of the axons of nociceptive-specific and wide-dynamic range (WDR) neurons in laminae I and IV-VI of the dorsal horn. These axons project to the contralateral side of the spinal cord and ascend in the anterolateral white matter, terminating in the thalamus.  It is thus nerve impulses in the spinothalamic tract that result in pain perception. When peripheral stimulation occurs, nociceptive DRG neurons are first-order neurons in the pain pathway and they receive input from peripheral tissues. DRG neurons then transmit the signal into the central nervous system by forming synapses with second-order neurons, spinothalamic tract (STT) cells, in both the superficial and deep layers of the dorsal horn. STT cells are largely responsible for the signal being relayed to the thalamus and then continuing on to the somatosensory cortex upon which the perception of pain is ultimately formed. In addition, other ascending pathways, including the spinoreticular tract (SRT) and spinomesencephalic tract (SMT) also play a role in conveying pain information from the periphery to the thalamus. However, these signals are delivered to brain structures which are responsible for triggering the emotional aspect of pain. In addition, besides forward neural pathways, feedback control by a descending modulatory system from higher centers also is an important feature of pain mechanisms (Willis, 1982; Willis, 1988).
Persistent Pain and Hyperalgesia
Pain can be classified as acute or persistent based on the nature of the pain itself, as cutaneous or visceral based on the source of pain, and as peripheral or central based on the origin. Acute pain is viewed as the intiation phase of an extensive, nociceptive, and behavioral cascade triggered by tissue injury and is detected by primary afferent nociceptors, and the information is transmitted to the brain and sensed as pain (Woolf and Salter, 2000). Persistent pain is defined as being associated with maintained abnormalities of the peripheral and/or central nervous system following tissue inflammation or nerve injury (Woolf and Costigan, 1999; Woolf and Salter, 2000). The one consistent fact of persistent pain is that as a disorder, it cannot be understood in the same terms as acute pain. The mechanisms underlying acute pain show a rather well defined information transmission system; however, there is still a lack of proper understanding of mechanisms underlying persistent pain which is of particular interest for this project. As mentioned, one of the most common causes for persistent pain is peripheral tissue inflammation or nerve injury which leads to maintained  abnormalities in the central nervous system (Dray, 1995; Garry et al., 1999; Woolf and Salter, 2000; Kim et al., 2006). It has been shown that in persistent pain, central sensitization develops, resulting in sensitized spinal dorsal horn neurons that respond more vigorously to peripheral input and receive input from expanded cutaneous receptive fields (Cook et al., 1987; Woolf and Thompson, 1991). 
Persistent pain can be subdivided into two broad classes, nociceptive and neuropathic (Kandel et al., 2000). Nociceptive pain results from the direct activation of nociceptors in the skin in response to tissue injury and usually arises due to inflammation. Neuropathic pain is a complex, persistent pain state that usually is accompanied by tissue injury in the nervous system and may persist after healing of the primary event. With neuropathic pain, the nerve fibers themselves might be damaged, dysfunctional, or injured (Woolf and Salter, 2000) causing a change in nerve function both at the site of injury and areas around the injury resulting in multiple changes within the central nervous system that perpetuate the pain experience (Costigan and Woolf, 2000). Some symptoms of persistent pain are allodynia, hyperalgesia, paresthesia, or dysesthesia. Paresthesia and dysesthesia are two types of pain associated with an abnormal sensation, whether spontaneous or evoked and allodynia designates pain experienced in response to an innocuous stimulus. Hyperalgesia is defined as the enhancement of pain perception to noxious stimuli, and is the primary focus for this project (Hardy, 1956; Willis and Coggeshall, 1991; Willis, 2001). Hyperalgesia can be further divided into two types: primary and secondary. Primary hyperalgesia is explained by peripheral nociceptor sensitization (Simone et al., 1989; Baumann et al., 1991; Koul et al., 1992; Steen et al., 1992) and can be evoked in response to either thermal or mechanical stimuli. Secondary hyperalgesia, which is known to be due to central sensitization of spinal dorsal horn neurons (Willis, 2001), involves an increased sensitivity only to mechanical and not thermal stimuli (Dougherty et al., 1998; Sluka et al., 1997)
Peripheral sensitization

Inflammation of peripheral tissue causes pain, redness, and swelling in the area that was affected.  It results in the release of inflammatory mediators at the affected area, such as bradykinins, prostaglandins, substance P, calcitonin gene-related peptide (CGRP) and others (Nanayama et al., 1989; Sun and Larson, 1991; Bileviciute et al., 1993; Supowit et al., 1995). These chemicals act on G-protein-coupled receptors (GPCR), such as NKI receptors and metabotropic glutamate receptors, activating intracellular signaling pathways such as protein kinase C, that by phosphorylating receptors and ion channels in the nociceptor terminal change their threshold and kinetics (Dougherty et al., 1994; Ren et al., 1996; Mark and Herlitze, 2000; Willis, 2001). GPCRs regulate the function of ion channels, which play an essential role in the function of neurons, by mediating electrical currents and regulation of selective ion concentrations across the cell membrane. All of this contributes to an increase in the sensitivity and excitability of the primary nociceptor terminal, a phenomenon referred to as peripheral sensitization (Hardy, 1953; Hardy, 1956; Hargreaves et al., 1988; Kress et al., 1997; Willis, 2001). Peripheral sensitization produces an increase in pain sensitivity that is restricted to the site of inflammation. Sensitized primary afferent nociceptors are believed to be the mechanism underlying primary hyperalgesia (Meyer and Campbell, 1981; Willis, 1994).  

The most well studied molecular basis of peripheral sensitization is the activation of ion channels on the surface membranes of nociceptors, such as transient receptor potential vanilloid 1 (TRPV1) receptors. TRPV1 receptors are found on many polymodal C and mechano-heat Aδ fibers and are activated by capsaicin, other vanilliod chemicals, protons, and noxious heat stimulation (Bevan and Szolcsanyi, 1990; Caterina et al., 1997; Caterina et al., 2000). Sodium and calcium influx through the channel is initiated following ligand binding, which leads to excitation and sensitization of the nociceptive neurons (Marsh et al., 1987; Chen et al., 1998). For example, studies have shown that both prostaglandin E2 (PGE2) and bradykinin cause changes in the TRPV1 via activation of cAMP-dependent protein kinase (PKA) and Ca2+/phospholipid-dependent kinase (PKC) (Chuang et al., 2001). Futhermore, studies have shown that these inflammatory mediators cause changes in the sensory-neuron-specific voltage-gated Na+ channel Nav1.8, altering its activation kinetics and, hence, terminal-membrane excitability (Khasar et al., 1998).

Central Sensitization 

 After the excitation of nociceptors during peripheral inflammation, the neurotransmission between the primary afferents and dorsal horn neurons is facilitated, which leads to increased activity and prolonged hyperexcitability of dorsal horn neurons in response to innocuous and noxious stimuli applied to the inflamed and even adjacent normal tissue (Baumann et al., 1991; LaMotte et al., 1991; Torebjörk et al., 1992).  It is thus the plastic changes in dorsal horn neurons of the central nervous system that contribute to this phenomenon referred to as “central sensitization,” which is of particular interest for this project. Central sensitization of dorsal horn neurons is the mechanism underlying the behavioral hyperexcitability of secondary hyperalgesia. Central sensitization occurs after prolonged C-nociceptor input and is dependent on the activation of wide dynamic range (WDR) neurons in the dorsal horn of the spinal cord (Willis and Coggeshall, 1991; Willis, 2001; Dubner and Ruda, 1992). It is characterized by enhanced spontaneous and evoked activity, expanded receptive fields, and increased efficacy of nociceptive neurotransmission of spinal dorsal horn neurons ( Cook et al., 1987; Coderre and Melzack, 1991; Coderre and Melzack, 1992; Coderre et al., 2004) and is referred to as a facilitated state of nociceptive processing following a persistent noxious input (Ji et al., 2003). These neuroplastic changes are accompanied by other electrophysiological manifestations that cause neurons to fire with increased frequency or even spontaneously (Waxman et al., 1999). In addition, spinal processing is further affected by descending inhibitory and facilitory pathways that provide additional modulation of spinal γ-aminobutyric acid (GABA) interneurons (Lin et al., 1996; Vanderah et al., 2001). The spinal mechanisms responsible for central sensitization, and the associated behavioral hypersensitivity, involve alterations in synaptic efficacy (Willis and Coggeshall, 1991; Dubner and Ruda, 1992; Owens et al., 1992; ; Willis, 2001; Ji et al., 2003) proposed to be due to receptor trafficking and altered receptor/ ion channel activity (Woolf and Salter, 2000). It is thus central plastic changes that can be recorded from nociceptive dorsal horns in response to a strong noxious stimulus. It is important to mention that this phenomenon is present in other neural systems. A central sensitization-like phenomenon can also be generated in neurons in other parts of the pain system, such as the rostralventral medulla, anterior cingulate cortex, and amygdala (Wei and Zhuo, 2001; Burgess et al., 2002; Neugebauer and Li, 2003). If fact, central sensitization can be regarded as a type of LTP (Willis, 2002; Ji et al., 2003). In addition, several symptomatic features of headache reflect central sensitization produced in trigeminal nuclei within the brainstem (Hu et al., 1992; Malick et al., 2000). 

The early phase of central sensitization reflects changes in synaptic connections within the spinal cord, after a signal has been received from primary afferent nociceptors. The central terminals of the nociceptor release a host of extracellular signaling neurotransmitters and modulators, including substance P, CGRP, and excitatory amino acids (EAA) from both small myelinated and unmyelinated fibers into the dorsal horn of the spinal cord (Carlton et al., 1987; Carlton et al., 1985; Dougherty and Willis, 1991; Sorkin and McAdoo, 1993; Dougherty et al., 1993; Galeazza et al., 1995; Seybold et al., 1995). Unmyelinated C-fiber nociceptor afferents coexpress glutamate and neuropeptide neurotransmitters substance P (SP) and CGRP (Battaglia and Rustioni, 1988). These transmitters/modulators act on specific receptors on the spinal cord neurons, activating intracellular signaling pathways that lead to the phosphorylation of membrane receptors and channels, particularly the NMDA and AMPA receptors for the glutamate neurotransmitter.  Studies have shown that both glutamate and SP are colocalized in the terminals of primary afferent fibers in the superficial dorsal horn (De and Rustioni, 1988).  It has been shown that SP not only excites dorsal horn neurons but potentiates the excitatory effects of NMDA and therefore, is involved in the mechanisms underlying hyperalgesia Sluka et al., 1997(Dougherty et al., 1993; Dougherty et al., 1995;  ; Ohtori et al., 2000
; Willis, 2001). In the DRG it was found that CGRP and glutamate are also colocalized; suggesting that CGRP and glutamate are released from the same axon terminals in the spinal cord (Miller et al., 1993).  Due to the abundance of glutamate in the superficial layers of the dorsal horn of the spinal cord, it is colocalized with either SP, CGRP, or both (Merighi et al., 1991).  Receptors, such as NMDA, AMPA, kainate receptors, and NK1, are activated and second messenger systems are triggered (Dougherty and Willis, 1992; Palecek et al., 1992; Dougherty et al., 1994; Willis, 2001). These post-translational changes lower the threshold and opening characteristics of these channels, thereby increasing the excitability of the neurons. 
Capsaicin-induced pain 
The behavioral consequences of central sensitization can be readily detected using the capsaicin-induced pain model. The capsaicin-induced pain model has well defined peripheral and central components, making it a good model for studying central vs. peripheral mechanisms underlying persistent pain. Furthermore, intradermal injection of capsaicin is a useful and reversible experimental model for the study of mechanisms underlying persistent pain (Simone et al., 1989; LaMotte et al., 1992). Capsaicin is the pungent ingredient found in chili peppers that activates the TRPV1 receptor. As mentioned previously, TRPV1 receptors are located predominantly on nociceptive afferent fibers, and are also responsive to noxious heat (Sluka et al., 1997). It is thus activation of these nociceptors that induces central sensitization of nociceptive dorsal horn neurons (Simone et al., 1991). Capsaicin can excite and desensitize unmyelinated afferent nerve fibers resulting in acute and restricted cutaneous neurogenic inflammation. This type of inflammation is characterized by a local increase in blood flow and the development of edema (Lin et al., 1999). Capsaicin also causes a variety of endogenous inflammatory substances to be released from either primary afferent terminals or inflammatory cells, such as neurotransmitters (glutamate, peptides), prostaglandins, bradykinin, SP, CGRP, histamine, 5-hydroxytryptamine (5-HT) and adenosine 5’-triphosphate (Hardy, 1956; Wood et al., 1988; Willis and Coggeshall, 1991; Kress and Zeilhofer, 1999; Willis, 2001). Side effects that occur from these substances include vasolidilation, redness, warmth, swelling, and pain.  

Intradermal capsaicin injection has been shown to cause changes in behavioral responses of rats and to increase responses of nociceptive projection neurons in the dorsal horn of the spinal cord at a cellular level (Willis, 2001; Lee et al., 2007).  Activation of C-polymodal nociceptors and C-chemosensitive fibers, by intradermal injection of capsaicin, occurs and produces mechanical allodynia, primary hyperalgesia to thermal and mechanical stimuli, and secondary mechanical allodynia and hyperalgesia (Baumann et al., 1991; LaMotte et al., 1992; Torebjörk et al., 1992; LaMotte et al., 1992; Willis, 2001). An analgesic area of the skin, at the injection site is mainly due to desensitization or destruction of primary afferent nociceptor terminals.  This area is surrounded by an area of primary hyperalgesia. After tissue damage occurs, a number of chemical substances that trigger sensitization are released by the damaged cells. These chemical agents (i.e. prostaglandins, bradykinin, and SP) then activate and sensitize unmyelinated C fibers; this is most likely a possible mechanism underlying primary hyperalgesia in this model (Willis and Coggeshall, 1991; Dray, 1995; Lawand et al., 1997; Schepelmann et al., 1992; Schuligoi et al., 1994; Coggeshall and Carlton, 1997; Carlton et al., 1998). Secondary hyperalgesia develops in the neighboring area of skin adjacent to the injection site (Baumann et al., 1991; LaMotte et al., 1992; Torebjörk et al., 1992; Dougherty et al., 1998; Willis, 2001; Simone et al., 1989; Simone et al., 1991).  In the capsaicin-induced hyperalgesia model, it occurs by neuronal activity that originates in the area of injection/injury and is carried by chemosensitive afferent fibers  (Ren and Dubner, 1999).  A lot of evidence has shown that intradermal injection of capsaicin induces both increased sensitivity of nociceptive dorsal root ganglion neurons and primary hyperalgesia in response to mechanical and thermal stimuli, as well as secondary mechanical hyperalgesia (Gamse et al., 1980; Jansco and Kiraly, 1981; Dougherty et al., 1994; Sluka et al., 1997; Sun et al., 2004). Studies have been conducted in rodent (Hylden et al. 1998; Lee et al., 2007), cat (Schaible et al. 1991), primates (Dougherty and Willis, 1991) and human subjects (LaMotte et al., 1983; Simone et al., 1989; LaMotte et al., 1991) following intradermal injection of capsaicin, which makes capsaicin an important tool for the study of mechanisms underlying persistent pain.

In this project, capsaicin injection is used in animal experiments to investigate the mechanisms underlying persistent pain, namely central sensitization. Therefore, secondary hyperalgesia induced by intradermal capsaicin injection is an attractive model to study reactive oxygen species (ROS) action on central sensitization in the spinal cord.

Reactive Oxygen Species (ROS) 

By definition a free radical is any atom (e.g. oxygen) with at least one unpaired electron in the outermost shell, that is capable of independent existence. A free radical is easily formed when a covalent bond between entities is broken and one electron remains with each newly formed atom and therefore the atoms become highly reactive due to the presence of unpaired electron(s). Any free radical involving oxygen or nitrogen can be referred to as reactive oxygen species (ROS) or reactive nitrogen species (RNS). The majority of free radicals in biological systems are ROS. Oxygen centered free radicals contain one or more unpaired electrons in the outer shell. When free radicals steal an electron from a surrounding compound or molecule, a new free radical is formed in its place. In turn the newly formed radical wants to return to its ground state by stealing electrons with antiparallel spins from cellular structures or molecules. 

Biologically relevant ROS include oxygen ions, free radicals, and peroxides both inorganic and organic (Maher and Schubert, 2000). They are generally very small molecules and are highly reactive to the presence of unpaired valence shell electrons. One form of ROS readily converts to another in vivo and reactivity varies widely from one ROS to the next (Afonso et al., 2007). The most abundant ROS representative in the living cell is superoxide [•O2‾]. Other free radicals include hydrogen peroxide [H2O2], singlet oxygen [O2], and the hydroxyl anion radical [•OH]. The special feature of these agents is their high oxidative reactivity, creating a significant threat for redox-sensitive cellular components, primarily for proteins, lipids, and nucleic acids (Maher and Schubert, 2000). The expedient destructive function of ROS is tightly linked to the function of another radical, nitric oxide [NO•]. Beside nitric oxide, the RNS group contains diverse nitrogen derivatives (peroxynitrite [ONOO‾], nitrogen dioxide [NO2•], dinitrogen trioxide [N2O3], and others) that also all possess a strong oxidative capacity. Cross talk between ROS and RNS allows both forms to be referred to as a general group of small signaling molecules. For the sake of convenience, therefore, we will use the term "ROS" to represent both ROS and "RNS" in this text.

ROS are natural byproducts of the normal metabolism of oxygen and have important roles ranging from cell signaling to cell death. Superoxide, the most abundant ROS in the mitochondria, can easily be converted to other more aggressive ROS. Although it is believed that superoxide may not directly react with lipids, proteins, sugars or nucleotides, it can be easily transformed into the hydroxyl radical when it interacts with metal ions (Fenton reaction) (Afonso et al., 2007). It can also react with nitric oxide to quench physiological activities such as vascular relaxation (Liu et al., 1999). At the same time, it has been shown that superoxide can form peroxinitrite in the presence of nitric oxide, thereby modifying the bioavailability of nitric oxide (Afonso et al., 2007; Demicheli et al., 2007). The life spans of the hydroxyl radicals and superoxides are extremly short and hydroxyl radicals are highly reactive with various cellular molecules. These ions are normally present in tiny amounts in healthy individuals, as they are sequestered by specialized proteins such as ferritin, thus causing hydroxyl radical formation to be limited.  Other highly reactive ROS, such as peroxyl radicals [ROO.] and hydroxyl radical, can modify/damage the structures of cellular molecules through fragmenting DNA, peroxidizing lipid structures and matrix components, and oxidizing proteins, thus leading to increased vulnerability to proteases (Davies et al., 1987). Other ROS, such as hydrogen peroxide, can diffuse into the cytoplasm since they can easily cross cell membranes and once in the cytoplasm can affect various cellular functions. ROS may also act as mediators that regulate cell functions such as prolifertation and apoptosis, by influencing intracellular signaling pathways via effects on gene expression such as nuclear factor-κB (NF-κB) and hypoxia-inducible factor-1α (HIF-1α) (Haddad, 2002).
ROS are products of many metabolic processes including: superoxide generation from mitochondrial oxidative phosphorylation; activation of phospholipase A2 leading to an arachidonate cascade; activation of proteases leading to conversion of xanthine dehydrogenase to xanthine oxidase; and nitric oxide production by activation of nitric oxide synthase (NOS) (Coyle and Puttfarcken, 1993; Han et al., 2000). Among those, mitochondria have been recognized as the major source of intracellular ROS (Halliwell and Gutteridge, 1989; Schapira and Cooper, 1992;) in neurons during excitotoxicity (Han et al., 2000) and long term potentiation (LTP) in hippocampal CA1 neurons (Reynolds and Hastings, 1995; Bindokas et al., 1996; Klann, 1998). 
ROS concentrations are governed by the balance between the production of ROS and their elimination by antioxidants. An antioxidant is a molecule capable of slowing or preventing the oxidation of other molecules. Oxidation is a chemical reaction that transfers electrons from a substance to an oxidizing agent. Oxidation reactions can produce free radicals, which start chain reactions that damage cells. Antioxidants terminate these chain reactions by removing free radical intermediates, and inhibit other oxidation reactions by being oxidized themselves. Antioxidant mechanisms are strategically localized in the tissues, cells, and subcellular organelles, where ROS are generated and are ubiquitously distributed.  Antioxidant enzymes include the superoxide dismutases (SODs), glutathione peroxidase (GPx), and catalase. In addition, hydrosoluble antioxidants (glutathione [GSH], vitamin C, and uric acid) and liposoluble antioxidants (vitamin E, carotenoids, and bilirubin) are particularly important for protecting cell membranes and plasma lipoproteins (Maher and Schubert, 2000). Physiological concentrations of cellular ROS are quite beneficial; however, in some pathological conditions cellular ROS levels may rise beyond the normal physiological ranges, thus leading to oxidative stress (Jenner, 1994; Contestabile, 2001). This can result from either increased ROS production or decreased antioxidant capacity. However in certain conditions, levels of ROS rise to a point that may endanger the functional and structural integrity of cells, sometimes leading to irreversible damage (Jenner, 1994; Contestabile, 2001; Valko et al., 2007). This imbalance between the production of reactive oxygen and a biological system's ability to readily detoxify the reactive intermediates or easily repair the resulting damage results in oxidative stress.
Mitochondrial Oxidative Stress

Free radicals are produced inside cytoplasmic organelles, such as the mitochondria, peroxisomes, and microsomes. In this project I will focus on mitochondrial ROS generation, since the major source of intracellular ROS in neurons is leakage from the mitochondria. Studies have shown that the mitochondria significantly contribute to the basal levels of intracellular ROS and are themselves a sensor for ROS. However, besides their own production of ROS, the mitochondria regulate ROS generation of other cellular compartments, through the regulation of the oxygen content in these compartments. Therefore, the mitochondria are known to be the main oxygen consumers. Mitochondria convert energy for the cell into a usable form, adenosine triphosphate (ATP).  The process in which ATP is produced, called oxidative phosphorylation, involves the transport of protons (hydrogen ions) across the inner mitochondrial membrane by means of the electron transport chain to generate proton motive force (pmf). At complex V, ATP is synthesized from ADP and inorganice phosphate, as driven by pmf. In the electron transport chain, electrons are passed through series of proteins via oxidation-reduction reactions, with each acceptor protein along the chain having a greater reduction potential than the previous one. The last destination for an electron along this chain is an oxygen molecule.  Normally the oxygen is reduced to water; however, about 1-2% of oxygen consumed is converted into superoxides (Melov, 2000). 
Superoxide Dismutase (SOD) 
Since superoxide is one of the main reactive oxygen species in the cell and is potentially damaging, the cell has evolved defenses against superoxides, namely superoxide dismutases. Superoxide dismutases (SODs) are the first and most crucial part of the antioxidant enzyme defense systems against superoxides. SODs are abundant endogenous enzymes in nervous tissue and they neutralize superoxide by transforming it into hydrogen peroxide. Hydrogen peroxide, however, can be readily degraded to the very reactive hydroxyl radical (Maher, 2000). For this reason, SOD is referred to as a double-edged sword. Futhermore, hydrogen peroxide is metabolized to molecular oxygen and water by either catalase or glutathione peroxidase (Fridovich, 1995). The less reactive, reasonably stable thus long lasting, hydrogen peroxide can diffuse out of the mitochondria and either be converted to water by cytosolic catalase or modify cellular signal transduction pathways. Alternatively, if the hydrogen peroxide is confined within the mitochondria it is converted to water by mitochondrial glutathione peroxidase (Melov, 2000). Presently, the biochemistry and molecular structure of three SOD isoforms found in different compartments have been characterized. These SOD isozymes catalyze the same chemical reaction but display different enzymatic properties and distinct cellular localizations. Cu/ZnSOD (SOD1) is found mainly in the cytoplasm, Mn-SOD (SOD2) is localized primarily in the mitochondrial matrix, and finally EC-SOD (SOD3) is localized in the extracellular space. The physiological importance of SODs is illustrated by the severe pathologies evident in mice genetically engineered to lack these enzymes. Mice lacking SOD1 develop a wide range of pathologies, including hepatocellular carcinoma, an acceleration of age-related muscle mass loss, an earlier incidence of cataracts and a reduced lifespan. Mice lacking SOD3 do not show any obvious defects and exhibit a normal lifespan (Reaume et al., 1996; Folz et al., 1999). In marked contrast, inactivation of SOD2 results in a neonatal lethal phenotype characterized by a dilated cardiomyopathy and fibrosis, neurodegeneration, metabolic acidosis, hepatic fat accumulation, DNA oxidative damage, tissue-specific mitochondrial respiratory chain abnormalities, and abnormalities in TCA cycle enzymes (Lebovitz et al., 1996; Melov et al., 1998; Melov et al., 1999) and the mice die several days after birth.  This emphasizes the importance of mitochondrial SOD (SOD2) and mitochondrial generated ROS and the potential for heterogenous pathologies due to mitochondrial oxidative stress. In this project, we will focus primarily on SOD2 since it has been proposed that mitochondrially generated ROS are a major source of degenerative diseases (Jenner, 1994).  

Whereas much of the research has been directed toward the role of ROS in cell death, ROS is also involved in inducing cell proliferation and differentiation through activation of signaling pathways (Kamata and Hirata, 1999). Therefore, it is important to understand the ROS mechanisms underlying capsaicin-induced pain, which then can lead to the development of new treatment paradigms. The present study proposes that a sudden surge of intracellular Ca2+ following intense NMDA receptor activation overloads mitochondrial Ca2+ uptake. This destabilizes mitochondrial membrane potentials and speeds up the mitochondrial electron transport system. This will result in increased mitochondrial ROS generation, which in turn inactivates mitochondrial antioxidant SOD2 thus causing more ROS accumulation. These findings begin to show for the first time that elevated spinal levels of ROS, specifically superoxide, are critical for capsaicin-induced secondary hyperalgesia. It also suggests that SOD2 is a critical enzyme and most likely the mechanism that maintains the elevated superoxide levels in the spinal cord after capsaicin treatment. Futhermore, this study suggests the possible therapeutic potential for targeting SOD2 in persistent pain conditions. 
CHAPTER 2: GENERAL METHODS

Experimental Animals



Young adult male mice, 4-5 weeks old (20-25g body weight), and of various strains were used for this study. Wild type mice of the FVB/NJ and C57BL/6 strains and SOD2KO+/- mice [B6.129S7-Sod2tm1Leb/J] of the C57BL/6 strain were purchased from the Jackson Laboratory (Bar Harbor, Maine) and SOD2Tg+/- mice of theC57BL/6 strain (originally produced by Dr. Ho) were generously provided by Dr. Eric Klann. The construction of SOD2 transgenic mice has been previously described by Dr. Ho et al. (1998). For all experiments, heterozygous mice (SOD2KO+/- and SOD2Tg+/-) were compared with wild-type mice from the same litter. All animals were housed in groups of four to five in plastic cages with soft bedding, with free access to food and water, and under a 12/12 hour light-dark cycle. Animals were acclimated for 1 week for any experimental procedures. All experimental protocols were approved by the Animal Care and Use Committee at the University of Texas Medical Branch and are in accordance with the National Institute of Health’s Guide for the Care and Use of Laboratory Animals. The UTMB Animal Care Center is led by several Doctors of Veterinary Medicine and includes an experienced veterinarian expert in laboratory animal care, medicine, and diagnostic pathology and surgery.  

Capsaicin Injection



For injection of capsaicin, each mouse was anesthetized with isoflurane (2.0% for induction and 1.5 % for maintenance) in a flow of O2 and placed in a prone position.  For behavioral experiments, 25 µg of capsaicin (0.5% final concentration, Sigma, St. Louis, MO) was dissolved in 5 μl of vehicle containing 20% alcohol, 7% Tween 80, in saline and was injected intradermally (i.d.) using a 30 gauge needle attached to a Hamilton Syringe. The needle was inserted into a site, marked X in Figure 1, near the heel of the left hind paw and advanced to the middle of the plantar surface. A successful injection was noted by the formation of a “bleb” about 1 mm in diameter.  The insertion site was pressed for 1 min to prevent leakage of the solution after removal of the needle.  Anesthesia was discontinued and the mice were aroused within 5 min and then returned to their cages.  For SOD protein and activity analysis and ROS imaging, 25 μl of 0.5% capsaicin was injected into both the plantar (15 μl) and dorsal (10 μl) surface of the left hind paw. This volume is 5 times larger than the volume used for the behavioral testing in order to increase the number of activated capsaicin responsive afferents and thus to maximize the number of affected neurons in the spinal cord. 
Behavioral Testing for assessment of foot withdrawal responses


Foot withdrawal frequencies in response to von Frey stimuli were measured and used as an indicator of mechanical hypersensitivity. Tests were conducted blindly and foot withdrawal responses were assessed before and 1, 2, 3, 5, 8, and 24 hr (or sometimes 48 hr) after i.d. injection of capsaicin.  For each test, the animal was placed in a plastic chamber on top of a mesh screen platform and was habituated for at least 10 min.  Mechanical stimuli were applied from underneath to the plantar surface of the left hind foot. Mechanical sensitivity of the foot was determined by the amount of positive foot withdrawal responses using von Frey monofilaments 2.48, 3.00, or 3.61 (vF#2.48, #3.0, and #3.61), which are equivalent to 0.03, 0.10, or 0.41 g force, respectively and the first stimulus was always administered using the lower filament. For wild type mice of the FVB/NJ strain von Frey monofilaments 2.48 and 3.00 were used; whereas, for wild type, SOD2KO+/-, SOD2Tg+/- of the C57BL/6 strain 3.00 and 3.61 von Frey monofilaments were used due to differences in the basal pain thresholds between the two strains. To assess primary hyperalgesia a von Frey monofilament was applied to site P in Figure 1, which is 3 mm distal from the injection site (site I). For secondary hyperalgesia, a von Frey monofilament was applied at the base and/or proximal part of the third and fourth toes (site S). This area is an adequate distance from the capsaicin injection site, and should not be directly affected by capsaicin, but becomes extremely sensitive and is thus identified as a site of secondary hyperalgesia. For mechanical stimulation, a von Frey filament was applied perpendicular to the stimulation site with sufficient force to bend the filament for 2-3 sec and then removed. An abrupt withdrawal with or without licking of the foot, during stimulation or immediately after stimulus removal, was considered a positive response. Mechanical sensitivity was also tested on the contralateral (non-injected) side in all experimental mice. Each test was composed of 10 stimuli for each area. The number of positive responses was converted into a percentage with 10 positive responses corresponding to 100%.  
Systemic Injection of ROS Scavengers and SOD Mimetic

ROS Scavengers 
To determine the effects of ROS scavengers on capsaicin-induced hyperalgesia, two different ROS scavengers were tested: phenyl N-tert-butylnitrone (PBN; Sigma, St Louis, MO) and 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPOL; Sigma). Both scavengers were dissolved in saline. For injection of ROS scavengers, each mouse was anesthetized with isoflurane (2.0% for induction and 1.5% for maintenance) in a flow of O2 and placed in a prone position. For PBN experiments, 20 mg of PBN was dissolved in 1 ml of saline, and 100 μl of this solution was injected intraperitoneally (i.p) per 20 g of body weight (100 mg per kg of body weight). The same volume of saline was used as a control. To determine the role of ROS in the induction or maintenance of capsaicin-induced hyperalgesia, PBN treatment was administered either 0.5 hours before (pre-treatment) or 1.5 hours after (post-treatment) capsaicin injection. .

For TEMPOL experiments, 60 mg of TEMPOL was dissolved in 1 ml of saline, and 100 μl of this solution was injected per 20 g of body weight intraperitoneally (300 mg per kg of body weight). The same volume of saline was used as a control. To determine the role of ROS in the induction or maintenance of capsaicin-induced hyperalgesia, TEMPOL also was administered either 0.5 hours before (pre-treatment) or 1.5 hour after (post-treatment) capsaicin treatment. To examine the dose response of PBN, one of three doses of PBN (20 mg, 50 mg , or 100 mg/kg of body weight) or saline was injected i.p., 1.5 hours (post-treatment) after intradermal injection of capsaicin. For TEMPOL, either 200 mg/kg, 300 mg/kg, or saline was injected i.p., 1.5 hours (post-treatment) after intradermal injection of capsaicin.
SOD mimetic, Mn (III) tetrakis(4-benzoic acid) porphyrin (MnTBAP) 
For injection of MnTBAP (Calbiochem, San Diego, CA), each mouse was anesthetized with isoflurane (2.0% for induction and 1.5% for maintenance) in a flow of O2 and placed in a prone position. 25 mg of MnTBAP was dissolved in 2.5 ml of saline, and 100 μl of this solution was injected intraperitoneally (i.p) per 20 g of body weight (10 mg per kg of body weight). The same volume of saline was used as a control. To determine the role of SOD in capsaicin-induced hyperalgesia, MnTBAP was administered either 0.5 hours before capsaicin treatment (pre-treatment) or 1.5 hours after (post-treatment).

To examine the dose response, one of three doses of MnTBAP (2 mg, 5 mg, or 10 mg/kg of body weight) or saline was injected i.p., 1.5 hours (post-treatment) after intradermal injection of capsaicin.

Direct transcutaneous intrathecal injection of ROS Scavengers, SOD Inhibitor, and ROS Donor 
For intrathecal injection, a modified method (Lee et al., 2006) of direct transcutaneous intrathecal injection developed by Hylden and Wilcox (1980) was used. Mice were anesthetized (2.0% for induction and 1.5 % for maintenance) with isoflurane in a flow of O2, placed in a prone position, and the hair on their backs was clipped. The caudal paralumbar region, just cranial to the iliac crests, was securely held by the thumb and middle finger of the left hand and the index finger was placed on the tip of sixth lumbar (L6) spinous process, the highest point of the vertebral column. A 30 gauge 1½ inch needle connected to a Hamilton syringe was positioned underneath the index finger with the beveled side facing upward in a forward direction. The needle was inserted into the tissue at a 45˚ angle. The angle of the needle was maintained until the needle went through the L5-L6 intervertebral space and “slipped in” causing a sudden lateral movement of the tail. Solution was injected at a rate of 1 μl/sec. The needle was held in position for 10 seconds and removed slowly to avoid any outflow of the solution. Anesthesia was discontinued and the mice were aroused within 5 min and then returned to their cages. 
ROS Scavengers 

Either 200 μg of PBN in 5 μl of saline or 500 μg of TEMPOL in 5 μl of saline was injected intrathecally (i.t.) 1.5 hrs following capsaicin injection.  To examine the dose response of PBN, one of three doses of PBN: 50 μg, 100 μg, 200 μg, or saline was injected i.t., 1.5 hours (post-treatment) after intradermal injection of capsaicin. For TEMPOL, either 100 μg, 300 μg, 500 μg, or saline was injected i.t., 1.5 hours (post-treatment) after intradermal injection of capsaicin.
SOD inhibitor, Diethylthiocarbamate, (DETC) 

Two mg of DETC (Sigma) was dissolved in 4 ml of saline, and 5 μl of this solution was injected i.t. The same volume of saline was used as a control. To determine the role of SOD in capsaicin-induced hyperalgesia, DETC was administered either 0.5 hours before capsaicin treatment (pre-treatment) or 1.5 hours after (post-treatment).

To examine the dose response, one of three doses of DETC (0.01 mg, 0.02 mg, 0.05 mg) or saline was injected i.p., 1.5 hours (post-treatment) after intradermal injection of capsaicin.

ROS donor, tert-butylhydroperoxide (t-BOOH) 


A bolus of tert-butylhydroperoxide (t-BOOH; Sigma) was injected intrathecally (i.t.) using the direct transcutaneous intrathecal injection method. Three different doses of t-BOOH (0.05, 0.10, 0.25 mg) in 5 μl saline and the same volume of saline (control) were tested.  Ten minutes later, the mechanical hypersensitivity of various spots on the plantar surface of the left hind paw were tested and the most sensitive area was used to measure mechanical hyperalgesia.  Mechanical sensitivity of the paw was measured every 15 min for 2 hrs following i.t. injection of t-BOOH. 

Animal Perfusion

Mice were deeply anesthesized with sodium pentobarbital (Nembutal, 75 mg/kg). When anesthesia was deep, the chest was opened, a perfusion needle was inserted through the left ventricle and up to the aorta, and blood was quickly washed out by perfusion solution.  The perfusion solution was either saline for tissues used for western blot analysis or 0.5 M phosphate buffer, pH 7.4, for SOD activity measurement. For western blot and activity experiments, the desired tissue was frozen immediately and stored at -80 ºC until use.  For histology experiments, the saline perfusion was followed by a fixative containing 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2.  The desired tissue was taken out and stored in fixative overnight and then placed in 30% sucrose until equilibration.

In vivo detection of mitochondrial superoxides using MitoSOX     (MS-R) 


MitoSox Red (Molecular Probes, Eugene, OR) was dissolved in a 1:1 mixture of dimethylsulfoxide (DMSO, Sigma) and saline to a final concentration of 33 μM.  Under isoflurane anesthesia, 5 μl of MitoSox was injected intrathecally (i.t.) by using the direct transcutaneous intrathecal injection method described previously.  Approximately 23 hrs after MitoSox injection, mice received an i.d. injection of either capsaicin (0.5%, 25 μl) or the same volume of vehicle on both the plantar and dorsal surface of the left hind paw.  A larger volume (25 μl) of capsaicin (as compared to behavioral testing) was injected to increase receptive fields, including the dorsal surface of the foot, in order to expose a large number of afferents to capsaicin, which would maximize the number of affected neurons in the spinal cord. Mice remained under 1.5 % isoflurane anesthesia for 30 min to suppress any side effects induced by capsaicin. One hr after capsaicin injection, mice were then perfused through the aorta with saline followed by fixative containing 4% paraformaldehyde and the L4-L5 spinal cord segments were removed.  The cord was postfixed 4-15 hr in the perfusion fixative, equilibrated in 30% sucrose, cryosectioned at 30 μm, and mounted on gelatin coated slides.  The sections were examined under a fluorescence microscope with a rhodamine filter. Two different regions of the dorsal horn were photographed from 10 randomly selected sections from each animal: the lateral part of laminae I -II and laminae III-V.  Photographs were taken with a Q-Imaging Retiga 2000R digital camera attached to an Olympus BX50 microscope using a 63x oil objective lens and saved as digital image files.  The number of MitoSOX positive cellular profiles with distinctive nuclei (dark oval shaped space surrounded by red granules) was counted from these pictures.  



Some spinal cord sections from each treatment group were also immunostained for neurons, astrocytes, and microglia. The primary antibodies used were for a neuronal nuclei marker (NeuN) (Chemicon, Temecula, CA; 1:1000 dilution), astrocytic marker glial fibrillary acidic protein (GFAP) (Chemicon, 1:500 dilution) and a microglia marker (OX-42); (AbD Serotec, Raleigh, NC 1:200 dilution) and Alexa fluor 488 conjugated goat-anti-mouse IgG (Molecular Probes, 1:200 dilution) as secondary antibodies. The sections were washed with distilled water, mounted on slides, air dried, and then coverslipped. The sections were examined under a fluorescent microscope with rhodamine and FITC filters. Photographs of the same regions were taken with appropriate filters and saved as digital image files. The number of single and double labeled, MitoSox only and MitoSox and NeuN, GFAP, or OX-42 cellular profiles were determined.  

Western Blot Analysis of SOD2
At the time of tissue sampling, mice were anesthetized deeply with sodium pentobarbital (Nembutal, 75 mg/kg) and perfused with cold saline for approximately 1 min through the aorta. The L4-5 spinal cord segments were removed after laminectomy and divided into right (contralateral) and left (ipsilateral to capsaicin injection) halves and frozen immediately on dry ice. The spinal cord segments were homogenized, using a mini bead-beater (BioSpec Products, Inc. Bartlesville, OK), in 100 ul of Lysis Buffer (20 mM Tris-Base, 150 mM NaCL, 10% glycerol, 0.1% Triton X-100, 1% Chaps, 2 mM EGTA, 1% protease inhibitor cocktail; Sigma). Lysates were centrifuged at 12,500 g for 30 min at 4º C.  The supernatants were collected and protein concentration was determined using the bicinchoninic acid protein assay (BCA; Pierce; Rockford, IL).  40 μg of protein was resuspended in 40 μl of Laemmli sample buffer (Bio-Rad Laboratories; Hercules, CA) and 5% 2-mercaptoethanol (Bio-Rad Laboratories) and heated for 10 min. The samples were loaded in 15 % SDS polyacrylamide gels (Bio-Rad Laboratories). After separation by SDS-PAGE, proteins were transferred electrophoretically to Polyvinylidene Fluoride (PVDF, Bio-Rad Laboratories) membranes and blocked. For detection of SOD2, blots were incubated with rabbit polyclonal anti-SOD2 (1:5000 dilution; Upstate Cell Signaling, Billerica, MA) and incubated with anti-rabbit horseradish peroxidase-conjugated secondary antibody (Amersham, Piscataway, NJ; 1:3000 dilution). The specific complex was detected by an enhanced chemiluminescence detection system. SOD2 levels were quantified by densitometry using MetaMorph software (Molecular Devices, Downingtown, PA).  Equal protein loading was determined using β-Actin (1:5000 dilution; Sigma) expression as a control.  
 Immunoprecipitation and Western Blot Analysis of N-SOD2
The L4-5 spinal cord segments were sampled after cold saline perfusion as described in the previous section. The spinal cord segment was homogenized, using a mini bead-beater, in 100 μl of lysis buffer. After homogenization, solubilized extracts were sonicated and centrifuged at 12,500 g. The supernatants were collected and stored at -80º C immediately.  Protein concentration was determined by the BCA method as above. Forty micrograms of solubilized proteins were incubated with 10 μg of agarose-conjugated anti-nitrotyrosine antibody (Upstate Cell Signaling) overnight at 4º C. Agarose beads were collected by centrifugation at 12,500 g, washed in PBS three times, and collected. The mixture of the beads-antibody and binding proteins complex was resuspended in 50 μl of Laemmli sample buffer and 5% 2-mercaptoethanol and heated for 10 min at 95º C. Mouse brain treated with peroxynitrite (Upstate Cell Signaling) for 10 min was used as a positive control. The samples were then loaded into 15 % SDS-PAGE minigels.  After separation by SDS-PAGE, proteins were transferred electrophoretically to PVDF membranes and western blots for SOD2 were performed as above.  Equal protein loading was determined using β-Actin expression as a control.  

SOD2 activity measurement and analysis 

Tissue samples were homogenized, using a mini bead-beater, in 100 μl of 50 mM sodium phosphate buffer, ph 7.4, two times for 20 sec each.  The homogenates were centrifuged for 20 min at 12,000 g and supernatants were collected and stored on ice.  Protein concentration was determined using the BCA method as above. SOD activity was tested using a microtiter plate assay for SOD using a water soluble tetrazolium (WST-1) salt. This assay uses a superoxide generating system which produces a water-soluble formazan dye upon reduction with a superoxide anion.  The rate of WST-1 reduction by xanthine oxidase-derived superoxide anion is linear and is inhibited by SOD. The reagent mixture for detection consists of: Assay buffer: 1 mM diethylenetriamine-pentaacetic acid (DTPA; Sigma), 1mM Hypoxanthine (Sigma), 50 mM phosphate buffer (pH 8.0), Catalase: 2 mg/ml (Sigma), WST-1: 50 uM (Dojindo Laboratories; Gaithersburg, MD), and Xanthine Oxidase: 4.5 mU/ml (Sigma).  The reagent mixture was prepared immediately before use. Xanthine oxidase was added to the reaction mixture just before starting the assay. After preparation, SOD standards were made. Bovine Cu/Zn SOD (Sigma) was used as a standard and final SOD concentrations of 0, 1, 3, 10, 30, 100 ng/ well was used.  In a flat bottomed 96 well plate, 10 μl of standard was pipeted in triplicate form into wells, as well as a blank (-SOD, - xanthine oxidase), positive blank (-SOD, + xanthine oxidase) and each sample.  SOD1 activity was inhibited by performing the assay in the presence of 2mM NaCN (Sigma) after pre-incubation of samples for 30 min. Inhibition of samples with NaCN allowed measurement only of SOD2. Samples then were diluted 1:10 and each sample was pipeted in triplicates, as well as standards. 200 ul of reagent mixture per well was pipeted quickly, being careful not to make bubbles.  Absorbance was read at 450 nM at 0 min and then every 10 min for 1 hr. Absorbance data were printed, stored using Excel, and graphs of the standard solutions and samples were made using a 1st order equation using linear line of absorbance curve. A time point was chosen based on this R2 value and a standard curve for SOD was made at the time point chosen. The y-axis was percent inhibition of absorbance whereas the x-axis was the log scale of the SOD standard.  The absorbance of the sample between the maximum value and minimum value of the SOD standard was selected and the SOD activity of sample was calculated based on the standard curve. 
Statistical Analysis


Data are presented as mean ± standard error of the mean (SEM) and were analyzed using the statistical program SigmaStat (Version 3.1, Systat Software, CA).  Statistical analyses for differences in changes over time in multiple groups were performed using two-way analysis of variance (ANOVA) with one repeated factor (time), followed by Duncan’s post hoc test. Differences of values in different groups were tested using the t-test (when comparing 2 groups) or the one-way ANOVA (when comparing more than 2 groups) followed by post-hoc pair-wise multiple comparisons. All statistical tests were evaluated at a p level of significance of 0.05.
Behavioral Experiments

Behavioral experiments compare foot withdrawal frequencies. Changes following administration of capsaicin, ROS scavengers and donor, and SOD inhibitors and mimetics, were determined to be statistically significant by using a two-way repeated measures analysis of variance. All values are given as mean ± SEM. 
Western Blot and SOD2 Activity Experiments

Comparison of data between two treatment groups will be made by a non-paired t-test, using the same criteria as described above for repeated measures analysis of variance. These experiments compare relative density of gel band (or absorbency of light at a specific spectrum) of chemicals of interest (e.g. SOD2) to that of β-Actin. All values are given as mean ± SEM. Comparison of data between more than two treatment groups will be made using a one-way analysis of variance. 
Cell Counts

Experiments with MitoSOX and immunohistochemistry require comparing cell counts. Comparison of data between treatment groups will be made by a non-paired t-test, using the same criteria as described above for repeated measures analysis of variance. All average values are given as mean ± SEM. 
CHAPTER 3: OXIDATIVE STRESS IN THE SPINAL CORD IS AN IMPORTANT CONTRIBUTOR IN CAPSAICIN-INDUCED SECONDARY MECHANICAL HYPERALGESIA
Introduction




Oxidative stress, cytotoxic effects of reactive oxygen species (ROS), is considered a prominent factor in many degenerative neurological conditions, such as Alzheimer disease, Parkinson disease, amyotrophic lateral sclerosis, and other brain dysfunctions ranging from brain injury to aging (Jenner, 1994; Gerlach et al., 1994; Hensley et al., 1997; Lewen et al., 2000). ROS are oxygen containing chemicals, free radicals and nonradicals, and are byproducts of normal cellular functions, such as oxidative phosphorylation and various enzyme reactions such as monoamine oxidase reaction (Hensley et al., 1997). Physiological concentrations of cellular ROS are tightly controlled by an endogenous antioxidant system which includes various enzymes and non-enzymatic molecules (Jenner, 1994; Contestabile, 2001). In some pathological conditions, however, cellular ROS levels may rise beyond the normal physiological ranges and thus lead to oxidative stress. This can result from either increased ROS production or decreased antioxidant capacity. The consequences of oxidative stress varies from modification of cellular signaling pathways to irreversible structural and/or functional damages (Jenner, 1994; Contestabile, 2001). 
 The mechanisms of persistent pain are not clearly understood, but ROS have been proposed to contribute to persistent pain (Khalil et al., 1999; Kim et al., 2004; Wang et al., 2004). For instance, mechanical allodynia developed after a peripheral nerve injury in the rat was temporarily but almost completely relieved by a systemic injection of free radical scavengers, phenyl-N-tert-butyl-nitrone (PBN) and 5,5-dimetyl-pyrroline-N-oxide (DMPO) (Kim et al., 2004). The hyperalgesia induced by an injection of formalin into the rat paw was significantly attenuated by a treatment with antioxidants, either systemically or intrathecally (Hacimuftuoglu et al., 2006). Furthermore, the number of neurons showing mitochondrial ROS production was significantly increased in the lumbar spinal dorsal horn in spinal nerve ligated neuropathic rats  (Park et al., 2006). These studies thus suggest that increased levels of ROS in the spinal cord and/or in the peripheral tissue play an important role in persistent pain after peripheral nerve injury or tissue inflammation.


While different studies suggest that ROS are important for central or peripheral sensitization in pain states, the exact site of ROS action has not been clearly identified. Pain induced by intradermal capsaicin has well defined peripheral and central components (Willis, 2001). Primary hyperalgesia, occurring at the capsaicin-injected site, is explained by peripheral nociceptor sensitization (Simone et al., 1989; Baumann et al., 1991; Baumann et al., 1991; Steen et al., 1992).  On the other hand, secondary hyperalgesia, which is observed in the intact neighboring region of the injection site, is known to be due to central sensitization in the spinal dorsal horn (Willis, 2001). Thus the capsaicin induced pain model is useful to study the role of ROS in these two different components of hypersensitivity. Using this well established model, the present study investigates the differential role of ROS in primary and secondary hyperalgesia. The data indicate that spinal ROS are critical for secondary hyperalgesia and thus central sensitization. 
Results
Capsaicin induces long lasting primary and secondary hyperalgesia in mice 



Mechanical sensitivity of the foot was determined by the amount of positive foot withdrawals in response to von Frey stimuli applied 10 times. An abrupt withdrawal with or without licking of the foot, during stimulation or immediately after stimulus removal, was considered a positive response. However, animals did not exhibit any spontaneous licking or shaking of the paw after intradermal capsaicin injection in the absence of von Frey stimulation. To assess primary hyperalgesia, a von Frey monofilament was applied to site P in Figure 1, which is 3 mm distal from the injection site (site I). For secondary hyperalgesia, a von Frey monofilament was applied at the base and/or the proximal part of the third and fourth toes (site S).



In normal mice, the average % of foot withdrawal frequencies was 2.1 ± 1.8 % (mean ± SEM, n=6) and 3.2 ± 2.3 % (n=6) in response to mechanical stimuli with vF filaments # 2.48 (0.03 g force) and # 3.00 (0.10 g force), respectively. One hour after i.d. capsaicin injection, foot withdrawal frequencies increased to 36.3 ± 2.3 % (vF #2.48, n=6) and 45.1 ± 2.3 % (vF #3.0, n=6) in the area where inflammation developed due to capsaicin injection (site P in Fig. 1) compared to 2.1 ± 1.3 % (vF #2.48, n=6) and 3.3 ± 2.7 % (vF #3.00, n=6) in the vehicle treated mice (Fig. 2). The data indicate that primary hyperalgesia developed at the capsaicin injection site. Foot withdrawal responses were also significantly increased in the neighboring non-inflamed region (site S in Fig. 1) to 40.4 ± 4.6 % (vF # 2.48, n=6) and 50.2 ± 3.7 % (vF #3.00, n=6) with capsaicin treatment compared to 1.5 ± 1.1 % (vF #2.48, n=6) and 4.2 ± 1.7 % (vF #3.00, n=6) with vehicle treatment, indicating the development of secondary hyperalgesia.  The peak responses, ranging from 64 to 82 %, were observed 2 hrs after capsaicin injection for both primary and secondary hyperalgesia, and then started to decline gradually afterward. Significant hyperalgesia was observed up to 5-8 hrs (Fig. 2) after capsaicin injection. Data suggest that i.d. capsaicin induces both primary and secondary hyperalgesia that last approximately 5-8 hrs. The foot withdrawal responses to mechanical stimuli recovered to the pretreatment levels by 24 hrs after capsaicin injection for both primary and secondary hyperalgesia.
Post-treatment with ROS scavengers reduces capsaicin-induced secondary hyeralgesia, but not primary hyperalgesia, in a dose-dependent manner


To test whether ROS are involved in the maintenance of capsaicin-induced hyperalgesia, the effects of ROS scavengers on pain were examined and the data are shown in Figures 3 and 4. Systemic PBN treatment (100 mg/kg, i.p.), 1.5 hours after capsaicin injection, had no effect on the primary hyperalgesia. The same treatment, however, produced a significant reduction in secondary hyperalgesia, which lasted approximately 6 hours in a dose-dependent manner. Foot withdrawal frequencies in response to vF stimuli were 67.2 ± 4.4 % (vF #2.48, n=6) and 72.2 ± 5.2 % (vF #3.00, n=6) 0.5 hrs after systemic saline treatment at the secondary hyperalgesia site. With PBN treatment, these values were 32.1 ± 3.4 % (vF #2.48, n=6; Figs. 3B & C) and 35.3 ± 4.1 % (vF #3.00, n=6; Figs. 4B & C) 0.5 hrs after PBN treatment. In the dose-response study, both 50 and 100 mg/kg of PBN (n=6 for each dose) resulted in graded antihyperalgesic responses, whereas, 20 mg/kg of PBN did not cause any significant reduction in secondary hyperalgesia as compared to the saline treated group (Fig. 3B&C and Figs 4B & C).  A systemic TEMPOL treatment (200 and 300 mg/kg, i.p. n=6) also had a similar antihyperalgesic effect only on the secondary hyperalgesia. The foot withdrawal frequencies at the secondary hyperalgesia site decreased to 35.6 ± 3.4 % (vF #2.48, n=6; Figs. 3E&F) and 40.5 ± 4.2 % (vF #3.00, n=6; Figs 4E & F), while they stayed at the levels of 55.2 ± 4.7 % (vF #2.48, n=6) and 60.3 ± 3.7 % (vF #3.00, n=6) with saline treatment. The results show that ROS scavengers are effective in producing antihyperalgesia only on the capsaicin-induced secondary hyperalgesia, thus suggesting that ROS are mainly involved in central sensitization.

The main action site of ROS is the spinal cord



To check whether ROS are acting mainly by a spinal mechanism, the effects of intrathecally injected PBN and TEMPOL on capsaicin-induced secondary hyperalgesia were examined.  After confirming the development of the primary and secondary hyperalgesia 1 hr after i.d. capsaicin treatment, a bolus of either PBN (200 μg) or TEMPOL (500 μg) was injected intrathecally 1.5 hr after capsaicin treatment. The foot withdrawal frequencies were then measured on both primary and secondary hyperalgesia sites at various times after i.t. PBN or TEMPOL injection. The time course of behaviors and the averaged values of the foot withdrawal frequencies at 2 hr after capsaicin, representing 0.5 hr after PBN or TEMPOL treatment, are shown in Figure 5 (vF 2.48) and Figure 6 (vF 3.0). As shown in both figures, intrathecal injection of either PBN or TEMPOL produced significant analgesic effects on the secondary hyperalgesia. Vehicle treatment did not have any effect on the secondary hyperalgesia. In the dose-response study, all three doses of PBN: 50, 100, or 200 μg (n=6 for each dose) produced graded antihyperalgesic responses. However, 50 μg of PBN did not cause a significant reduction in secondary hyperalgesia as compared to the saline treated group. We also tested the effects of i.t. ROS scavengers on the contralateral paw but there was no change in foot withdrawal frequencies compared to the pre-drug values, which show no response.  



In the dose-response study of TEMPOL, all three doses used for intrathecal treatment, 100, 200, and 500 μg (n=6) in 5 μl saline, also resulted in a graded antihyperalgesic response only on secondary hyperalgesia. The foot withdrawal frequencies at the secondary hyperalgesia site, 0.5 hr after TEMPOL injection (500 μg), were significantly decreased to 35.6 ± 3.4 % (vF #2.48, n=6; Figs. 5E &F) and 40.5 ± 4.2 % (vF #3.00, n=6; Figs. 6E & F) compared to 55.2 ± 4.7 % (vF #2.48, n=6) and 60.3 ± 3.7 % (vF #3.00, n=6) with saline treatment. The results show that ROS scavengers are effective in producing antihyperalgesia only on secondary hyperalgesia, thus suggesting that ROS are mainly involved in central sensitization.

These results show that the antihyperalgesic effects of intrathecal PBN or TEMPOL are almost identical to those of systemic injection. This antihyperalgesic effect of intrathecal PBN or TEMPOL on secondary hyperalgesia lasted approximately 3.5 hours.  The result that intrathecal PBN or TEMPOL is effective in producing antihyperalgesia only on secondary hyperalgesia suggests that ROS may be important for central sensitization in the spinal cord.
Intrathecal administration of a ROS donor, t-BOOH, produced transient pain behaviors in normal mice in a dose-dependent manner


To test whether an artificial increase of spinal ROS will induce pain behaviors, a ROS donor t-BOOH was injected intrathecally and mechanical sensitivity of the paw was measured. The most sensitive area of the paw to vF stimuli was identified at the base or proximal parts of the 3rd and 4th digits in each animal and then mechanical sensitivity was measured at this sensitive site.   Three different doses of t-BOOH, 0.05, 0.10, or 0.25 mg in 5 µl saline, were tested by using the transcutaneous intrathecal injection method. As shown in Figure 7, the foot withdrawal frequencies started to increase approximately 15 minutes after t-BOOH in all three doses and reached the maximum responses by 45 min and then returned to near baseline levels 90 minutes later. The hyperalgesic effect after 0.25 mg of t-BOOH showed the highest increases of 75.2 ± 4.7 % (vF #2.48, n=10) and 95.4 ± 3.3 % (vF #3.00, n=10) compared to the saline treated group of 1.7 ± 1.3 % (vF #2.48, n=10) and 2.9 ± 1.4 % (vF #3.00, n=10).  All three tested doses of t-BOOH produced transient but statistically significant mechanical hyperalgesia as compared to the saline treated group in a dose-dependent manner. The vehicle (saline) treated mice did not produce mechanical hyperalgesia.

Pretreatment with ROS scavengers significantly reduced the development of secondary hyperalgesia


To test whether ROS are involved in the development of pain, the effects of pretreatment with a ROS scavenger on mechanical hyperalgesia were examined in i.d. capsaicin treated mice. A ROS scavenger, PBN (100 mg/kg) or TEMPOL (300 mg/kg), was injected intraperitoneally 0.5 hr prior to capsaicin treatment and then mechanical hyperalgesia were measured as described before. PBN or TEMPOL pretreatment had no affect on the development of capsaicin-induced primary hyperalgesia. On the other hand, these substances significantly reduced capsaicin-induced secondary hyperalgesia. The foot withdrawal frequencies at 1 hr after capsaicin injection were 30.5 ± 3.7 % (vF #2.48, n=6; Figs 8B & C) and 38.2 ± 4.1 % (vF #3.00, n=6; Figs. 9B & C) with PBN pretreatment compared to 55.6 ± 4.7 % (vF #2.48, n=6) and 60.4 ± 3.7 % (vF #3.00, n=6) with saline pretreatment. TEMPOL (300 mg/kg, i.p.) pretreatment also decreased foot withdrawal frequencies significantly to 25.00 ± 3.67 (vF #2.48, n=6) and 30.00 ± 4.12 (vF #3.00, n=6) compared to 55.00 ± 4.69 (vF #2.48, n=6; Figs. 8E & F) and 60.00 ± 3.74 (vF #3.00, n=6; Figs. 9E & F) with saline pretreatment at 1 hr after capsaicin treatment. From this point on mechanical hyperalgesia started to decrease without any further increase. The results showed that with ROS scavenger pretreatment, capsaicin-induced hyperalgesia lasted only 2 hours rather than 5-8 hours with capsaicin only. Therefore, pretreatment with ROS scavengers reduces the magnitude and duration of capsaicin-induced secondary hyperalgesia in mice.

Discussion




The present study shows that both PBN and TEMPOL, which are ROS scavengers, produce a significant antihyperalgesic effect on capsaicin-induced secondary hyperalgesia, but not primary hyperalgesia, indicating that ROS are involved in secondary but not primary hyperalgesia. The significant antihyperalgesic effect of intrathecal ROS scavengers and the induction of hyperalgesia with an intrathecal ROS generator further indicate that ROS act primarily through a spinal mechanism to induce pain.


Evidence showing ROS involvement in pain is limited. There are a few reports that various ROS scavengers and antioxidants reduce hyperalgesic behaviors in rat models of persistent pain  (Khalil et al., 1999; Wang et al., 2004; Kim et al., 2006; Kim et al., 2004). In addition, the increased production of mitochondrial superoxides in spinal dorsal horn neurons (Park et al., 2006) and increased levels of extracellular hydrogen peroxides in the spinal trigeminal nucleus (Viggiano et al., 2005) are observed in animal models of neuropathic and inflammatory pain, respectively. Showing that ROS scavengers reduce secondary hyperalgesia and ROS levels are increased in the dorsal horn neurons in capsaicin treated mice, further support that the main action site of ROS is in the spinal cord. However, it has been shown that an intracerebroventricular injection of ROS scavengers also produces a small but significant antihyperalgesic effect in capsaicin-induced secondary hyperalgesia in rats (Lee et al., 2007). Thus, the supraspinal involvement of ROS can not be completely ruled out because it is possible that intrathecally injected ROS scavengers might have spread and acted on supraspinal structures. On the other hand, several other studies have shown that peripheral ROS are important for persistent pain. In a rat model of chronic constriction injury, significantly increased free radical activity is detected in the injured sciatic nerve (Khalil et al., 1999; Khalil and Khodr, 2001). A neuropathic-like pain is produced in rats following prolonged hind paw ischemia and reperfusion, a condition known to induce free radical generation (Coderre et al., 2004). The present study, however, suggests that peripheral ROS production may not contribute significantly to capsaicin-induced primary mechanical hyperalgesia, since ROS scavengers do not affect primary mechanical hyperalgesia. In addition, a significant reduction in intensity and duration of secondary hyperalgesia after PBN or TEMPOL pretreatments indicates that ROS are critically involved not only in the maintenance but also in the development of secondary hyperalgesia in capsaicin-induced hyperalgesia. Detailed mechanisms of how ROS affect the development and maintenance of secondary hyperalgesia need to be explored for a better understanding of roles of ROS in capsaicin-induced hyperalgesia. 


It is well known that too much ROS produces tissue damage (Jenner, 1994; Contestabile, 2001). Thus it is possible that increased spinal ROS either after i.d. capsaicin or i.t. t-BOOH might have induced spinal cord damage. The common consequence of oxidative damage in the nervous system is lipid peroxidation  due to the presence of large amounts of polyunsaturated fatty acids, compromising cell integrity (Abe and Saito, 1998). Thus it is possible that the hyperalgesic effect of i.d. capsaicin or i.t. t-BOOH might have been the result of oxidative damage of the spinal cord. However, the hyperalgesia induced by i.t. t-BOOH only lasts 80 minutes and then paw sensitivity returns to the normal levels. Furthermore, the hyperalgesia induced by i.d. capsaicin can be reversed by ROS scavengers within 30 minutes. The reversible nature of the antihyperalgesic effect of ROS scavengers and the hyperalgesic effect of a ROS donor suggest that the role of ROS in pain transmission is unlikely due to permanent cellular damage. In support of this, one study showed that lipid peroxidation, a sign of tissue damage, in the spinal cord does not increase in the animal model of neuropathic pain with sciatic nerve transection (Guedes et al., 2006). Thus we propose that the neurons that are less severely stressed by moderately elevated levels of ROS survive but become dysfunctional, and that their function is restored by removal of ROS as shown in the present study.


The spinal cord is a region where nociceptive processing occurs and a nerve injury can cause various neurochemical adaptations, including up- or down-regulation of neurotransmitters, neuromodulators, and various signaling molecules (Zimmermann, 2001). Several recent studies suggest that ROS may modulate the functions of crucial proteins that are involved in persistent pain (O'Dell et al., 1994; Chan and Sucher, 2001). It has been shown that ROS can affect the activities of cellular signaling molecules, such as by activating protein kinase A, protein kinase C and CaMKII and by inactivating protein phosphatases (Servitja et al., 2000; Zhang et al., 2003; Zhang et al., 2005). Studies also report the involvement of hydrogen peroxide in enhancing protein tyrosine phosphorylation by inactivating protein tyrosine phosphatases and activating protein tyrosine kinases (Rhee et al., 2000) and its involvement  in the functioning of neurotransmitter receptors by altering ligand-receptor interactions (Sah and Faber, 2002).  Based on these ideas, we speculate that increased ROS in the spinal dorsal horn after an i.d. capsaicin injection may be involved in the modification of cellular signal transduction pathways. We propose that elevated ROS modify redox sensitive signaling enzymes, such as protein kinases and protein phosphatases, and thus gates cellular mechanisms toward central sensitization. The ROS induced signal transduction pathway changes in persistent pain need to be explored in future studies. 



In conclusion, this study demonstrates that ROS contribute to the development and maintenance of capsaicin-induced secondary hyperalgesia in mice, mainly through central sensitization. 
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Figure 1: Sites of capsaicin injection and behavioral testing in the mouse hind foot 
For capsaicin injection, a 30-gauge needle was inserted at the heel of the foot (X) and advanced to the injection site (I), and capsaicin (25 µg in 5 μl of vehicle) was injected intradermally (i.d.). Foot withdrawal frequencies in response to von Frey stimuli were measured at site P for primary hyperalgesia and at site S for secondary hyperalgesia. 
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Figure 2: Time course of primary and secondary hyperalgesia after intradermal (i.d.) capsaicin injection (5μl, 0.5%) in the mouse hind foot 

Asterisks (*), p≤0.05 (n=6), indicate values significantly different from corresponding values in the vehicle treated group according to Duncan’s post hoc test after two-way repeated ANOVA. Arrowheads indicate time of capsaicin (or vehicle) injection.
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Figure 3: Effects of systemic (i.p.) PBN or TEMPOL post-treatment on capsaicin-induced hyperalgesia using vF # 2.48 

A,D Time course of PBN or TEMPOL effects on primary hyperalgesia. B,E Time course of PBN or TEMPOL effects on secondary hyperalgesia. C,F The dose response of PBN or TEMPOL on secondary hyperalgesia 2 hr after i.d. capsaicin injection and 30 min post ROS scavenger. Asterisks (*), p ≤ 0.05 (n=6), indicate values significantly different from corresponding values in the vehicle treated group according to Duncan’s post hoc test after two-way repeated ANOVA. Arrowheads indicate time of capsaicin injection. Downward arrows indicate time of tested compound (PBN, TEMPOL, or saline) injection. PBN(P) doses: 20, 50, or 100 mg/kg body weight. TEMPOL(T) doses: 200 or 300 mg/kg body weight.
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Figure 4: Effects of systemic (i.p.) PBN or TEMPOL post-treatment on capsaicin-induced hyperalgesia using vF # 3.00 

A,D Time course of PBN or TEMPOL effects on primary hyperalgesia. B,E Time course of PBN or TEMPOL effects on secondary hyperalgesia. C,F The dose response of PBN or TEMPOL on secondary hyperalgesia 2 hr after i.d. capsaicin injection and 30 min post ROS scavenger. Asterisks (*), p ≤ 0.05 (n=6), indicate values significantly different from corresponding values in the vehicle treated group according to Duncan’s post hoc test after two-way repeated ANOVA. Arrowheads indicate time of capsaicin injection. Downward arrows indicate time of tested compound (PBN, TEMPOL, or saline) injection. PBN(P) doses: 20, 50, or 100 mg/kg body weight. TEMPOL(T) doses: 200 or 300 mg/kg body weight.
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Figure 5: Effects of intrathecal (i.t.) PBN or TEMPOL treatment on capsaicin-induced hyperalgesia using vF # 2.48 

A,D Time course of PBN or TEMPOL effects on primary hyperalgesia. B,E Time course of PBN or TEMPOL effects on secondary hyperalgesia. C,F  The effect of PBN or TEMPOL on secondary hyperalgesia 2 hr after i.d. capsaicin injection and 30 min after either PBN, TEMPOL, or Saline treatment. Asterisks (*), p ≤ 0.05 (n=6), indicate values significantly different from corresponding values in the vehicle treated group according to Duncan’s post hoc test after two-way repeated ANOVA. Arrowheads indicate time of capsaicin injection. Downward arrows indicate time of tested compound (PBN, TEMPOL, or saline) injection. PBN(P) doses: 20, 50, or 100 μg in 5 μl. TEMPOL(T) doses: 100, 200, or 500 μg in 5 μl saline.
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Figure 6: Effects of intrathecal (i.t.) PBN or TEMPOL treatment on capsaicin-induced hyperalgesia using vF # 3.00 

A,D Time course of PBN or TEMPOL effects on primary hyperalgesia. B,E Time course of PBN or TEMPOL effects on secondary hyperalgesia. C,F  The effect of PBN or TEMPOL on secondary hyperalgesia 2 hr after i.d. capsaicin injection and 30 min after either PBN, TEMPOL, or Saline treatment. Asterisks (*), p ≤ 0.05 (n=6), indicate values significantly different from corresponding values in the vehicle treated group according to Duncan’s post hoc test after two-way repeated ANOVA. Arrowheads indicate time of capsaicin injection. Downward arrows indicate time of tested compound (PBN, TEMPOL, or saline) injection. PBN(P) doses: 20, 50, or 100 μg in 5 μl. TEMPOL(T) doses: 100, 200, or 500 μg in 5 μl saline.
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Figure 7: Effects of i.t. t-BOOH on mechanical hyperalgesia 

A: i.t. t-BOOH transiently induced mechanical hyperalgesia in normal mice in a dose-dependent manner. Saline did not produc any changes in mechanical sensitivity. B: The bar graph shows the effect of t-BOOH on mechanical hyperalgesia 45 min after t-BOOH injection. Asterisks (*), p ≤ 0.05 (n=10). The open arrowhead indicates time of t-BOOH (or saline) injection. t-BOOH doses: 0.05, 0.10, or 0.25 mg in 5 μl saline.
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Figure 8: Effects of systemic PBN or TEMPOL pre-treatment on capsaicin-induced hyperalgesia using vF # 2.48 

A,D Time course of PBN or TEMPOL effects on primary hyperalgesia. B,E Time course of PBN or TEMPOL effects on secondary hyperalgesia.  C,F The effect of PBN or TEMPOL on secondary hyperalgesia 2 hr after i.d. capsaicin injection and 2.5 hrs after either PBN, TEMPOL, or Saline treatment. Asterisks (*), p ≤ 0.05, indicate values significantly different from corresponding values in the vehicle treated group according to Duncan’s post hoc test after two-way repeated ANOVA. Arrowheads indicate time of capsaicin (or saline) injection. Downward arrows indicate time of tested compound (PBN, TEMPOL, or saline) injection. PBN dose: 100 mg/kg body weight. TEMPOL dose: 300 mg/kg body weight.
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Figure 9: Effects of systemic PBN or TEMPOL pre-treatment on capsaicin-induced 

hyperalgesia using vF # 3.00

 A,D Time course of PBN or TEMPOL effects on primary hyperalgesia. B,E Time course of PBN or TEMPOL effects on secondary hyperalgesia.  C,F The effect of PBN or TEMPOL on secondary hyperalgesia 2 hr after i.d. capsaicin injection and 2.5 hrs after either PBN, TEMPOL, or Saline treatment. Asterisks (*), p ≤ 0.05, indicate values significantly different from corresponding values in the vehicle treated group according to Duncan’s post hoc test after two-way repeated ANOVA. Arrowheads indicate time of capsaicin (or saline) injection. Downward arrows indicate time of tested compound (PBN, TEMPOL, or saline) injection. PBN dose: 100 mg/kg body weight. TEMPOL dose: 300 mg/kg body weight.

CHAPTER 4: INTRADERMAL INJECTION OF CAPSAICIN CAUSES INCREASED PRODUCTION OF MITOCHONDRIAL SUPEROXIDE IN SPINAL DORSAL HORN NEURONS 
Introduction

Increased levels of ROS within mitochondria may, at least in part, lead to mitochondrial dysfunction, or alternatively, may be a result of mitochondrial dysfunction (dam-Vizi, 2005). A growing amount of evidence suggests that oxidative damage of mitochondria as a result of increased ROS levels may play a primary role in several neurodegenerative diseases such as aging, cancer, and diabetes (Shigenaga et al., 1994; Green et al., 2004). Oxidative damage to mitochondrial electron transport complexes and DNA can lead to mitochondrial DNA mutations, aberrant electron transport, disruption of calcium homeostasis, and activation of apoptosis (James and Murphy, 2002). Mitochondria consume 85-95% of the oxygen inspired during respiration, most of which is reduced to water, but a small portion (estimated from <0.1% to as high as 4%) of electrons leak from the respiratory chain to reduce oxygen to superoxide(O2.-) (Lenaz et al., 2002; Fridovich 2004). Studies have shown that both mitochondrial membrane potential and reduction state of respiratory chain carriers can affect superoxide production. 

ROS can damage various intracellular macromolecules and has been shown to activate a variety of signaling pathways (Kamata and Hirata, 1999; Maher and Schubert, 2000). As mentioned, ROS are natural byproducts of activity of the mitochondrial electron transfer chain and the rate of superoxide formation is proportional to mitochondrial oxygen utilization. That means that as cell activity increases the demand for energy increases thus enhancing the activity of mitochondrial oxidative phosphorylation, leading to an increase in ROS production. When superoxides are produced during oxidative phosphorylation they are neutralized rapidly by the antioxidant system. This type of “check system” allows the redox state of the mitochondria to remain in balance. However, this balance can be disrupted, causing a change in the oxidative state to occur, thus causing superoxide levels to increase.  The fates and consequences of superoxides produced in the mitochondria are multiple: some will oxidize mitochondrial protein, lipids, and nucleic acids; some will be dismutased into hydrogen peroxides by SOD2; and some will react with nitric oxide and produce peroxinitrites. Furthermore, increased production of superoxide can cause endothelial cell damage and increased microvascular permeability (Droy-Lefaix et al., 1991), release of cytokines (Salvemini et al., 1999; Matata and Galinanes, 2002), recruitment of neutrophils at sites of inflammation (Boughton-Smith et al., 1993; Salvemini et al., 1999), single-strand DNA damage (Dix et al., 1996), and poly-ADP-ribose-polymerase (PARP) activation (Inoue and Kawanishi, 1995). 

Since behavioral studies have demonstrated that free radical scavengers administered in the spinal cord produce a powerful analgesic effect, we hypothesize that elevated spinal ROS after capsaicin injection to the foot id causing hyperalgesia. Furthermore, we hypothesize that the main source of elevated spinal ROS is dorsal horn neurons. This increase in ROS production occurs because capsaicin will produce intense activation of nociceptors initially and subsequently cause sensitization of them. This sensitization will lead to prolonged nociceptive afferent inputs to the spinal cord. This prolongation will cause hyperalgesia to occur and we hypothesize that this hyperalgesia results from a persistent state of peripheral afferent sensitization. This persistent state subsequently initiates spinal cord central sensitization through the release of the excitatory amino acid glutamate and studies have shown that application of glutamate induces a marked increase in intracellular ROS in cultured forebrain neurons (Bindokas, Jord n et al. 1996; Kahlert and Reiser 2004; Coyle and Puttfarcken 1993), suggesting glutamate mediated ROS production in neurons. Even though ROS production in glia has been reported in culture systems, and astrocytes have been seen to function as modulators of neuronal sensitivity to glutamate and/or in an antioxidant capacity, we hypothesize that neurons, due to the production of free radicals during glutamate toxicity, are the major source of ROS in the spinal cord in capsaicin-induced hyperalgesia. Furthermore, the number of neurons showing mitochondrial ROS production was significantly increased in the lumbar spinal dorsal horn in spinal nerve ligated neuropathic rats  (Park et al. 2006).
Based on the reasoning stated above, mitochondria in the dorsal horn neurons are speculated to be the major source of superoxides in response to intraderamal capsaicin. Thus, the production of mitochondrial superoxides was determined by a histological method using a mitochondrial superoxide specific redox sensitive dye, MitoSOX (MS-R), in combination with immunostaining for neurons and glia. When injected intrathecally, MitoSOX diffuses in the spinal cord and is sequestered in mitochondria. Although this marker does not fluoresce in its original form, it fluoresces red when oxidized by mitochondrial superoxide produced. This study shows that many more dorsal horn neurons are labeled by MitoSOX after capsaicin treatment as compared to vehicle treated mice. The majority of MitoSOX positive cells are also identified as neurons. Based on this data, we hypothesize that neuronal production of mitochondrial superoxides is an important factor in capsaicin-induced hyperalgesia. 

Results

Intradermal capsaicin induces increased mitochondrial superoxide production in the dorsal horn
To determine whether intradermal injection of capsaicin causes increased ROS production in the spinal cord, the number of cells showing oxidized MitoSOX was counted in the spinal dorsal horn. The reduced form of MitoSOX, a cell-permeant mitochondrial superoxide indicator, has no color and is sequestered in the mitochondria when absorbed by cells. It fluoresces red when oxidized by ROS that are produced by mitochondria. MitoSOX was injected intrathecally and capsaicin was injected into the paw 23 hr later. One hour after capsaicin injection, the spinal cord was removed after perfusion fixation, cryosectioned and examined under a fluorescent microscope. MitoSOX positive cellular profiles, containing red fluorescent granules in the cytoplasm (Fig. 10A & B), were counted in two different regions of the spinal dorsal horn: superficial (laminae I-II) and deep (laminae III-V) layers. Only the cellular profiles that contained red fluorescent granules in the cytoplasm, which surrounds a round to oval shaped dark nucleus, were counted in each sampled picture. After measuring the sampled area of each section, the density of MitoSOX positive cells (average # of cells per 10,000 μm2 of sample area ± SEM) was calculated and the data are presented in Figure 11. In vehicle treated (VEH; n=7) mice, the average density of MitoSOX positive cells was 3.73 ± 0.55 and 5.13 ± 0.28 in the superficial and deep layers, respectively. The result indicates that there is a small number of cells that produce a sufficient amount of mitochondrial superoxide to oxidize sequestered MitoSOX in vehicle treated mice.  In capsaicin-treated (CAP; n=7) mice, the density of MitoSOX positive cell profiles increased to 4.55 ± 0.59 for laminae I-II and 10.95 ± 0.44 for laminae III-V. These increases are significant on both regions but much greater in the deep layers. The results show that mitochondrial superoxide generation is increased significantly in both the superficial and deeper layers of the dorsal horn in capsaicin-treated mice.

ROS producing cells
To identify the type of cells producing ROS, tissues were immunostained for NeuN, GFAP, and OX-42 in combination with MitoSOX labeling. Examples of MitoSOX positive and NeuN immunoreactive dorsal horn cells are shown in Figure 12 and examples of GFAP immunoreactive astrocytes are shown in Figure 13. In these double labeled sections, MitoSOX labeling was identified as red fluorescent granules in the cytoplasm while NeuN immunostaining was observed as green fluorescence in the nucleus.  When these two images were merged, 523 out of 608 MitoSOX positive cells enclosed green nuclei, thus indicating that greater than 85% of ROS producing cells are neurons (Figure 14). In astrocyte immunostained sections, GFAP immunostaining was observed as green fluorescence in the cytoplasm. Colocalization of GFAP was observed only in 31 cells out of 516 MitoSOX positive cells, thus indicating that less than 5% of ROS producing cells are astrocytes. In OX-42 immunostained tissue, microglial staining was almost absent as was colocalization with MitoSOX. The data show that increased mitochondrial superoxide production occurs mainly in neurons in the dorsal horn of the spinal cord after capsaicin treatment. The big increase in the number of MitoSOX positive dorsal horn neurons in capsaicin-treated mice provides strong evidence that increased mitochondrial superoxide production contributes to elevated spinal ROS levels and thus central sensitization in the persistent pain condition.
As a positive control, we examined OX-42 immunoreactivity and MitoSOX labeling in the spinal cord 3 days after L5 spinal nerve ligation, a peripheral neuropathy model, in mice. In these mice, we detected many OX-42 immunoreactive profiles that also contain MitoSOX labeling in the L5 spinal cord. Thus mitochondrial ROS of glial origin can be detected by MitoSOX with the method we used in this study. Since we did not detect any cellular profiles that were positive for both MitoSOX and OX-42, we hypothesize that mitochondrial superoxide production in activated microglia may not be a significant contributor to ROS elevation in the capsaicin-induced hyperalgesia model at the time point we have chosen to study.
Discussion 


The present study shows that the significant increase in the number of MitoSOX positive neurons after i.d. capsaicin suggests that mitochondrial ROS production from the dorsal horn neurons may be the major contributor to the spinal ROS increase.



While behavioral data suggest that elevated spinal ROS is involved in capsaicin-induced central sensitization, the sources and critical types of ROS are not clear. There are multiple sources of ROS in nervous tissue: superoxide generation from mitochondrial oxidative phosphorylation; NO production by activation of NO synthase (Coyle and Puttfarcken, 1993); activation of phospholipase A2 leading to an arachidonate cascade, and production of xanthine oxidase by activation of proteases. Among these, mitochondria have been recognized as the major source of intracellular ROS in neurons during excitotoxicity (Schapira and Cooper, 1992). Since capsaicin-induced hyperalgesia is most likely due to a mild form of excitotoxicity, mitochondrial superoxide production in neurons is speculated as the major source of the enhanced spinal ROS. Furthermore, TEMPOL is known to remove superoxides preferentially (Thiemermann, 2003) and it had a strong analgesic effect on capsaicin-induced secondary hyperalgesia. Thus the data suggest that superoxides produced by mitochondria may be a major culprit. The significant increase of dorsal horn neurons that show staining for MitoSOX, specific mitochondrial superoxides, also supports an increased production of mitochondrial superoxides in the dorsal horn neurons in response to capsaicin. Although ROS production in glia has been well documented in cultured systems, this study shows that mitochondrial superoxide production in glia may not be the major source of spinal ROS in capsaicin induced hyperalgesia.  This is based on our result that >85% of MitoSOX positive cells are neurons. Furthermore, less than 5% of MitoSOX positive cells were identified as astrocytes and no MitoSOX positive microglia was detected. Since we have observed that many OX-42 immunoreactive microglia were also labeled with MitoSOX in the spinal cords of neuropathic mice, we believe the absence of MitoSOX-containing microglia in capsaicin treated mice is not due to technical problems. However, additional contribution of glia through other types of ROS production methods, such as NADPH oxidase, could not be ruled out.



While previous studies showed that ROS are involved in central sensitization, it is not known what drives the increased mitochondrial ROS production in capsaicin-induced pain. As mentioned previously, studies have shown that application of glutamate induces an increase in intracellular ROS in cultured forebrain neurons (Bindokas et al., 1996; Kahlert et al., 2005), thus implicating glutamate mediated ROS production in neurons. Thus one possible cause of enhanced neuronal ROS production is increased glutamate receptor activation. Intradermal capsaicin injection will induce intense activation of small myelinated and unmyelinated afferent fibers and thus release excitatory amino acids from their central terminals in the spinal dorsal horn (Dougherty et al., 1993; Seybold et al., 1995).  Glutamate will activate both ionotrophic and metabotrophic glutamate receptors, including NMDA receptors, which will lead to massive Ca2+ influx, thus increasing intracellular Ca2+ levels. High levels of intracellular Ca2+ will overload mitochondria, destabilize mitochondrial membrane potentials and accelerate the mitochondrial electron transport chain resulting in increased mitochondrial ROS generation (Coyle and Puttfarcken, 1993; Han et al., 2000).  This increased ROS, in turn, can shift redox sensitive signaling pathways towards sensitization of dorsal horn neurons (Maher and Schubert, 2000). Thus we propose that peripheral capsaicin treatment causes excessive release of glutamate in the spinal cord and excessive glutamate receptor activation leads to increased production of ROS in neurons. We propose that spinal ROS are a small class of molecules that are produced as a result of calcium influx and act as cellular messengers in central sensitization. In conclusion, the present study demonstrates that the elevation of spinal ROS is most likely due to increased production of mitochondrial superoxides in dorsal horn neurons. 
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Figure 10:  MitoSOX positive cells in the deep layers of the L4-L5 spinal dorsal horn 

A&B: MitoSOX labeled cells: vehicle (VEH) and capsaicin (CAP) treated mice. 
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Figure 11: Density of MitoSOX positive cells 
The average # of cells per 10,000 μm2 of sample area ± SEM in superficial (La I/II) and deep (La III/V) layers of the dorsal horn after vehicle (VEH; n=7) and capsaicin (CAP; n=7) treatment. Asterisks (*), p ≤ 0.05.
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Figure 12: MitoSOX positive neurons in the deep layers of the L4-L5 spinal dorsal horn 
A spinal cord section doubled-labeled for ROS with MitoSOX (B) and immunostained for neurons with antibodies to NeuN (A). When combined (C), the majority of MitoSOX labeled cells also contain NeuN-immunoreactive nuclei, thus indicating that they are neurons. 
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Figure 13: MitoSOX positive astrocytes in the deep layers of the L4-L5 spinal dorsal horn 
A spinal cord section doubled-labeled for ROS with MitoSOX (B) and immunostained for astrocytes with antibodies to GFAP (A). When combined (C), the majority of MitoSOX labeled cells do not contain GFAP-immunoreactive cytoplasm, thus indicating astrocytes are not responsible for much of the increased superoxide production. 
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Figure 14: The average proportion of neurons and glia among MitoSOX positive, ROS producing cells

MitoSOX positive ROS producing, cellular profiles in the deep layer (La III-IV) of the dorsal horn after i.d. capsaicin injection (n=7). 
CHAPTER 5: THE LEVELS OF MITOCHONDRIAL SUPEROXIDE DISMUTASE PLAY AN IMPORTANT ROLE IN CAPSAICIN-INDUCED SECONDARY HYPERALGESIA 
Introduction

There is an increasing amount of experimental evidence that while it has been documented extensively that elevated levels of ROS can cause tissue damage in pathological conditions (Jenner, 1994), physiological concentrations of ROS are important cellular signaling messengers (Stone and Yang, 2006). Thus, ROS can be both beneficial and harmful at the same time and their levels are tightly controlled by endogenous antioxidant mechanisms. The present study extends this concept to examine the role of antioxidant superoxide dismutase (SOD) in central sensitization in the animal model of capsaicin-induced hyperalgesia.

            Superoxide dismutases (SODs) are abundant endogenous enzymes in nervous tissue that neutralize superoxide (O2.-) by transforming it into hydrogen peroxide (H2O2). Hydrogen peroxides are normally further metabolized to molecular oxygen and water by catalase or gluthathione peroxidase (Fridovich, 1995). Thus SODs are the first and most crucial enzymes of the antioxidant defense systems against superoxides. Three distinct forms of SOD have been identified: Cu/ZnSOD (SOD1) found mainly in the cytoplasm, MnSOD (SOD2) localized primarily in the mitochondrial matrix, and EC-SOD (SOD3) localized in the extracellular space.

The mitchondria play a central role in energy metabolism and it has been proposed that mitochondrially generated ROS are a major source of degenerative diseases (Jenner, 1994).  In line with that, the mitochondria are highly enriched with antioxidants and tightly regulate the levels of free radicals (Oury et al., 1999). SOD2 is the antioxidant enzyme that controls mitochondrial superoxide levels (Weisiger and Fridovich, 1973) and therefore is very important for mitochondrial superoxide-regulated physiological and pathological events. Under physiological conditions, approximately 0.2% of oxygen consumed by mitochondria is converted to ROS (Zeevalk et al., 2005; Staniek and Nohl, 2000). During electron transfer, electrons can escape from the normal reaction sequence and generate ROS, i.e. superoxide anions (Brookes, 2004).  The nervous system is particularly vulnerable to oxidative stress because it consumes large amounts of oxygen (10 times more than other systems) and depends entirely on oxidative phosphorlyayion for its energy source (Halliwell, 1992). Therefore, it is not surprising that the mitochondria are a major neuronal source of intracellular ROS production. The mitochondria also are potent buffers of intracellular calcium (Shishkin et al., 2002); however, calcium overload can lead to destabilization of mitochondrial membrane potential, thus efficiency of oxidative phosphorylation (Nicholls, 2005).  We propose that a sudden surge of intracellular Ca2+ following intense NMDA receptor activation overloads mitochondrial Ca2+ uptake. This destabilization of mitochondrial membrane potentials will enhance the activities of the mitochondrial electron transport system resulting in increased mitochondrial ROS production, which in turn inactivates mitochondrial antioxidant SOD2, thus causing more ROS accumulation. This increased ROS may affect redox sensitive signaling pathways towards sensitization of dorsal horn neurons, resulting in hyperalgesia. 

          Increased ROS production, specifically superoxide, in response to peripheral carrageenan injection has been shown to play a major role in the development of inflammatory pain through direct peripheral sensitization by ROS (Wang et al., 2004). The involvement of increased spinal ROS also has been demonstrated both in spinal nerve ligated neuropathic pain (Kim et al., 2004; Park et al., 2006) and in capsaicin-induced secondary hyperalgesia (Schwartz et al., 2006; Lee et al., 2007). However, a clear understanding of ROS mechanisms underlying persistent pain is lacking at the present time. The present study examines the effects of mitochondrial SOD (SOD2, MnSOD) function as a critical factor for determining the ROS effect on hyperalgesia. Based on our results, we hypothesize that elevated levels of spinal ROS after intradermal capsaicin treatment is partially due to decreased SOD2 function in the dorsal horn neurons. The study suggests that elevated spinal levels of ROS, specifically superoxides, are critical for capsaicin-induced secondary hyperalgesia, and the levels of SOD2 activities are inversely correlated with levels of hyperalgesia. 

Results

SOD is involved in capsaicin-induced secondary hyperalgesia


To test whether SOD is involved in the maintenance and induction of capsaicin-induced hyperalgesia, the effect of a SOD mimetic, Mn(III) tetrakis (4-benzoic acid) porphyrin (MnTBAP), and a SOD inhibitor, diethylthiocarbamate (DETC), on pain was examined and the data are shown in Figures 15 and 16. Systemic (i.p.) MnTBAP treatment, 1.5 hrs after capsaicin injection, had no effect on the primary hyperalgesia (Fig. 15A). The same treatment; however, caused a significant reduction in secondary hyperalgesia (Fig. 15B), which lasted approximately 6 hours. In capsaicin-treated mice, foot withdrawal frequencies in response to vF stimuli were 75.3 ± 9.4 % (VF #2.48, n=6) and 79.6 ± 10.4 % (vF #3.00, n=6) with saline treatment; however, with a systemic injection of MnTBAP these values decreased to 32.7 ± 8.3 % (VF #2.48, n=6) and 28.1 ± 9.9 % (vF #3.00, n=6). In a dose-response study, 5 and 10 mg/kg of MnTBAP produced a graded antihyperalgesic effect, whereas, 2 mg/kg had no effect as compared to the saline treated group.  The fact that a SOD mimetic produced antihyperalgesia only on secondary hyperalgesia suggests that superoxides are involved in central sensitization.  

Intrathecal (i.t.) injection of a SOD inhibitor DETC (0.05 mg in 5 μl saline) 1.5 hr after capsaicin treatment, on the other hand, significantly enhanced and prolonged the secondary hyperalgesia but not the primary hyperalgesia (Fig. 16A & 16B). In capsaicin-treated mice, foot withdrawal frequencies in response to vF stimuli were 80.3 ± 7.8 % (VF #2.48, n=6) and 83.4 ± 11.1 % (vF #3.00, n=6) with an i.t. saline treatment; however, with DETC these values increased to 96.7± 7.5 % (VF #2.48, n=6) and 99.8 ± 8.9 % (vF #3.00, n=6) for the 0.05 mg dose. The enhanced hyperalgesia lasted up to 24 hr with the highest dose tested (0.05 mg) but for 8 hrs with two lower doses (0.01 and 0.02 mg). In a dose-response study, all three doses resulted in graded enhanced hyperalgesia as compared to the saline treated group.  Since DETC would block superoxide dismutase activity and lead to superoxide accumulation, the enhancement of capsaicin-induced secondary hyperalgesia by DETC also supports the idea of superoxide involvement in central sensitization. 



While post-treatment with either MnTBAP or DETC suggest that superoxides are involved in the maintenance of secondary hyperalgesia, it is not known whether superoxides are also critical for the development of capsaicin-induced hyperalgesia. To test this question, mice were treated with either MnTBAP or DETC 0.5 hr prior to capsaicin treatment and mechanical hyperalgesia was measured.  Pre-treatment with MnTBAP (10 mg/kg) significantly reduced the capsaicin-induced secondary hyperalgesia (Fig. 15D) while DETC increased both the duration and the magnitude of capsaicin-induced secondary hyperalgesia (Fig. 16D). Neither MnTBAP nor DETC had any effect on the development of capsaicin-induced primary hyperalgesia (Figs. 15C & 16C). The results suggest that superoxides are critical not only for the development but also for the maintenance of capsaicin-induced secondary hyperalgesia, thus suggesting their roles in central sensitization.
Spinal levels of SOD2 proteins were unchanged but activities were decreased after capsaicin treatment

Previous data indicated that the levels of superoxide in the spinal cord are increased in response to intradermal capsaicin. Two possibilities were speculated on for the spinal superoxide elevation: decrease in SOD2 protein levels and/or decrease in SOD2 activity levels without protein level change. First, the total amount of SOD2 protein in the spinal cord was measured using a western blotting method. As shown in Figure 17, the levels of SOD2 protein in the ipsilateral L4-5 spinal cord did not change significantly one hour after capsaicin treatment compared to vehicle treated mice. Thus the data indicate that changes in the total SOD protein levels can not be the cause of superoxide accumulation.

In another experiment, the levels of SOD2 activity in the spinal cord were examined by a microtiter plate assay for SOD using a water soluble tetrazolium (WST-1) salt (Winterbourn and Peskin, 2000). The levels of SOD2 activity in the spinal cord are shown in Figure 18 under various conditions in mice. One hour after intradermal capsaicin treatment (CAP-1hr), the SOD2 activity levels in the ipsilateral L4/5 spinal cord were greatly decreased compared to that of vehicle treated mice. The average endogenous SOD2 activity was 259 ± 20.9 mU/μg protein, whereas, in capsaicin-treated mice it was 129.8 ± 12.8 mU/μg protein (n=12/group). This significant decrease, however, was completely reversed when the mice were treated with ROS scavengers, PBN or TEMPOL, 15 minutes after capsaicin (CAP+PBN-1hr and CAP+TEMPOL-1hr), with an average endogenous SOD2 activity of 284.8 ± 24.9 mU/μg protein (n=12/group) for PBN and 278.3 ± 25.4 mU/μg protein (n=12/group) for TEMPOL. These results indicate that the spinal superoxide increase in response to intradermal capsaicin might be due to reduced SOD2 activity but not decreased protein levels. When spinal SOD2 activity levels were measured 5 hours after capsaicin treatment, the time when mechanical hyperalgesia had significantly recovered from the peak hyperalgesic response at 2hr post capsaicin treatment, SOD2 activity levels were also significantly recovered from the lowest value at one-hour post treatment, with an average endogenous SOD2 activity of 209.45 ± 33.5 mU/μg protein (n=12/group). The data show that SOD2 activity levels are low when severe mechanical hypersensitivity develops in the paw and SOD2 activity levels recover moderately when hyperalgesia of the paw recovers moderately.  The data suggests that decreased SOD2 activity in the spinal cord, at least in part, induces superoxide elevation and thus hyperalgesia.  

Nitrated SOD2 levels were increased in the spinal cord after capsaicin treatment. Since spinal SOD2 activity levels were decreased without protein level changes, it was speculated that some SOD2 enzyme might have been inactivated. Since it has been shown that SOD can be inactivated by nitrosylation by peroxinitrite under some oxidative stress conditions (Yamakura et al., 1998; MacMillan-Crow and Cruthirds , 2001; Salvemini et al., 2001), the levels of nitrated SOD2 (N-SOD2) were measured in the L4/5 spinal cord of mice after various manipulations. The results for N-SOD2 protein levels in the spinal cord are shown in Figure 19.  As speculated above, the levels of N-SOD2 in the ipsilateral L4/5 spinal cord were significantly increased (about 3 fold) one hour after capsaicin treatment, compared to those in vehicle-treated mice. Five hours after capsaicin treatment (CAP-5hr), spinal N-SOD2 levels were slightly higher but not significantly different from the vehicle treated mice (VEH-5hr). In addition, PBN and TEMPOL treatment in combination with capsaicin (CAP+PBN-1hr and CAP+TEMPOL-1hr) did not result in any difference in the spinal N-SOD2 protein levels from those of vehicle treated mice (VEH-1hr). These results indicate that the decrease in SOD2 activity levels in the spinal cord after capsaicin treatment may be, in part, caused by inactivation of SOD2 protein by nitration. The significant reduction of N-SOD2 levels by ROS scavengers also support the notion that elevated levels of ROS are involved in the nitration of SOD2. 

Capsaicin-induced hyperalgesia is correlated with endogenous SOD2 activity levels 

Previous data indicate that spinal SOD activity levels are inversely correlated with the levels of the capsaicin-induced secondary hyperalgesia. To correlate mitochondrial SOD (SOD2) function with hyperalgesia, capsaicin-induced hyperalgesia was measured in mice whose SOD2 function was modified genetically. Two genetically manipulated mice were used: SOD2 overexpressing transgenic mice (SOD2Tg+/-) and SOD2 underexpressing knock out mice (SOD2KO+/-). The wild type littermates were used as controls. Capsaicin-induced mechanical hyepralgesia was determined by measuring foot withdrawal frequencies in response to vF filament stimuli. Mechanical sensitivity was measured before and at various times after capsaicin treatment and the results are shown in Figures 20 and 21. 

In SOD2KO+/- mice, capsaicin injection produced significantly enhanced and prolonged (up to 48 hr) secondary hyperalgesia compared to wild type mice (Fig. 20). Primary hyperalgesia was also increased slightly in SOD2KO+/- mice (Fig. 20A) and was statistically different from wt mice at certain time points. Foot withdrawal frequencies in response to vF stimuli were 97.5 ± 15.2% (vF #3.00 n=12) and 99.4 ±10.9% (vF #3.61, n=12) 2 hrs after capsaicin treatement in SOD2KO+/- mice, and these values were still significantly high 50.7 ± 9.7% (vF #3.00, n=12) and 53.9 ± 10.3% (vF #3.61, n=12) at 24 hrs after (Figs. 20B), compared to the saline treated group. The results suggest that reduced levels of endogenous SOD2 might have caused significant elevation of spinal superoxides for a long period of time, which in turn caused enhancement and prolongation of capsaicin-induced hyperalgesia. To verify that the enhanced hyperalgesia was due to excessive superoxides, the effect of TEMPOL was tested in the SOD2KO+/- mice. When TEMPOL was administered systemically 1.5 hr after capsaicin treatment, secondary hyperalgesia quickly subsided from 30 minutes after TEMPOL treatment and then returned to normal levels within 5 hrs after capsaicin treatment (Fig. 20D). Foot withdrawal frequencies in response to vF stimuli were 21.4 ± 9.2% (vF #3.00 n=12) and 24.7 ± 8.9% (vF #3.61, n=12) 1.5 hrs following i.t. TEMPOL treatment. In saline treated mice, these values remained increased to 94.7 ± 10.1% (vF #3.00, n=12) and 99.4 ± 12.5% (vF #3.61, n=12) 3 hrs after capsaicin treatment (Fig. 20D). To determine whether the enhanced hyperalgesia is due to reduced SOD2 function in these mice, the levels of SOD2 activity in the spinal cord were also measured in normal and after capsaicin treatment in SOD2KO+/- mice. As shown in Figure 22, the basal endogenous levels of SOD2 activity were significantly lower in SOD2KO+/- mice (SOD2KO+/- VEH) compared to wild type mice (Wt VEH). The average endogenous SOD2 activity in wildtype vehicle treated mice was 280.6 ± 22.6 mU/μg protein (n=12), whereas, in SOD2KO+/- mice this value decreased to 130.9 ± 15.3 mU/μg protein (n=12).  One hour after capsaicin treatment, SOD2 activity levels further decreased in SOD2KO+/- mice (SOD2KO+/- CAP) and thus were significantly lower than those of capsaicin treated wild type litter mates (Wt CAP) or of vehicle treated SOD2KO+/- mice (SOD2KO+/- VEH).  The average endogenous SOD2 activity one hr post capsaicin injection decreased to 83.8 ± 9.8 mU/μg protein (n=12), where this value was significantly different from the vehicle SOD2KO treated mice (130.9 ± 15.3 mU/μg protein) and from wt capsaicin treated mice (144.7 ± 8.9 mU/μg protein).  
In SOD2 over-expressing SOD2Tg+/- mice, the levels of capsaicin induced primary and secondary hyperalgesia were significantly reduced, especially the secondary hyperalgesia, compared to that of wild type littermates (Fig. 22). The data suggest that overexpression of SOD2 in SOD2Tg+/- mice does not allow ROS accumulation to exceed normal levels, especially superoxide. Foot withdrawal frequencies in response to vF stimuli were 16.3 ± 9.2% (vF #3.00 n=10) and 18.5 ± 8.8% (vF #3.61, n=10) 2 hrs after capsaicin treatement in SOD2Tg+/- mice. In saline treated mice, these values remained increased to 80.7 ± 10.2% (vF #3.00, n=10) and 84.2 ± 11.2% (vF #3.61, n=10) 3 hrs after capsaicin treatment (Fig. 22). The basal levels of SOD2 activity and their changes following capsaicin treatment were also measured in SOD2Tg+/- mice. As shown in Figure 22, the basal endogenous levels of SOD2 activity (SOD2Tg+/- VEH) were about 2 times that of wild type littermates (Wt VEH). One hour after capsaicin treatment, the spinal SOD2 activity levels (SOD2Tg+/- CAP) did not change from the basal levels. The results provide evidence that under/over expression of endogenous SOD2 enhance/reduce superoxide accumulation in the spinal cord, which in turn increases/decreases central sensitization, and thus influence the levels of hyperalgesia. The average endogenous SOD2 activity in SOD2Tg vehicle treated mice was 537.8 ± 52.3 mU/μg protein (n=12) and one hr after capsaicin treatment this value was reported to be 522.8 ± 39.7 mU/μg protein (n=12) clearly showing no change in SOD2 activity.  
Mitochondrial superoxide accumulation in response to capsaicin treatment is correlated to the levels of SOD2 activity

Previous data indicate that superoxide accumulation in the spinal cord is correlated with the levels of endogenous SOD2 activity. To determine whether mitochondrial superoxide levels in the spinal dorsal horn is modified by SOD2 activity levels, the number of dorsal horn neurons showing increased superoxides were detected by using redox sensitive dye MitoSOX. The reduced colorless form MitoSOX was injected intrathecally approximately 24 hr before sacrificing the animals in order to allow dye penetration into the spinal cord and to sequester it in the mitochondria. One day later, mice were treated with either capsaicin or vehicle and then sacrificed by perfusion fixation one hour after capsaicin treatment. This study was done in SOD2Tg+/- and SOD2KO+/- mice and their wild type littermates with and without capsaicin treatment and the results were compared among the different groups. 

When the spinal cord sections were examined under an epifluorescent microscope, oxidized MitoSOX labeling was detected as red fluorescent granules scattered in the cytoplasm of cells (Fig. 23) as shown in previous study (Schwartz et al., 2007).  Since it was clear that the number of MitoSOX positive cells varied greatly among different group tissues, quantification was done for the number of MitoSOX positive cells in the superficial (laminae I-II) and deep (laminae III-V) layers of the spinal dorsal horn and results are shown in Figure 24.  As shown before, intradermal capsaicin (CAP) induced a significant increase in the number of MitoSOX positive cells in the spinal dorsal horn compared to that of vehicle treatment (VEH). In SOD2 underexpressing SOD2KO+/- mice, the number of MitoSOX positive cells is slightly higher, but not significantly different, than wild type mice with vehicle treatment. After capsaicin treatment; however, the number of MitoSOX positive cells was increased significantly (2-3 fold) compared to that of vehicle treatment. This increase in SOD2KO+/- mice is significantly higher than that in wild type mice with capsaicin treatment.  In SOD2Tg+/- mice, on the other hand, there was no difference in the number of MitoSOX positive cells after capsaicin treatment as well as basal levels compared to that of vehicle treated wild type littermates. The results confirmed that the levels of endogenous SOD2 levels determine the superoxide accumulation in the mitochondria, which in turn induce central sensitization and leads to hyperalgesia. 
Discussion

Our previous study demonstrated that increased levels of spinal ROS are critical for the maintenance of capsaicin-induced secondary hyperalgesia, suggesting ROS involvement in central sensitization. The present study provides further evidence that mitochondrial superoxides are the major source of elevated spinal ROS in capsaicin-induced secondary hyperalgesia. The increased level of spinal superoxides is in part due to reduced levels of SOD2 activity as a consequence of inactivation of SOD2 enzymes by nitration. The decreased or increased levels of capsaicin-induced hyperalgesia are in accordance with the artificially increased or decreased levels of SOD, respectively, further support the importance of SOD for determining levels of hyperalgesia. Increased and decreased numbers of MitoSOX positive dorsal horn neurons and hyperalgesia in SOD2KO and SOD2Tg mice in response to capsaicin treatment confirms that reduced/increased mitochondrial SOD2 levels is a major contributor to spinal superoxide increase and thus hyperalgesia.  


The present study demonstrates that superoxide elevation centrally in response to peripheral capsaicin is a key event in the development and maintenance of capsaicin-induced secondary hyperalgesia. This notion is proved via two lines of evidence. First, a SOD mimetic and a SOD inhibitor exerted a significant effect on capsaicin-induced secondary hyperalgesia. A significant reduction of the capsaicin-induced secondary hyperalgesia by a non-specific SOD mimetic, MnTBAP, suggests that exogenously supplemented action of superoxide dismutation by SOD to hydrogen peroxides reduced central sensitization. It is important to note that there was a problem in using this mimetic at high concentrations due to its low solubility; for this reason the systemic route of administration was used rather than intrathecal injection. A significant enhancement of the capsaicin-induced secondary hyperalgesia by a non-specific SOD inhibitor, DETC, further supports the notion that SOD determines the levels of central sensitization and thus secondary hyperalgesia.  In both conditions, however, since both MnTBAP and DETC are non-specific drugs, these drugs will modify levels of superoxides not only in the mitochondria but also in the cytoplasm and extracellular spaces. For this reason, the specific source of superoxides, mitochondria, cytoplasm, or extracellular space, can not be identified. This important question was partially solved by using SOD2KO and SOD2Tg mice. In these mice, mitochondrial SOD protein and activity levels were modified accordingly as shown in our data, thus clearly specifying that the superoxide changes in the mitochondria are correlated with the levels of secondary hyperalgesia. Furthermore, the increased or decreased numbers of MitoSOX positive dorsal horn neurons in response to intradermal capsaicin in these SOD2KO and SODTg mice, respectively, also confirms that the mitochondrial superoxide generation is the major culprit for ROS elevation in the spinal cord and central sensitization.  


The results show that SOD activity levels are compromised in the spinal cord following intradermal capsaicin injection without a reduction of total SOD protein levels.  Thus, inactivation of SOD enzyme was speculated as a possible cause. Previous studies demonstrated that nitration of SOD is one of the inactivation mechanisms of SOD under oxidative stress conditions (Yamakura et al., 1998; Millan-Crow and Cruthirds, 2001; Echtay et al., 2002; Demicheli et al., 2007).  Thus our data agrees with other studies showing that SOD inactivation by nitration can be reversed by removal of superoxide or nitric oxide, which inhibits the formation of peroxynitrite and peroxynitrite-mediated protein nitration (Akizuki et al., 2000; Salvemini et al., 2001). Our results show that increased inactivation of SOD2 by nitration coincides with the reduction of spinal SOD2 activity levels in the spinal cord after capsaicin treatment. The data suggest that superoxide elevation may be caused by SOD2 inactivation and this process is reversed by removing superoxides using the SOD mimetic MnTBAP (Fries et al., 2003). The present data are also in agreement with previous studies in which the SOD mimetic M40403 produced an antihyperalgesic effect in carrageenan-induced hyperalgesia (Salvemini et al., 1999; Salvemini et al., 2001) and the SOD mimetic MnTBAP protected against carrageenan-induced-pleurisy (Cuzzocrea et al., 1999). The data further suggest that nitric oxide generation may also be an important factor for central sensitization and hyperalgesia. In support of this, an increased nitric oxide production in the spinal dorsal horn in response to intradermal capsaicin (Wu et al., 2001) and inhibition of capsaicin-induced hyperalgesia by a NO synthase inhibitor (Lin et al., 1999) have been documented. Based on all these findings, we propose that mitochondrial superoxide elevation in combination with nitric oxide generation in the spinal dorsal horn, in response to intradermal capsaicin, lead to SOD2 inactivation by nitration (Figure 25). The elevated N-SOD2 in turn maintains the elevated mitochondrial superoxides, thus maintaining capsaicin-induced secondary hyperalgesia.


The data suggest that elevated mitochondrial superoxide levels in the dorsal horn neurons in response to intradermal capsaicin lead to enhanced excitability of these neurons and thus hyperalgesia. While it becomes clear that inactivation of SOD2 by nitration causes maintained elevation of mitochondrial superoxide levels, it is not fully understood what drives the initial SOD2 inactivation. One speculation is that the intense nociceptive input caused by capsaicin injection is driving an initial increase of mitochondrial superoxide generation by extensive activation of glutamate receptors, NMDA receptors in particular. Two possible mechanisms of increased mitochondrial superoxide generation can be considered. One is the increased energy demands due to a sudden increase in the activity of dorsal horn neurons that were bombarded by an overwhelming amount of excitatory amino acids released from nociceptive afferent fibers (Dougherty et al., 1993; Seybold et al., 1995; Jaffrey et al., 2001). This increased energy demand will facilitate the mitochondrial oxidative phosphorylation process for ATP production and thus increase superoxide generation. The other possibility is that an intense NMDA receptor activation will lead to a sudden massive Ca2+ influx, thus increasing intracellular Ca2+ levels. It is speculated that high levels of intracellular Ca2+ will overload mitochondria with Ca2+, destabilize mitochondrial membrane potentials, and thus speed up the mitochondrial electron transport system (Galeazza et al., 1995; Nicholls, 2005).  Whether it is due to energy demand increase, destabilization of membrane potential, or both, the result will be an increase in mitochondrial superoxide generation, which in turn may inactivate SOD2 enzymes (Han et al., 2000).  Thus we propose that the initial elevation of mitochondrial superoxide in combination with NO generation in the dorsal horn neurons will inactivate SOD2 enzymes by nitration, which will in turn maintain elevated superoxide levels and thus contribute to maintained secondary hyperalgesia. Although glutamate receptor activation leading to ROS generation has been shown in hippocampal CA1 neurons during LTP generation (Bindokas et al., 1996; Klann and Thiels, 1999), the initial ROS generation through glutamate receptor activation in dorsal horn neurons in response to intradermal capsaicin needs to be explored in future studies. 


While it is evident that elevated superoxide levels in mitochondria in dorsal horn neurons are critical for secondary hyperalgesia, the exact mechanism of neuronal sensitization by mitochondrial superoxide is not known. The possibilities include deregulation of membrane potentials due to lipid peroxidation (Wang and Thayer, 2002; Choi et al., 2004) and modification of cellular signal transduction pathways due to changed redox status of cells toward oxidation (Sluka et al., 1997; Palecek et al., 2002). Since our study shows that hyperalgesia and SOD2 nitration are reversible within 0.5-1 hr after treatment with a SOD mimetic, it is most likely that superoxide is involved in modification of the reversible cellular signal transduction pathways between sensitization and desensitization of cells. Future studies are warranted to explore what signal transduction pathways are under control of the redox state of the dorsal horn cells in the capsaicin-induced central sensitization process.  



The fact that an SOD mimetic or inhibitor affects only secondary hyperalgesia indicates that the primary site of ROS actions is the spinal cord. In SOD2Tg and SOD2KO mice, however, in addition to the large decrease and increase of the secondary hyperalgesia in response to capsaicin, respectively, the levels of primary hyperalgesia are also affected slightly but significantly compared to that of wild type animals. The results suggest that genetic manipulation of SOD2 might have deviated the physiological properties of primary afferent neurons from their normal characteristics.

Regarding the MitoSOX imaging data, a relatively small number of MitoSOX positive neurons are counted in the superficial dorsal horn (laminae I-II) compared to the deep dorsal horn (laminae III-V). The data seem to contradict the normal anatomy since the major nociceptive afferents project to the superficial dorsal horn. We believe this apparent discrepancy is due to technical limitations. As seen in Fig. 9A, MitoSOX labeling is seen as red granules, representing mitochondria, scattered in the cytoplasm. The cell counts are done when there is a definite nucleus surrounded by red granules. Thus when only a small number of red granules are present without an obvious nucleus, the cells are not included as positive neurons. This strict criterion might have eliminated many small dorsal horn neurons with very little cytoplasm, the typical of small neurons in lamina II. It will be desirable to repeat the experiments when a better labeling method is developed in the future to clarify this discrepancy.
In conclusion, the present data suggest that elevated spinal levels of ROS, specifically superoxide, are critical for capsaicin-induced secondary hyperalgesia. They also suggest that SOD2 is a critical enzyme and most likely the mechanism that is maintaining the elevated superoxide levels in the spinal cord after capsaicin treatment. Futhermore, this study suggests the possible therapeutic potential for targeting SOD2 in persistent pain conditions. 
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Figure 15: Effect of a SOD mimetic, MnTBAP, on capsaicin-induced hyperalgesia 
A & B are post-treatment effect and C & D are pre-treatment effect. The mean ± SEM (n=6/ group) of primary (A&C) and secondary hyperalgesia (B&D) are plotted against the post capsaicin treatment time. MnTBAP (or vehicle saline) was injected systemically (i.p.) 1.5 hr after or 0.5 hr before (indicated by downward arrows) capsaicin injection (indicated by upward arrow heads) for post- or pre-treatments, respectively. MnTBAP reduced capsaicin-induced secondary hyperalgesia in a dose dependent manner but not primary hyperalgesia. *: values significantly different from corresponding values of the vehicle treated group at p ≤ 0.05, by Duncan’s post hoc test after two-way repeated ANOVA. The data indicate that removal of superoxides exogenously supplemented by a SOD mimetic, reduces capsaicin induced secondary hyperalgesia. MnTBAP(Mn-T) doses: 2, 5, or 10 mg/kg body weight.
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Figure 16: Effect of a SOD inhibitor, DETC, on capsaicin-induced hyperalgesia

 A & B are post-treatment results and C & D are pre-treatment results. The mean ± SEM (n=6/ group) of primary (A&C) and secondary hyperalgesia (B&D) are plotted against the post capsaicin treatment time. DETC (or vehicle saline) was injected i.t. 1.5 hr after or 0.5 hr before (indicated by downward arrows) capsaicin injection (indicated by upward arrow heads) for post- or pre-treatments, respectively. DETC enhanced and prolonged capsaicin-induced secondary hyperalgesia in a dose dependent manner but not primary hyperalgesia. *: values significantly different from corresponding values of the vehicle treated group at p ≤ 0.05, by Duncan’s post hoc test after two-way repeated ANOVA. The data indicate that superoxide accumulation caused by inhibition of SOD enhances and prolongs the capsaicin induced secondary hyperalgesia. DETC(D) doses: 0.01, 0.02, or 0.05 mg in 5 μl saline.
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Figure 17: Total SOD2 protein levels in the L4/5 spinal cord 
Examples of western blot gels for SOD2 proteins are show in (A) and the averaged relative density of SOD2 protein to β-actin are shown in (B). There is no change in the total amount of SOD2 proteins in the spinal cord one hr after i.d. capsaicin injection into the paw compared to that of vehicle injection. Data are expressed as mean ± SEM (n=8) and statistical analysis was done by non-paired t-test. 
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Figure 18: Total SOD2 activity levels in the L4/5 spinal cord 
The SOD2 activity levels were measured in the following 6 groups of mice (n=12 per group) and the averaged values (± SEM) are shown in the above figure. CAP-1hr & CAP-5hr: 1hr and 5 hr after i.d. capsaicin injection, VEH-1hr & VEH-5hr: 1hr and 5hr after i.d. vehicle injection, CAP+PBN-1hr & CAP+TEMPOL-1hr: 1 hr after capsaicin plus PBN (100 mg/kg) or TEMPOL (300 mg/kg) treatment; PBN or TEMPOL was injected systemically (i.p.) 15 min after i.d. capsaicin injection. SOD activity levels were significantly reduced 1 hr after capsaicin then moderately recovered at 5 hr compared to that of vehicle treatment. Capsaicin-induced reduction on SOD2 activity was completely recovered by treatment with ROS scavengers, PBN and TEMPOL. *: values significantly different from corresponding values in the vehicle treated group at p ≤ 0.05 (n=12), by Duncan’s post hoc test after one-way repeated ANOVA. The data indicate that i.d. capsaicin induce the reduction in SOD2 activity in the spinal cord due to ROS elevation.
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Figure 19: Nitrated SOD2 (N-SOD2) protein levels in the L4/5 spinal cord 
An example of western blot gel for N-SOD2 is shown in the top panel and the averaged relative densities (± SEM) of N-SOD2 to β-actin are shown in the bottom graph.  One hour after i.d. capsaicin treatment (CAP-1hr), the inactivated N-SOD2 levels increase approximately 3 times compared to vehicle treatment (VEH-1hr). Treatment with ROS scavengers (PBN: 100mg/kg; TEMPOL: 300 mg/kg) 15 minutes after capsaicin injection (CAP+PBN-1hr & CAP+TEMPOL-1hr), completely reversed N-SOD2 levels to normal levels. Five hours after capsaicin treatment (CAP-5hr), N-SOD2 levels were slightly higher than vehicle treated (VEH-5hr) control mice but not significantly different. The data indicate that ROS accumulation in the spinal cord might be caused, in part, by inactivation of SOD2 by nitration. *: value is significantly different between two linked groups at p ≤ 0.05 (n=8) by Bonferroni post hoc test after one-way ANOVA.
[image: image20.emf]A: GFAP

C: A and B merged

B: MitoSOX

25μm

A: GFAP

C: A and B merged

B: MitoSOX

25μm

        

Figure 20: Capsaicin-induced primary (A) and secondary (B) hyperalgesia in SOD2 underexpressing SOD2KO+/- mice and ROS scavenger effect on primary (C) and secondary (D) hyperalgesia 

The average foot withdrawal frequencies (± SEM, n=10 per group) in response to vF (#3.61) stimuli are plotted against the post capsaicin treatment (indicated by upward arrow heads) time. The capsaicin-induced hyperalgesia, both primary and secondary, was significantly enhanced and prolonged in SOD2KO+/- mice compared to that of wild type littermates. Post-treatment with a ROS scavenger, TEMPOL (500 μg in 5 μl saline; indicated by downward arrow), 1.5 hr after capsaicin, significantly reduced secondary hyperalgesia but not primary hyperalgesia.  Asterisks (*): values are significantly different from corresponding values in the control groups (wild type mice in A&B, saline group in C&D) at p ≤ 0.05 by Duncan’s post hoc test after two-way repeated ANOVA.
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Figure 21: Capsaicin-induced primary (A) and secondary (B) hyperalgesia in SOD2 overexpressing SOD2Tg+/- mice 


The capsaicin-induced hyperalgesia, both primary and secondary, were significantly reduced in SOD2Tg+/- mice compared to wild type littermates. The effect is severer for secondary hyperalgesia than primary hyperalgesia, thus secondary hyperalgesia is almost non-existent. Asterisks (*): values are significantly different from corresponding values in the wild type littermates (Wt CAP) at p ≤ 0.05 (n=10) by Duncan’s post hoc test after two-way repeated ANOVA.
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Figure 22: SOD2 activity levels in the L4/5 spinal cord in SOD2KO+/- and SOD2Tg+/- mice with and without i.d. capsaicin treatment 

The endogenous SOD2 activity levels are significantly lower in SOD2KO+/- mice (SOD2KO+/- VEH) and significantly higher in SOD2Tg+/- mice (SOD2Tg+/- VEH) compared to wild type (Wt-VEH).  One hour after capsaicin treatment (CAP-1hr), SOD2 activity levels significantly decreased in Wt and SOD2KO+/- mice but not in SOD2Tg+/- mice. *: values are significantly different between two linked groups at p ≤ 0.05 (n=12) by Bonferroni post hoc test after one-way repeated ANOVA. 
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Figure 23: Examples of the MitoSOX labeled L5 spinal dorsal horn (lamina V) sections in various groups of mice 
The MitoSOX labeling is identified as red fluorescent granules in the cytoplasm of cellular profiles. The round to oval shaped black space, which is enclosed by red granules, represents the nucleus. The numbers of MitoSOX positive cells are increased after capsaicin treatment in both Wt and SOD2KO+/- mice but not in SOD2Tg+/- mice compared to that of vehicle treated mice. In addition, the numbers of MitoSOX labeled cells are more numerous in capsaicin treated SOD2KO+/- mice compared to capsaicin treated wt mice.
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Figure 24: The number of MitoSOX positive cells in the superficial (laminae I-II) and deep (laminae III-V) dorsal horn of various groups

The numbers of MitoSOX positive cells are very small in vehicle treated (VEH) mice in all 3 groups (Wt, SOD2KO+/-, and SODTg+/-). After capsaicin treatment (CAP), however, the number of MitoSOX positive cells increases significantly in Wt and SODKO+/- mice but not in SODTg+/- mice. This increase is far greater in SODKO+/- mice compared to Wt mice. *: values are significantly different between 2 linked groups at p ≤ 0.05 by Bonferroni post hoc test after one-way repeated ANOVA. The data indicate that endogenous levels of SOD2 determine the number of cells that show enhanced mitochondrial superoxide accumulation (n=7 per group).
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Figure 25: Proposed role of superoxide in capsaicin-induced hyperalgesia 
When released at the level of the spinal cord, most likely in response to glutamate, superoxide interacts with nitric oxide to form peroxynitrite. When this occurs, peroxynitrite nitrates SOD2, thereby deactivating the enzyme and causing it to lose function.  As a consequence, levels of superoxide remain elevated, favoring the hyperalgesic response.  However, removal of superoxides by ROS scavengers allows SOD2 to remain in its active form favoring an anti-hyperalgesic response. 
CHAPTER 6: GENERAL DISCUSSION

Pain is highly prevalent and is the primary reason for seeking medical attention when either persistent or chronic.  Evaluation of the cause of pain is difficult since pain is complicated by the fact that the clinical diagnosis of pain is often imprecise, reflecting the emotional state of the sufferer, the disease state, individual differences and gender bias. Pain must thus be examined in term of its severity, temporality, and etiology because the detailed mechanisms of persistent pain are not completely understood. A critical phenomenon that contributes to persistent pain states is central sensitization, a form of hyperexcitability of sensory processing in the dorsal horn of the spinal cord. Furthermore, an emerging concept in the field of persistent pain is that elevated levels of spinal ROS play a critical role in central sensitization. The main evidence is the behavioral signs of pain and responses of spinal dorsal horn neurons can be greatly reduced by antioxidants in animal models of pain. However, a clear understanding of ROS mechanisms underlying persistent pain is lacking at the present time. 

There is an increasing amount of experimental evidence suggesting that oxidative stress, the cytotoxic effects of ROS, is a causal factor in the neuropathology of neurodegenerative diseases, stroke, and the normal aging process. The current project extends this concept to the study of the role of ROS in central sensitization and pain. High intensity nociceptive inputs lead to central sensitization through NMDA receptor activation and calcium influx into dorsal horn neurons. Exposure of neurons to excessive glutamate can trigger excitotoxicity. Glutamate can activate NMDA and AMPA/kainate receptors, and is followed by calcium influx, which in turn may cause excessive production of ROS.  In this study we propose that central sensitization and excitotoxicity share similar mechanisms. Thus, high levels of intracellular calcium overload mitochondria and cause superoxide generation and may activate various enzymes that also cause further cellular ROS production.  Therefore, central sensitization can be viewed as a mild form of excitotoxicity.  

Following this concept, this study was designed to explore the possible role of mitochondrial SOD (SOD2, MnSOD) function as a critical factor for determining the ROS effect on hyperalgesia. As mentioned, we propose that spinal ROS are important intermediate signaling molecules between high intensity nociceptive inputs and central sensitization and that the antioxidant SOD2 plays a critical role in reducing central sensitization. The projects in this dissertation examined the hypothesis that oxidative stress in the spinal cord plays an important role in the development of central sensitization, and thus capsaicin-induced hyperalgesia. To address this hypothesis, the experiments were designed to evaluate the following: (1) that ROS in the spinal cord plays an important role in capsaicin-induced mechanical hyperalgesia; (2) that elevation of spinal ROS is due to increased production of superoxides in dorsal horn neurons in response to nociceptive afferent inputs; and (3) that elevated levels of spinal ROS are partially due to alterations of mitochondrial SOD2 enzymes in spinal dorsal horn neurons; it is concluded that SOD2 is a critical mechanism for reducing spinal ROS effects. 
While different studies suggest that ROS are important not only for central but also peripheral sensitization in pain, the exact site of ROS action in pain has not been clearly identified. Pain induced by intradermal capsaicin has well defined peripheral and central components (Willis, 2001). Intradermal injection of capsaicin into the hind paw produces both primary hyperalgesia (in the area injured by capsaicin injection) and secondary hyperalgesia (in the adjacent undamaged area). The former is due to nociceptive afferent sensitization, whereas the latter is due to central sensitization. Thus the capsaicin-induced pain model is useful to study the role of ROS in these two different components of pain hypersensitivity. The present study uses this well established model to investigate the differential role of ROS in primary and secondary hyperalgesia. 

In the beginning of this study, to investigate the role of ROS in capsaicin-induced hyperalgesia, two free radical scavengers, PBN and TEMPOL, were used in the experiments. PBN and TEMPOL are both blood brain barrier (BBB) and cell membrane permeant.  PBN scavenges all types of free radicals without specificity, whereas TEMPOL preferentially removes superoxides. Systemic and intrathecal administration of free radical scavengers, post capsaicin injection, showed strong analgesic effects, so ROS accumulation is presumably an important factor underlying hyperalgesia in the capsaicin-induced pain model.  It was shown that this effect is strong on secondary hyperalgesia only, is mediated by spinal mechanisms, thus indicating that central sensitization is affected by ROS.  In addition, a significant reduction in intensity and duration of secondary hyperalgesia after PBN or TEMPOL pretreatments indicates that ROS are critically involved not only in the maintenance but also in the development of secondary hyperalgesia in capsaicin-induced hyperalgesia. Furthermore, when levels of hyperalgesia were examined after spinal ROS levels were artificially increased by intrathecal injection of the ROS donor, t-BOOH they produced a transient hyperalgesia in a dose dependent manner. The significant antihyperalgesic effect of intrathecal ROS scavengers and the induction of hyperalgesia with an intrathecal ROS generator indicate that ROS act primarily through a spinal mechanism to induce pain. 



Even though data suggest that elevated spinal ROS seem to be involved in capsaicin-induced central sensitization, the sources and critical types of ROS are not clear. The brain receives its energy almost exclusively from oxidative metabolism in the mitochondrial respiratory chain.  Thus it is not surprising that mitochondria are the major neuronal source of intracellular ROS, which are mostly superoxides and cause excitotoxicity and LTP (Halliwell and Gutteridge, 1989; Schapira and Cooper, 1992). Due to this, and since behavioral studies have demonstrated that the free radical scavenger TEMPOL was effective in reducing capsaicin-induced secondary hyperlagesia, we hypothesize that the major source of ROS elevation in the cord is from increased superoxide production in dorsal horn neurons. To prove that intradermal injection of capsaicin increases spinal ROS and that elevated spinal ROS, in turn is caused, at least in part, by enhanced production of superoxides in neurons, the production of mitochondrial superoxides was determined by a histological method using a mitochondrial superoxide specific redox sensitive dye, MitoSOX, in combination with immunostaining for neurons and glia. This study showed that many more cells are labeled by MitoSOX after capsaicin treatment as compared to vehicle-treated mice, and the majority of MitoSOX positive cells were also identified as neurons. Therefore, these results suggest that mitochondrial ROS production in dorsal horn neurons may be a major contributor to the spinal cord ROS increase. The data indicate that neuronal production of mitochondrial superoxides is an important factor in capsaicin-induced hyperalgesia.

Our previous study demonstrated that increased levels of spinal cord ROS are critical for maintenance of capsaicin-induced secondary hyperalgesia, suggesting ROS involvement in central sensitization. Our present study further indicates that mitochondrial superoxides are a major source of elevated spinal ROS in capsaicin-induced secondary hyperalgesia. Since increasing antioxidant activity seems to benefit pain treatment, the data suggest that overproduction of superoxide is responsible for central sensitization. We hypothesize that endogenous SOD2 is critical for modifying the cellular signaling pathways of central sensitization. Using western blot analysis and enzyme assays, we showed that the increase of spinal superoxides is partially due to reduced levels of SOD2 activity as a consequence of inactivation of SOD2 proteins, by nitration, in dorsal horn neurons. Inactivation of SOD2 proteins may alter the properties of key regulatory proteins (i.e. MAPK, PKA, PKC) involved in several specific signaling pathways that affect central sensitization. Current research has reached a consensus that several signal transduction cascades that depend on excitatory amino acids and their receptors are involved in pain mechanisms, particularly central sensitization, and that their activation leads to persistent pain. Furthermore, decreased or increased levels of capsaicin-induced hyperalgesia in accordance with the artificially increased or decreased levels of SOD, respectively, further indicated that endogenous SOD2 is a critical factor for determining levels of hyperalgesia. It was also shown that increased numbers of MitoSOX positive dorsal horn neurons in SOD2KO mice with capsaicin treatment confirms that reduced mitochondrial SOD2 levels is a major contributor to the spinal superoxide increase. These findings suggest that SOD2 is in fact playing a critical role in capsaicin-induced hyperalgesia and that superoxide release centrally in response to capsaicin is a key event in the development and maintenance of persistent pain. These results further support the notion that inactivation of SOD2 is a critical event in central sensitization, due to the fact that the levels of superoxide can remain elevated. Therefore, the results emphasized the importance of SOD2 and mitochondrially generated ROS by demonstrating the potential pathologies due to mitochondrial oxidative stress and its importance in central sensitization. 
Taken together, we conclude that that (1) elevated spinal levels of ROS, specifically superoxide, are critical for capsaicin-induced secondary hyperalgesia, and that (2) SOD2 is a critical enzyme and most likely the mechanism that maintains the elevated superoxide levels in the spinal cord after capsaicin treatment. Since ROS, specifically superoxide, are important in the development of hyperalgesia, this study suggests the possible therapeutic potential for targeting SOD2, using SOD mimetics, in persistent pain conditions. 
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