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Chapter 1 
General Introduction 

 

Pain can be an adaptive sensation, an early warning to protect the body 

from tissue injury.  By the introduction of hypersensitivity to normally innocuous 

stimuli, pain may also aid in repair after tissue damage (Scholz and Woolf, 2002).  

This nociceptive pain is essential for the survival of organisms in a potentially 

hostile environment.  

Ascending transmission of pain 

The process that leads to pain perception is typically initiated by the 

activation of several different types of peripheral receptors, which selectively 

detect intense, potentially tissue-damaging stimuli. There are several types of 

cutaneous nociceptors.  Most of these are supplied by A-delta (Aδ) or C-fibers.  

Aδ mechanical nociceptors are excited best by mechanical stimuli that damage 

the skin (McIntyre, 1960; Burgess and Perl, 1967; Koltzenburg et al., 1992).  

Thresholds for these receptors vary; the lowest thresholds are in the innocuous 

range, although the receptors discharge progressively more as the stimulus 

intensity extends into the noxious range (Burgess and Perl, 1967; Burgess et al., 

1968).  It has been thought that these receptors have poor responses to heat or 

cold; however, Aδ mechano-heat nociceptors do respond well to both noxious 
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mechanical and heat stimuli (Beck et al., 1974; LaMotte et al., 1982), although 

the heat threshold of these is higher than that of C-polymodal nociceptors 

(LaMotte et al., 1983). 

C-nociceptors are another abundant receptor type.  These receptors are 

formed by free nerve endings, many of which extend into the epidermis.  C-

polymodal nociceptors respond well to noxious mechanical, thermal, and 

chemical stimuli (Bessou and Perl, 1969; Beck et al., 1974; Martin and Murphy, 

1995). The effective thermal stimuli are noxious heat (greater than 45°C), 

(Bessou and Perl, 1969; Handwerker and Neher, 1976)) or intense cold (Simone 

and Kajander, 1996).  As already mentioned, C-nociceptors are preferentially 

activated by low rates of skin heating, whereas Aδ-nociceptors are preferentially 

activated by high rates of skin heating (Yeomans and Proudfit, 1996; Yeomans et 

al., 1996).  Yeomans and Proudfit (1996) suggest that C mechano-heat 

nociceptors evoke burning pain, whereas Aδ mechano-heat nociceptors produce 

pricking pain. C-mechanical nociceptors do not respond to heat (Iggo, 1960; 

Bessou and Perl, 1969; Beck et al., 1974; Kumazawa and Perl, 1977; Fleischer 

et al., 1983).  It is possible that some of these receptors are also C cold 

nociceptors, since sufficiently cold stimuli may not always have been used in 

characterizing them (Bessou and Perl, 1969).  Some could thus be C mechano-

cold nociceptors (Simone and Kajander, 1996). 
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Structure of the spinal cord: afferent input 

Following a normally painful stimulus, these primary afferent nociceptors 

(PAN), transmit information to the dorsal horn of the spinal cord.  The terminals 

of the PAN contact neurons in specific laminae of the dorsal horn where they 

release glutamate and peptides to activate second order neurons (Fields, 2004).   

Lamina I is the classical marginal zone, “a thin veil of gray substance, 

forming the dorsal-most part of the spinal gray matter” (Rexed, 1952).  On the 

basis of differential primary afferent degeneration in lamina I as apposed to 

lamina II and finding of many ultrafine primary afferent fibers and terminals from 

individually labeled C fibers in lamina I, it is clear that much primary afferent input 

into lamina I is from C fibers (Gobel and Binck, 1977; Gobel et al., 1981; Sugiura 

et al., 1988; 1989).  However, relatively large axons also give rise to terminals in 

lamina I (Beal and Fox, 1976; Beal and Bicknell, 1981), and functional studies 

and individual filling of high-threshold cutaneous mechanoreceptors conducting 

in the Aδ range (Light and Perl, 1979a; Hayashi, 1985) show significant Aδ input 

as well.  Thus, lamina I is a major Aδ and C-fiber primary afferent termination site 

(Mense and Prabhakar, 1986).  On the other hand, the primary afferent input into 

lamina II (substantia gelatinosa) comes primarily from collaterals from fine 

sensory fibers, which are usually unmyelinated C-fibers (Willis and Coggeshall, 

2004).   
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Laminae III-VI make up the dorsal horn deep to substantial gelatinosa.  

Lamina III forms a broad band across the dorsal horn.  In cytoarchitectonic 

studies lamina III is distinguished from lamina II by having slightly larger and 

more widely spaced cells (Rexed, 1952).  Both laminae III and IV have a major 

primary afferent input from primary afferent fibers (thin Aδ and thick Aβ 

myelinated fibers) that enter from the medial division of the dorsal root, curve 

ventrally through the medial part of the dorsal horn, and then re-curve to end in 

large arbors (Scheibel and Scheibel, 1968) in lamina III and form a longitudinal 

plexus in lamina IV. 

Lamina V extends as a thick band across the narrowest part of the dorsal 

horn and can be distinguished cytoarchitectonically from lamina IV because of 

the increased variation in cell type, and lamina VI, which consists of a medial 

zone with small, packed, compact cells (Willis and Coggeshall, 2004).  Lamina V 

receives afferent projections from Aδ mechanical nociceptors and Aβ 

mechanoreceptors.  It is likely that cells in lamina V also receive input from other 

kinds of afferent fibers that terminate in the superficial layers of the dorsal horn, 

since many of these cells have dendrites that extend into more superficial layers 

(Ritz and Greenspan, 1985). 

Lamina VI receives proprioceptive afferent fibers that also project to the 

ventral horn (Willis and Coggeshall, 2004), whereas, lamina X receive projections 
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from Aδ mechanical nociceptors and unmyelinated visceral afferent fibers (Light 

and Perl, 1979a; Sugiura et al., 1989). 

Ascending spinal cord pathways 

Beyond the peripheral nociceptor and dorsal horn, pain related information 

ascends in the contralateral spinothalamic tract (STT) to the thalamus, which in 

turn has higher order neurons that project to different cortical regions; however, 

there are also projections to the brainstem (via the spinoreticular tract [SRT] and 

spinomesencephalic tract [SMT]) (Figure 1-4). 

Spinothalamic Tract 

Although several neurologists of the nineteenth century, including Brown-

Sequard (Brown-Sequard, 1860) and Gowers (Gowers, 1877), reported clinical 

that pain and temperature sensations depend on the activation of tracts that 

ascend in the anterolateral white matter of the spinal cord, Edinger (1889; 1890) 

is generally regarded as the first to suggest that there is a direct projection from 

the spinal cord to the thalamus (Keele, 1957).  It is now known that there is a 

moderate-sized spinothalamic tract (STT) in the cat (Patrick, 1896; Chang and 

Ruch, 1947; Morin et al., 1951), rat (Lund and Webster, 1967; Zemlan et al., 

1978; Peschanski and Mantyh, 1983; Mehler, 2006), and a variety of primates, 

including humans (Goldstein, 1910; Gardner and Cuneo, 1945; Bowsher, 1957).  
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The STT in primates arises largely from neurons in the dorsal horn of the 

spinal cord, although some STT cells are in the intermediate region and ventral 

horn (Apkarian and Hodge, 1989).  In rat, the largest concentration of labeled 

STT cells is in the upper cervical segments (Granum, 1986).  According to 

Granum (Granum, 1986) and Kemplay and Webster (Kemplay and Webster, 

1986), STT cells in the upper cervical segments account for half or more of the 

population in the entire spinal cord of the rat.  In segments below the upper 

cervical cord, STT cells in rats are found chiefly in the cervical and lumbosacral 

enlargements, with the greatest concentration in the marginal zone, nucleus 

proprius, and the medial intermediate gray matter (Burstein et al., 1990).  Most 

STT cells have cutaneous receptive fields and respond to innocuous and noxious 

mechanical stimulation of the skin (Giesler et al., 1976; Palecek et al., 1992).   

The axons of STT neurons then decussate at the level near the cell bodies and 

ascend in the ventrolateral white matter to the thalamus. 

Spinoreticular Tract 

Spinoreticular neurons in the cat lumbosacral spinal cord have various 

combinations of ipsilateral or contralateral excitatory or inhibitory receptive fields 

on the hindlimbs, although most of the cells have excitatory inputs from the 

ipsilateral hindlimb (Albe-Fessard et al., 1974; Fields et al., 1975).  Innocuous 

stimulation of the skin can excite or inhibit a particular cell, but often noxious 

stimuli are excitatory (Fields et al., 1975). 
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Most of the axons of the spinoreticular neurons ascend in the ventrolateral 

white matter as the spinoreticular tract (SRT).  A spino-reticulo-thalamo-cortical 

pathway is often proposed as an important afferent pathway to the forebrain, 

especially with reference to pain.  However, only a few reticular neurons convey 

information directly from the reticular formation relay sites of the SRT to the 

thalamus (Blomqvist and Berkley, 1992). 

Spinomesencephalic Tract 

 The spinomesencephalic tract (SMT) is actually a collection of pathways 

from the spinal cord to several different midbrain target zones (Willis and 

Coggeshall, 2004).  In rat, wheat germ agglutinin – horseradish peroxidase 

(WGA-HRP) injected into the midbrain tegmentum showed a significant 

population of lamina I cells contralateral to the injection site, with the 

periaqueductal gray (PAG) and nucleus cuneiformis as midbrain sites yielding 

the largest numbers of retrogradely labeled lamina I cells (Swett et al., 1985).  

More recent studies have confirmed labeled populations of lamina I, V, VII, and X 

neurons retrogradely labeled from the PAG and cuneiform nucleus, but also the 

parabrachial nuclei (Cechetto and Standaert, 1985).  Spinomesecephalic axons 

ascend in the white matter of the ventral half of the spinal cord, in company with 

the STT and SRT (Mehler et al., 1960; Kerr, 1975) and often terminate 

contralaterally in the midbrain (Yezierski, 1988). 



   
 

 

8 

Rat SMT neurons include cells that respond to innocuous mechanical 

stimulation (low-threshold cells) in the nucleus proprius.  Other cells are activated 

by innocuous mechanical stimuli but maximally by noxious mechanical stimuli 

(wide-dynamic-range cells); most such neurons also respond to noxious heat.  

These cells are in the nucleus proprius (Menetrey et al., 1980).  Another group of 

cells is excited just by noxious mechanical stimuli (high-threshold cells); these 

cells are located in the nucleus proprius and the marginal zone (Menetrey et al., 

1980). 

Descending modulation of pain 

Just as pain signals are important for survival, it is as important to regulate 

pain signaling in the nervous system.  Experimental interest in supraspinal 

modulation of spinal cord function has a long history.  Early investigators 

established that influences descending from the brain stem modulated activity at 

the spinal cord dorsal root level (Wall, 1967).  These early studies established 

that descending influences were tonically active and principally inhibitory in 

function because nociceptive reflexes were exaggerated after transection of the 

spinal cord (Sherrington, 1906).  The motivation for current day investigation of 

descending modulation of pain came from the work of Reynolds (Reynolds, 

1969) and later Liebeskind and colleagues (Mayer et al., 1971; Mayer and 

Liebeskind, 1974) , who reported that focal electrical stimulation in the midbrain 

periaqueductal gray (PAG) of the awake rat produced profound analgesia.  In a 

dramatic extension of this finding, electrical stimulation of the midbrain PAG in 
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humans was reported by several neurosurgical groups to produce clinically 

significant pain relief (for reviews, see (Hosobuchi et al., 1977; Baskin et al., 

1986)).  Subsequent work using a combination of methods (brain mapping by 

electrical stimulation, anatomical tract tracing, inhibition of withdrawal reflexes 

and dorsal horn electrophysiology) rapidly led to detailed knowledge of the 

anatomy, physiology and pharmacology of this pathway (Fields et al., 2006).  It 

was found that the PAG receives direct inputs from the hypothalamus and from 

the limbic forebrain, including several regions of the frontal neocortex and the 

central nucleus of the amygdala (Figure 1-2).  The PAG also controls nociceptive 

transmission indirectly by means of connections through neurons in the rostral 

ventromedial medulla (RVM) and the dorsolateral pontine tegmentum (DLPT; 

Figure 1-2).  These two regions project through the spinal cord dorsolateral 

funiculus (DLF) and selectively target the dorsal horn laminae that house the 

nociceptive relay neurons.  The selective control of pain by this circuit is 

explained by its anatomical selectively for primary afferent nociceptors terminals 

and somata of dorsal horn neurons that respond to noxious stimulation (Fields, 

2004). 

Study of Neuropathic pain 

Pain is divided into two major groups: physiological pain and pathological 

pain.  Physiological pain is an important physiological function for survival.  

Depending on pain experience, animals and humans gain knowledge of potential 

dangerous stimuli in the environment, and pain-related unpleasantness help to 
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form long-term avoidance memory in order to protect themselves (Zhuo, 2007).  

Unlike physiological pain, pathological pain only happens after injury (e.g. tissue 

or nerve injury), and is not the result of repetitive application of physiological 

pain.  As mentioned above, long-term changes occur after injury, both 

peripherally and centrally.  Consequently, the injury and injury-related areas 

undergo long-term plastic changes, and pain sensation is significantly enhanced 

(hyperalgesia) or non-noxious stimuli cause pain (allodynia).  The chronic pain 

that can occur from these long-term plastic changes is a significant health 

problem and negatively impacts quality of life for afflicted individuals as well as 

society in economic terms (approximately $100 billion annually (Anonymous, 

1995).  Of the chronic pain states, neuropathic pain is perhaps the most 

perplexing.  This chronic pain state generally outlasts the injury triggering its 

presence, and may arise as a consequence of other disease states or treatments 

for other conditions (e.g. radiation or chemotherapy) (Ossipov et al., 2006). 

Individuals afflicted with neuropathic pain often complain of spontaneous 

‘burning’ pain, and up to one-third of patients with this pain state do not benefit 

from currently available pain medications. Those who do see benefits usually 

gain only partial pain relief while tolerating difficult side effects (Ossipov et al., 

2006).  Because existing treatments for neuropathic pain have limited 

effectiveness and produce relatively frequent adverse effects (Wallace, 2007), 

understanding the basic mechanisms contributing to the generation and/or 
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maintenance of neuropathic pain in preclinical animal models is key to providing 

predictable and efficient therapies in patient populations. 

Models of Neuropathic Pain 

The standard animal models of pain, where behavioral responses to 

noxious thermal, mechanical or chemical stimuli are measured, have provided 

important information with regard to the basic mechanisms that underlie pain.  

Studies employing these models of acute nociception have revealed 

neuroanatomical pathways that participate in mediating noxious inputs and 

identified structures that are activated in response to pain.  Behavioral assays 

based on these models have also revealed that the endogenous 

neuromodulators, the enkephalins and endorphins, may modulate nociception 

through actions at the opioid receptors and serve as an endogenous pain 

inhibitory system (Ossipov et al., 2006).  These models of acute nociception have 

become standard tools in drug development, and have predicted the analgesic 

efficacy and potency of strong analgesics against acute pain states.   A 

shortcoming that became, however, was the fact that models of acute 

nociception were insufficient to account for neuropathic pain states (Ossipov et 

al., 2006).  Treatments that have been consistently reliable in experimental and 

clinical acute pain states have been disappointing against neuropathic pain 

states, highlighting the need for novel models that approximate the features of 

human neuropathic states (Ossipov et al., 2006).  A number of important models 
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of neuropathic pain have been developed and characterized, all with advantages 

and disadvantages, and all with limited ability to model precisely the clinical 

condition.  Nevertheless, these models have provided the basis for the 

mechanistic understanding that we have achieved to date of neuropathic pain 

syndromes.    

Chronic constriction injury 

The realization that most patients with neuropathic pain due to nerve 

trauma have partial or incomplete lesions of a nerve led to development of the 

chronic constriction injury (CCI) model by Bennett & Xie (Bennett and Xie, 1988).  

A set of four chromic gut sutures are placed loosely around the common sciatic 

nerve at intervals of 1-2 mm (Figure 1-3) so that they do not completely impede 

circulation through the epineurium (Bennett and Xie, 1988).  

CCI rats exhibit thermal hyperalgesia, indicated by a significant decrease 

in response latency to noxious radiant heat, within 2 days of CCI and that 

persists for 2 months.  Hypersensitivity to light tactile, but not noxious 

mechanical, stimuli is observed after CCI (Bennett and Xie, 1988). Cold allodynia 

after CCI has also been demonstrated by significant increases in number and 

duration of paw lifts from a plate maintained at 4°C compared to sham-operated 

and naïve rats (Bennett and Xie, 1988).  These behavioral observations may 

indicate that the CCI model may detect spontaneous pain, revealed by abnormal 
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postures, guarding, and coincident grooming behaviors, and evoked 

hyperalgesia and allodynia seen in patients with causalgia (Ossipov et al., 2006).  

Spared nerve injury 

The spared nerve injury model is caused by tight ligation and subsequent 

resection of the common peroneal and tibial nerves while leaving the sural nerve 

intact (Decosterd and Woolf, 2000) (Figure 1-3).  These nerves comprise the 

three distal branches of the sciatic nerve.  Behavioral signs of neuropathic pain 

are evident within 1 day after spared nerve injury (SNI) and are maintained for 

over 9 weeks (Decosterd and Woolf, 2000).  Sponatneous pain is suggested by 

avoidance of weight bearing on the injured hindpaw, with the eversion of the paw 

and rapid hind paw flexion on contact (Decosterd and Woolf, 2000).  

Spinal nerve ligation 

The model of traumatic nerve injury that arguably has become the most 

commonly employed and studied is spinal nerve ligation (SNL) (Kim and Chung, 

1992).  The primary impetus for the development of the SNL model derived from 

the belief that is not possible to adequately control the numbers and types of 

primary afferent fibers that are injured with the CCI model.  In this model, the L5 

and L6 branches of the sciatic nerve are carefully identified and isolated, and 

tightly ligated with silk suture between the trifurcation of the sciatic nerve and 

distal to the dorsal root ganglia.  A ‘modified’ SNL model is also used.  In this 

model, the L5 spinal nerve is isolated, tightly ligated with silk suture and cut distal 
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to the suture (Ringkamp et al., 1999; Li et al., 2000) (Figure 1-3).  In both 

versions of the SNL model, robust responses to tactile stimuli are present within 

1-2 days after SNL and persist over a period of several weeks (Kim and Chung, 

1992; Li et al., 2000).  Thermal hyperalgesia is also evident after surgery (Kim 

and Chung, 1992).  However, cold allodynia after SNL is much less robust than 

that seen after CCI (Kim et al., 1997).  

A principal advantage of this model is that the spinal nerves are ligated at 

specific spinal segments.  This allows the manipulation of intact nerves or 

corresponding segments distinct from the injured ones.  Furthermore, both tactile 

and thermal hyperesthesias are clearly present, whereas signs of serious 

distress such as autotomy or lack of grooming are absent (Ossipov et al., 2006).   

Mechanisms of Neuropathic pain  

The abovementioned models of neuropathic pain have been important in 

increasing our understanding of the clinical condition; however, these models rely 

on behavioral responses to evoked stimuli.  The models do not easily predict 

spontaneous pain, and this is a major limitation as the mechanisms of evoked 

and spontaneous pain following nerve injury may differ and treat strategies may 

also be different.  Regardless of this important limitation, multiple mechanisms of 

the neuropathic state (discussed below) with potential importance to the clinical 

condition have emerged from these animal models (summary see: Figure 1-4).   
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Peripheral nociceptors   

Considerable evidence indicates that dysfunction of injured or adjacent 

uninjured peripheral nerve fibers is an important mechanism of neuropathic pain.  

Neuroma formation associated with nerve section results in spontaneous, ectopic 

discharge at the side of injury (Devor and Wall, 1976; Devor and Govrin-

Lippmann, 1979; Devor, 1991).  Palpation or mechanical distortion of the 

neuroma causes sensations ranging from minor dysesthesias to pain that is often 

referred to the previous innervated region, and the evoke pain is abolished by 

local anesthetics (Wall and Gutnick, 1974). 

Sensitization of peripheral nerves has also been suggested by 

spontaneous ectopic discharge generated in the dorsal root ganglion of the 

injured nerve that remains after neuroma excision (Bennett, 1993).  

Electrophysiological recordings performed on the sciatic nerve bundles after 

experimental nerve injury in the rat demonstrates spontaneous ectopic 

discharges from the region of injury (Tal and Eliav, 1996; Chen and Devor, 

1998).  The uninjured nerve fibers of adjacent nerves also appear to contribute to 

the pain state.  Spontaneous discharges in dorsal root ganglion neurons have 

been recorded from cells of both intact and injured nerves (Michaelis et al., 

2000).  Wallerian degeneration of the injured, spontaneously active myelinated 

fibers may excite unmyelinated fibers through the co-mingling that occurs within 

the sciatic nerve trunk (Wu et al., 2001; 2002).  
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Dorsal horn sensitization  

An important interpretation regarding sustained afferent inputs into the 

spinal cord is that these cause the spinal dorsal horn to become sensitized to 

afferent inputs, thus leading to a state of spinal sensitization.  Spinal sensitization 

is related to the demonstrated phenomenon of wind-up, in which noxious stimuli 

applied to the skin also enhance the excitability of dorsal horn units, such that 

responses to subsequent stimuli are exaggerated (Mendell, 1966; Chapman et 

al., 1998; Ziegler et al., 1999).  The persistent spontaneous afferent discharges 

after peripheral nerve injury are believed to produce a sensitized state, leading to 

enhanced pain (Herrero et al., 2000). In animal models of nerve injury, rats show 

increased spontaneous activity of spinal dorsal horn units after nerve injury.  

Furthermore, the stimulus-response function of wide dynamic range (WDR) 

neurons in response to tactile, but not thermal, stimuli applied within the 

receptive shifts to the left (Pertovaara et al., 1997).   

It has been reported that there is significant enlargement of the receptive 

field in response to non-noxious, but not to presumably noxious, mechanical 

stimuli, which may be indicative of spinal sensitization (Suzuki and Dickenson, 

2000).  Spinal sensitization is also reflected by the induction of Fos expression in 

the spinal dorsal horn on repeated gentle stroking of the injured paw, with a 

pattern of distribution that is suggestive of noxious inputs (Catheline et al., 1999).  

The same stimulus has no effect in normal animals.  
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 Descending modulation from the brainstem: descending facilitation 

One area in the brainstem that is thought to play a role in pain modulation, 

and is of great focus in this dissertation, is the rostral ventromedial medulla 

(RVM).  The RVM is well recognized as an important relay in the modulation of 

nociceptive inputs at the level of the spinal cord.  Along with its long-recognized 

function as an important source of bulbospinal inhibitory controls, the RVM is 

also thought to facilitate the input of pain signals (Fields, 2004).  Considerable 

evidence indicates that descending facilitatory influences from the RVM 

contribute to chronic pain states and may underlie the development of tactile and 

thermal hyperesthesias (for reviews see (Porreca et al., 2002)).  More specific 

discussion of the RVM’s role in neuropathic pain symptoms continues below. 

 

Rostral ventromedial medulla (RVM): role in descending 

modulation of nociception 

 

As mentioned above, the RVM plays a role in the descending modulation 

of nociception.  In the rat, the RVM includes the n. raphe magnus, n. reticularis 

gigantocellularis pars alpha, and n. reticularis paragigantocellularis lateralis.  The 

rostrocaudal extent of the RVM is approximately from the caudal pole of the 

facial nucleus to the level of the trapezoid body (Basbaum and Fields, 1984).  
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Bidirectional nociceptive modulation 

Both inhibition and facilitation of behavioral spinal nociceptive reflexes 

have been elicited by electrical or chemical stimulation of the RVM (Urban and 

Gebhart, 1999). In general, low intensities of electrical stimulation or low 

concentrations of chemical (e.g. glutamate, neurotensin) facilitate spinal 

nociception, whereas greater intensities of stimulation or concentrations of 

chemical at the same sites typically inhibit nociception (Zhuo and Gebhart, 1992; 

Urban and Smith, 1993; Urban and Gebhart, 1997; Zhuo and Gebhart, 1997).   

The activation of descending facilitatory mechanisms from the RVM is 

critical for the maintenance of the behavioral neuropathic pain state (Porreca et 

al., 2002).  Hyperesthetic responses to cold or tactile, but not to noxious heat, 

stimuli in animals with nerve ligations are abolished by transection of ipsilateral 

hemisection of the spinal cord (Kauppila et al., 1998); similarly, neuropathic pain 

after sciatic nerve cut is blocked by spinal transection (Kauppila, 1997; Kauppila 

et al., 1998).  Furthermore, behavioral signs of neuropathic pain are blocked by 

lidocaine microinjections in the RVM (Pertovaara et al., 1996; Kovelowski et al., 

2000; Burgess et al., 2002) and surgical lesions of the ipsilateral DLF, the major 

conduit of spinopetal projections from the RVM (Burgess et al., 2002). 

Afferents and efferents  

The midbrain periaqueductal gray (PAG) and adjacent n. cuneiformis 

constitute a major afferent input to the RVM (Beitz, 1982a; Mantyh and 
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Peschanski, 1982; Marchand and Hagino, 1983) (Figure 1-4).  Previous research 

has suggested that the RVM mediates both stimulation-produced analgesia and 

opioid-induced analgesia from the PAG: RVM lesions block the antinociceptive 

responses elicited by stimulating from the PAG (Lovick, 1985) and pre-treatment 

of the RVM with the opioid antagonist naloxone inhibits the antinociception 

induced by microinjection of morphine into the PAG (Pan and Fields, 1996).  

These data suggest that the RVM plays an important role in descending 

antinociceptive transmission from the PAG. 

The RVM also receives significant input from neurons in the dorsally 

adjacent medullary reticular formation (Abols and Basbaum, 1981; Maciewicz et 

al., 1984) and the dorsolateral pontine tementum, another area implicated in 

nociceptive modulation (Holstege, 1988; Haws et al., 1989).  Other inputs to the 

RVM arise from diecephalic and telecephalic structures, including the 

hypothalamus, the frontal cortex, the amygdala, and the bed nucleus of the stria 

terminalis (Holstege, 1987). 

Although the RVM projects to several brainstem and spinal cord sites, its 

major descending projections are to the spinal and trigeminal dorsal horns 

(Bobillier et al., 1976; Basbaum and Fields, 1978; Holstege and Kuypers, 1982; 

Skagerberg and Bjorklund, 1985; Mason and Fields, 1989).  Axons of RVM 

neurons terminate densely in laminae I, II, and V of the trigeminal nucleus 

caudalis and project via the spinal dorsolateral funiculus (DLF) to terminate in 
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laminae I, II, V, VI, and VII of the spinal dorsal horn (Basbaum and Fields, 1978; 

Holstege and Kuypers, 1982).  These laminae are known to contain the terminals 

of small-diameter nociceptive primary afferents (Light and Perl, 1979b; 1979a; 

Cervero and Iggo, 1980) as well as neurons that respond to noxious stimuli and 

project to the brainstem and thalamus (Fields and Basbaum, 1978; Dubner and 

Bennett, 1983).   

Physiological classification of RVM neurons 

Fields et al. have characterized cells in the RVM that may constitute the 

physiological basis for generation of bidirectional modulation of spinal nociceptive 

transmission.  They have operationally defined three classes of neurons in the 

RVM: on-cells, off-cells and neutral cells, which are intermixed in the RVM and 

not anatomically separable (Fields et al., 1983b).  Off-cells display an abrupt 

pause in ongoing activity immediately before nociceptive reflexes and are 

proposed to contribute to inhibitory influences that descend from the RVM.  On-

cells display a burst of activity immediately before nociceptive reflexes and are 

proposed to contribute to facilitatory influences that descend from the RVM.  

Neutral cells show no nociception-related change in activity.  Off-cells, on-cells 

and neutral cells all project to the spinal dorsal horn (Fields et al., 1995), placing 

on-cell and off-cell terminals in appropriate laminae (I, II and V) to modulate 

nociceptive transmission.  On-cells and off-cells fire in a reciprocating pattern and 

tail-flick latency is longer during periods of increase off-cell activity and shorter 

when on-cells are active.  Therefore, it appears that on- and off-cells mediate 
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descending facilitatory and inhibitory influences from the RVM is supported by 

several reports demonstrating enhanced on- or off-cell activity during facilitation 

or inhibition of spinal nociceptive transmission, respectively (Fields et al., 1983b; 

Bederson et al., 1990).  

Neurotransmitters in the RVM 

In the RVM, there are fibers and terminals containing several kinds of 

neurotransmitters, including glutamate (Wiklund et al., 1988), neurotensin (Beitz, 

1982b), norepinephrine (Takagi et al., 1981), acetylcholine (Fields et al., 1991), 

substance P (Beitz, 1982b), serotonin (Dahlstrom and Fuxe, 1964; Beitz, 1982a), 

GABA (Millhorn et al., 1988), and endogenous opioids (Beitz et al., 1983; Fields 

et al., 1991), that modulate nociception through the PAG-RVM spinal cord circuit.  

Previous behavioral studies have found that microinjection of an NMDA receptor 

antagonist into the RVM inhibits antinociception induced by stimulation in the 

PAG, which suggest the stimulation-induced antinociception is mediated by 

glutamate in the RVM (Aimone and Gebhart, 1986).  It has also been found that 

microinjection of neurotensin in the RVM can suppress tail-flick (Fang et al., 

1987), suggesting that RVM neurotensin plays a role in nociception.  

Furthermore, pharmacological interventions directed at GABA-mediated synaptic 

transmission within the RVM have been shown to profoundly alter nociceptive 

responsiveness – microinjection of GABAA receptor antagonists is 

antinociceptive, whereas application of GABAA receptor agonists in the RVM 
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facilitates responses to nociceptive stimulation (Drower and Hammond, 1988; 

Heinricher and Kaplan, 1991).  

A significant number of RVM neurons, including many that project to the 

spinal cord, contain serotonin (5-HT) (Bowker et al., 1981; 1983; Skagerberg and 

Bjorklund, 1985).  In fact, the RVM is the major source of dorsal horn 5-HT 

(Dahlstrom and Fuxe, 1964; Oliveras et al., 1977).  Depletion of spinal cord 5-HT 

by the neurotoxin 5,7-dihydroxytryptamine (5,7-DHT) blocks the antinociceptive 

effect of morphine microinjected into RVM (Vasko et al., 1984).  Supraspinal 

opioid microinjection evokes release of 5-HT in the spinal cord (Yaksh and Tyce, 

1979).  

Rostral ventromedial medulla (RVM): serotonergic neurons 

Distribution of serotonergic neurons 

As mentioned above, a significant amount RVM neurons are serotonergic.  

Current knowledge concerning the distribution of serotonergic neurons and fibers 

has been obtained by various approaches, including formaldehyde-induced 

fluorescence histochemistry (Dahlstroem and Fuxe, 1964), 

immunohistochemistry using antibodies to enzymes, such as tryptophan 

hydroxylase (Joh et al., 1975), and immunohistochemical methods using 

antibodies raised against 5-HT itself (Steinbusch, 1981; Takeuchi et al., 1983).   
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The first histological studies of serotonin revealed the localization of 

serotonergic neurons near the midline of the brain (Dahlstroem and Fuxe, 1964), 

and further investigations have suggested that serotonergic neurons are primarily 

found in the brain stem. The majority of 5-HT neurons are found within the raphe 

nuclei (i.e. the nucleus raphe dorsalis, nucleus centralis superior, nucleus raphe 

pontis, nucleus raphe magnus, nucleus raphe obscurus, and nucleus raphe 

pallidus) (Takeuchi et al., 1983).  However, many 5-HT cells are seen outside the 

raphe system throughout the lower brain stem. These areas are the locus 

coeruleus complex, including the nucleus parabrachialis medialis and lateralis, 

the pontine reticular formation, the dorsal pontine tegmentum, and the nucleus 

reticularis lateralis (Takeuchi et al., 1983).   

Function of serotonergic RVM neurons 

In adult rodents, the amount of RVM neurons that are serotonergic varies 

but has been estimated to be about 20% (Potrebic et al., 1994).  Most of these 

RVM 5-HT neurons project through the DLF to innervate the dorsal horn (Fuxe, 

1965).  The function of supraspinal 5-HT on nociception, however, is still unclear.  

Serotonin has traditionally been associated with descending inhibition of 

nociception (including opiate analgesia) rather than facilitation.  Stimulation of 

RVM results in increased release of 5-HT in the spinal cord (Hammond et al., 

1985; Sorkin et al., 1993); the antinocicpetion resulting from RVM stimulation can 

be antagonized by intrathecal methysergide, a 5-HT antagonist (Jensen and 

Yaksh, 1984). Opioid receptors are expressed by 5-HT neurons in the RVM 
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(Arvidsson et al., 1995; Kalyuzhny et al., 1996; Kalyuzhny and Wessendorf, 

1999; Wang and Wessendorf, 1999; Marinelli et al., 2002) and both RVM 

stimulation and microinjection of opioids into the RVM (Jensen and Yaksh, 1984; 

Jones and Gebhart, 1988) results in antinociception.  Moreover, the 

antinociception resulting from microinjection of opioids into the PAG (Lin et al., 

1996) or the RVM (Dickenson et al., 1979; Azami et al., 1982; Vasko, 1982; 

Vasko et al., 1984; Hurley et al., 2003) is reduced by 5-HT antagonists.  

Intrathecal administration of 5-HT (Yaksh and Wilson, 1979) or of 5-HT agonists 

(Fasmer et al., 1986; Solomon and Gebhart, 1988; Glaum et al., 1990; Mjellem et 

al., 1992; Alhaider and Wilcox, 1993; Xu et al., 1994; Peng et al., 1996; Bardin et 

al., 2000; 2001; Obata et al., 2001; Jeong et al., 2004) has been reported to 

result in antinociception and direct iontophoretic application of 5-HT onto 

nociceptive spinal neurons has been reported to frequently inhibit them (Jordan 

et al., 1978; 1979; Willcockson et al., 1984).  Finally, it has been reported that 5-

HT terminals innervated nociceptive neurons (Miletic et al., 1984), including 

spinothalamic tract (STT) neurons (Hylden et al., 1986; Wu and Wessendorf, 

1992).  Although the role of descending 5-HT neurons in opiate analgesia has 

been disputed (Gao et al., 1998), it appears likely that RVM 5-HT neurons 

projecting to the spinal dorsal horn exert antinociceptive effects. 

Nevertheless, there is ample evidence that RVM 5-HT neurons also 

facilitate nociception.  Iontophoretically applied 5-HT has been reported to excite 

some nociceptive neurons in the dorsal horn (Todd and Millar, 1983; 1984), 
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including some STT neurons (Jordan et al., 1979; Willcockson et al., 1984).  The 

pro-nociceptive effects of stimulation of the RVM have been reported to be 

inhibited by a 5-HT1 antagonist (Zhuo and Gebhart, 1991).  Looking at models of 

persistent pain, it has been reported that knockout (Zeitz et al., 2002; Kayser et 

al., 2007) or pharmacological blockade (Abbott et al., 1996; Suzuki et al., 2004; 

Nishiyama, 2005) of 5-HT3 receptors and/or 5-HT2 receptors dramatically reduce 

nociception.  Activation of 5-HT3 receptors has been reported to mimic the 

effects of neuropathic pain models on the response properties of spinal neurons 

(Suzuki et al., 2005) and depletion of spinal 5-HT with the neurotoxin 5,7-DHT 

reduces both behavioral and electrophysiological responses to stimuli in SNL rats 

(Rahman et al., 2006).  Finally, the 5-HT3 receptor antagonist ondansetron 

reportedly reduces neuropathic pain in humans(McCleane et al., 2003).  

The results in the following chapters of this dissertation shed light on this 

debate.  Specifically, experiments in the following chapters were designed to 

focus on the relationship of RVM 5-HT neurons and neuropathic pain. 
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Figure 1-1.  Afferent pathway involved in pain sensation.  Injury activates the primary 
afferent nociceptor (PAN), which transmits information to the spinal horn dorsal cord.  
The terminals of the PAN then contact spinal neurons and release glutamate and 
peptides to activate the second order neurons.  The axons of nociceptive dorsal horn 
neurons then cross and ascend in the contralateral anterolateral quadrant to form 
the anterolateral tract (also known as the spinothalamic tract), which terminates in 
the brainstem and several distinct areas of the thalamus.  These areas have higher 
order neurons that project to cortical regions. SMT, spinomesecephalic tract; SRT, 
spinoreticular tract.  
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Figure 1-2.  Descending pain-modulatory circuit. Limbic forebrain areas, including 
the anterior cingulate cortex (ACC), other frontal cortical areas, the 
hypothalamus, and the central nucleus of the amygdala project to the midbrain 
periaqueductal grey (PAG).  The PAG, indirectly controls pain transmission in the 
dorsal horn through the rostral ventromedial medulla (RVM).  This pathway can 
exert both an inhibitory (green) and facilitatory (red) control.   
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Figure 1-3.  Schematic of the major animal models of nerve injury.  Spinal 
nerve ligation (SNL) consists of a L5 or L5 and L6 ligation and cut.  Chronic 
constriction injury (CCI) consists of loose ligations of the sciatic nerve, and 
spared nerve injury (SNI) consists of ligating and cutting sections of the tibial 
and peroneal nerves and leaving the sural nerve intact. 
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Figure 1-4.  Pathophysiological changes along neural axis after spinal nerve 
injury. (1) Spinal nerve injury cause spontaneous neural activity and ectopic 
sensitivity to mechanical stimuli at injury site.  (2) The expression of different 
molecules in the DRG of the injured nerve is up- or down-regulated, reflecting the 
loss of trophic support from the periphery.  Spontaneous neural activity also 
develops in the DRG.  (3) The distal end of the injured nerve undergoes 
Wallerian degeneration, which exposes non-injured nerve fibers to multiple 
cytokines and growth factors.  (4) Partial denervation of the peripheral tissue 
leads to an excess of trophic factors, which leads to sensitization of primary 
afferent nociceptors. (5) The expression of different molecules in the DRG of the 
uninjured nerve is up- or down- regulated, which reflects increased trophic 
support. (6) Sensitization of dorsal horn neurons leads to an increase in 
response to cutaneous stimuli.  (7) Activated glial cells contribute to the 
development of dorsal horn sensitization. (8) Changes in descending modulation 
may also contribute to enhanced responsiveness of dorsal horn neurons. 
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Chapter 2 
Neuronal loss in the rostral ventromedial medulla in a rat model 

of neuropathic pain 
 

Introduction 
 

Trauma or disease affecting peripheral nerves frequently results in the 

development of chronic, sometimes intractable, neuropathic pain.  Existing 

treatments for neuropathic pain have limited effectiveness and produce relatively 

frequent adverse effects (Wallace, 2007). Therefore, understanding the basic 

mechanisms contributing to the generation and/or maintenance of neuropathic 

pain in preclinical animal models is key to providing predictable and efficient 

therapies in patient populations.   

Studies have shown that enhanced pain induced by peripheral nerve 

injury is associated with increased spontaneous and evoked discharges from 

injured and/or adjacent nerves (Koltzenburg et al., 1992; 1994; Amir and Devor, 

2000; Michaelis et al., 2000; Liu et al., 2001). Although this increased afferent 

discharge is vital in establishing spinal sensitization in the period immediately 

following nerve injury, the time course of such abnormal afferent activity is 

inconsistent with the long duration of heightened pain (Chaplan et al., 1994; 

Burgess et al., 2002; Porreca et al., 2002).  It has been suggested that 

descending facilitation from the rostral ventromedial medulla (RVM), including its 



   
 

 

31 

serotonergic (5-HT) neurons, may play an essential role by maintaining 

neuropathic pain after its initiation (Burgess et al., 2002; Suzuki et al., 2004; 

Vera-Portocarrero et al., 2006). 

In studies where neuropathic pain is modeled by spinal nerve ligation 

(SNL) (Kim and Chung, 1992), microinjections of lidocaine into the RVM reduced 

the hypersensitivity observed after SNL (Pertovaara et al., 1996), as did ablation 

of populations of RVM neurons (Porreca et al., 2001), and lesions of the 

dorsolateral funiculus (DLF), in which RVM axons descend (Ossipov et al., 

2000).  In these studies, reversal of hypersensitivity was not observed 

immediately after nerve injury, but only several days later, consistent with a role 

for the RVM in the maintenance (but not initiation) of neuropathic pain.   

Previous work has also suggested that apoptosis may play a role in the 

pathology of neuropathic pain.  Apoptosis has been reported in dorsal root 

ganglia, the spinal dorsal horn and in cerebral cortex in models of neuropathic 

pain (Whiteside and Munglani, 1998; Coggeshall et al., 2001; Siniscalco et al., 

2007; Fuccio et al., 2009; Sekiguchi et al., 2009). However, the loss of neurons 

has been disputed and its importance in neuropathic pain remains unclear 

(Polgar, 2004; Polgar et al., 2005). 

To help understand the importance of the RVM and its neurons in 

neuropathic pain, we examined RVM neurons and their spinal projections after 

SNL.  We found that after SNL, the numbers of RVM neurons (including 5-HT 
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neurons) were significantly reduced.  Our findings suggest that the pathology of 

neuropathic pain may be due in part to death of antinociceptive RVM neurons, 

leading to decreased descending inhibition of nociception. 

Materials and Methods 

Animals: 

Male Sprague-Dawley rats (150-250 g; Harlan, Madison, WI) were used 

for these studies; three to ten animals were used for each experimental group. All 

experiments and procedures were performed using protocols approved by the 

University of Minnesota Institutional Animal Care and Use Committee.     

SNL surgery:  

Rats were divided into two experimental groups: a group in which the L5 

spinal nerve was ligated and cut (Blenk et al., 1997; Ringkamp et al., 1999; Li et 

al., 2000), and a sham-operated control group. The left L5 spinal nerve was 

isolated, tightly ligated and cut distal to the ligation under isoflurane anesthesia 

(1.5%). The surgical procedure for the sham-operated group was identical to that 

of the SNL group, except that the L5 spinal nerve was not ligated or cut.  General 

behavior of the rats was monitored before and after the surgery.  Any rats 

showing difficulty elevating a hindpaw were discarded from the study.   

Drug treatments:  



   
 

 

33 

Rats were treated with 5,7-dihydroxytryptamine (5,7-DHT: 100 µg/10 µl, 

intracisternal injection) to induce loss of RVM 5-HT neurons.  Rats were 

randomly assigned to one of four groups for these experiments: (1) L5 SNL with 

5,7-DHT; (2) L5 SNL with vehicle injection; (3) sham with 5,7-DHT; and (4) sham 

with vehicle. Injections were given ten days after surgery; animals receiving 

vehicle injections received sterile saline (10 µl, intracisternal injection). To 

prevent damage to noradrenergic (NE) neurons, we pre-treated animals 30 

minutes before 5,7-DHT (or saline) administration with desipramine (20 mg/kg 

i.p.), an inhibitor of neuronal NE reuptake (Bjorklund et al., 1975).     

For cell proliferation experiments, bromodeoxyuridine (BrdU; 50 mg/kg 

i.p.) or an equal volume of vehicle was injected once per day into sham and SNL-

treated rats 0-3 days, 3-6 days, and 6-9 days after surgery.  Rats were sacrificed 

10 days after surgery.  Naïve rats without any injections were used as additional 

controls. 

Perfusion: 

  Rats were deeply anesthetized with a mixture of ketamine (67.5 mg/kg), 

xylazine (22.5 mg/kg) and acepromazine (1 mg/kg) and perfused via the 

ascending aorta with 180 ml oxygenated Ca 2+-free Tyrode’s solution (pH 7.2) 

followed by 500 ml of 4% formaldehyde (freshly made from paraformaldehyde) in 

0.16 M phosphate buffer (pH 6.9).  Immediately after fixation, brains were 

removed and stored in a 5% sucrose solution prior to sectioning.  
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Histology and Immunocytochemistry: 

 The RVM and spinal cord were sectioned using a freezing microtome (Leica, 

SM2400) at a nominal thickness of 50 µm.  The free-floating sections were 

washed in phosphate-buffered saline (PBS: 0.8% (w/v) NaCl, 0.02% KCl, 0.144% 

Na2HPO4, 0.024% KH2PO4, pH = 7.4) for three 5-minute intervals. RVM sections 

were incubated overnight at 4° C in solutions containing one of the following 

antibodies: (1) mouse anti-TPH (T0678, Sigma, Saint Louis, MO, 1:1000), (2) 

mouse anti-NeuN (MAB377, Millipore, Temecula, CA, 1:500), (3) mouse anti-

CD11b (MCA75GA, AbD Serotec, Oxford, UK, 1:1000), or (4) mouse anti-GFAP 

(GA5, #3670, Cell Signaling Technology, Danvers, MA, 1:1000).  Spinal cord 

sections were incubated with goat anti-5-HT (#20079, ImmunoStar, Hudson, WI, 

1:1000).  Sections were then washed in PBS and incubated for 4 h with Cy2-

conjugated donkey anti-mouse IgG or Cy3-donkey anti-goat IgG (1:500).  

Secondary antibodies were purchased from Jackson ImmunoResearch (West 

Grove, PA).  The fluorescent Nissl stain ethidium bromide (30 nM, Sigma) was 

used to counterstain RVM tissue (Schmued et al., 1982). 

 To stain for apoptosis markers, ten micron-thick cryostat sections were 

incubated with antibodies raised against activated caspase-3 (AF835, R&D 

Systems, Minneapolis, MN), cleaved caspase-6 (Asp162, Cell Signaling 

Technology), or stained for terminal deoxynucleotidyl transferase-mediated 

dUTP-biotin nick-end labeling (TUNEL kit; Roche, Mannheim, Germany).  For 
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caspase staining, RVM sections were incubated overnight at 4° in a solution 

containing rabbit anti-cleaved caspase-6 (1:500) or mouse anti-active caspase-3 

(1:500).  Sections were then washed in PBS and incubated for 2 h with Cy3-

conjugated donkey anti-rabbit (1:500) or Cy3-conjugated donkey anti-mouse 

(1:500) and the Nissl counterstain SyBr RNA II Green Gel Stain (S-7564, 

Invitrogen, Carlsbad, CA, 1:10,000).  For TUNEL labeling, sections were rinsed 

in dH2O and then permeabilized with tris-buffered saline (TBS; 135 mM NaCl and 

25 mM tris-HCl; pH = 7.4) containing 0.2% Triton X-100 and 0.2% Tween-20 for 

1 h at room temperature.  Following permeabilization, the sections were rinsed in 

TBS then incubated in TdT reaction buffer (Roche, 1600 U/ml terminal 

transferase, 40 nM biotin-16-dUTP, 200 mM potassium cacodylate, 5 mM CoCl2, 

250 µg/ml bovine serum albumin, 25 mM tris-HCl; pH 6.6) for 2 h at 37˚C.  The 

reaction was terminated in TBS containing 20 mM EDTA; the sections were 

washed in several changes of TBS and incubated in streptavidin conjugated to 

Cy3 (Jackson Immunoresearch) and counterstained with SyBr RNA II Green Gel 

Stain (Invitrogen, 1:10,000) in TBS containing 0.2% Tween-20 and 0.2% casein 

for 2 h at room temperature. 

 Tissue was stained for the mu-opioid receptor (MOR) after heat-induced 

epitope retrieval.  Ten micron-thick cryostat sections were exposed to a 

temperature of 101°C for 30 min in a 10 mM solution of citric acid.  Tissue was 

then washed three times (five minutes each) in TBS and incubated overnight at 

4°C in guinea pig anti-MOR and mouse anti-TPH.  The guinea pig anti-MOR was 
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the generous gift of Dr. Robert Elde (University of Minnesota, Minneapolis, MN) 

and was characterized as specific in MOR knockout mice (Liu et al., 2011).  

Tissue was washed in TBS and then incubated in Cy3-conjugated donkey anti-

guinea pig IgG, Cy5-conjugated donkey anti-mouse IgG and counterstained with 

SYBR Green II (Invitrogen, 1:10,000) for 2 h. 

 Heat-induced epitope retrieval was also used for BrdU and Ki67 experiments.  

Tissue (RVM and small intestine, the latter used as a positive control for dividing 

cells) was washed in TBS and incubated overnight at 4°C in sheep anti-BrDU 

(#ab1893, Abcam, San Francisco, CA, 1:1000) or rabbit anti-ki67 (NCL-Ki67p, 

Novocastra, Leica Biosystems, Buffalo Grove, IL,1:1000). Tissue was again 

washed in TBS and then incubated in Cy-2 conjugated donkey anti-sheep IgG for 

2 h and counterstained with ethidium bromide (30 nM) for 15 min. 

 All tissue was dehydrated in graded alcohols (50-100%) and cleared in 

xylene.  The slides were mounted with coverslips using DPX (Fluka, 

Ronkonkoma, NY).  

Microscopy and Quantification: 

 Conventional microscopy was used to collect images of the RVM for cell 

counting. An Olympus BX50 fluorescence microscope (Tokyo, Japan) equipped 

with filter sets designed to allow selective visualization of Cy2 and Cy3 was used.  

Microscopic images were collected with a Scion 1346 digital camera.  Confocal 
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images were collected using an Olympus FluoView FV1000 microscope (Tokyo, 

Japan).  ImageJ 1.29 (developed at NIH and available at http://rsb.info.nih.gov/ij/) 

or Photoshop were used to adjust contrast and brightness in images. 

 The RVM was defined as an isosceles triangle that lies at the level of the 

facial nucleus with a base having a width equal to that of the combined pyramidal 

tracts, and its height equal to half the width of the base (Figure 2-1) (Gu and 

Wessendorf, 2007).  The RVM extended from the rostral end of inferior olive to 

the caudal end of the trapezoid body.  It was divided into ipsilateral and 

contralateral sides by the midline.  

 In Nissl-stained sections of the RVM, two distinct populations of cells were 

found: (1) cells with dark cytoplasm, a vacuous nucleus and a single distinct 

nucleolus (Figure 2-1E1, arrows), and (2) cells with very lightly-stained cytoplasm, 

a dark nucleus, and nuclear granulations rather than a nucleolus (Figure 2-1E1, 

arrowheads).  The first group was classified as neurons and the second as glia.  

These distinct Nissl-stained populations were confirmed by 

immunohistochemistry (e.g., NeuN for neurons and GFAP and CD11B for 

astrocytes and microglia, respectively).  Cell counting was based on cells’ Nissl 

staining (including counting of TPH-immunoreactive (-ir) neurons, which were 

Nissl counter-stained); the same sections were used for counting Nissl-stained 

neurons and TPH-ir neurons.  NeuN-ir neurons were counted in a separate 

population of rats and their counting was not based on Nissl-staining (see below). 
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 The numbers of cells were estimated separately for each half of the RVM (i.e. 

both ipsilateral and contralateral to the surgery).  Systematic random sampling 

and unbiased stereological methods were used for quantification as described 

previously (Gu and Wessendorf, 2007).  Five RVM sections (each 50 µm thick) 

per animal were sampled; the first section sampled was selected randomly.  The 

sampling interval thereafter was determined based on the number of sections 

within the RVM and was usually every sixth section.  For each selected section, a 

low-magnification (2x) image of the RVM was captured.  A grid was randomly 

cast over the image (Figure 2-1, line drawing) and systematic random sampling 

was again used when choosing the grid intersections to be evaluated (Howard 

and Reed, 1998).  Once an intersection was chosen, a stack of images was 

made at 40x while focusing through the full thickness of the section (Figure 2-1, C-

D).  Cells were counted as follows.  A counting frame was superimposed on the 

stack of images (Howard and Reed, 1998).  The right boundary and the upper 

boundary of the counting frame were used as acceptance lines (Figure 2-1, C-D, 

dotted lines); the other two boundaries were forbidden lines (Figure 2-1, C-D, solid 

lines).  Neurons were counted only if nuclei (for NeuN-labeled neurons) or 

nucleoli (for Nissl-stained neurons) (Popken and Farel, 1997) either fell entirely 

inside the counting frame or if they crossed an acceptance line without also 

crossing a forbidden line.  NeuN-labeled neurons were counted when the top of 

the nucleus was found within the thickness of the tissue section.  Nissl-stained 

neurons were counted when the nucleolus was present within the thickness of 
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the tissue section and TPH-ir neurons were counted based on their Nissl 

counterstaining.  To estimate the total number of neurons (N) in the RVM per 

animal, we used the following equation: 

𝑁 = (𝐷×𝑉) 

where D = the neuronal density of the RVM, V = the volume of the RVM.  To 

estimate the neuronal density of the RVM in each rat, we used the following 

equation: 

𝑁 = (𝐷×𝑉) 

where N = the number of neurons counted per rat, a = 2,500 µm2 (the area of the 

counting frame sampled), t = 50 µm (the thickness of the section sampled), and g 

= 20 (the number of counting frames sampled per rat).  To estimate the volume 

of the RVM from each rat, we used the following equation: 

𝑉 =   Σ(𝐴×𝐼×𝑡) 

where A = the cross sectional area of RVM in which the sections were sampled, I 

= the interval between adjacent sampled sections, and t = 50 µm (the thickness 

of section sampled).  

 To determine the effects of SNL on spinal 5-HT innervation, the density of 5-

HT labeling was examined in the superficial dorsal horn using a 40x/1.4 NA 

objective.  The number of 5-HT varicosities in the lateral and medial superficial 
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dorsal horn was determined using the “Finding Maxima” routine of ImageJ.   The 

density was then calculated by dividing those numbers by the corresponding 

cross-sectional areas of the regions being examined.  The same value for noise 

tolerance was used in all cases.   

 The intensity of MOR-ir in the RVM was also determined with ImageJ.  A 

region of interest was outlined and the mean intensity determined using the 

measurement function.  

 Statistics: 

 Differences among treatment groups were identified either by 1-way or 2-way 

analyses of variances (ANOVA); post-hoc comparisons were made after 2-way 

ANOVAs with a Bonferroni test.   Chi-square tests were used to detect 

differences in proportions.  P< 0.05 was considered significant.  Statistical tests 

were performed using the GraphPad Prism software (La Jolla, CA) and the 

statistical tools available on the GraphPad website (http://www.graphpad.com). 

Von Frey Testing for Tactile Hypersensitivity: 

Mechanical sensitivity was determined by measuring the paw withdrawal 

threshold in response to the application of von Frey filaments, using the up-down 

method of Chaplan (Chaplan et al., 1994). In brief, rats were placed on a wire 

mesh surface, covered by an inverted plastic cage and allowed to habituate for 

15 min. Filaments were then applied to the plantar surface of the hindpaw.  If 
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application of the filament evoked no response, the next-larger filament was 

applied; if application elicited withdrawal, the next-smaller filament was applied.  

This sequence was repeated until the largest filament was used or until four 

filaments were applied after the first withdrawal was noted.    Withdrawal 

thresholds were measured prior to surgery and at 2-3 day intervals after surgery.  

In all cases, thresholds were measured bilaterally.  

Results 
 

SNL induced tactile hypersensitivity ipsilateral to the surgery 

 

 As previously reported (Kim and Chung, 1992; Blenk et al., 1997; Ringkamp 

et al., 1999; Li et al., 2000), SNL resulted in hypersensitivity to tactile stimuli 

ipsilateral, but not contralateral, to the lesion.  Ten days after surgery the 

withdrawal threshold for the hindpaw ipsilateral to the surgery was 2.7±0.5 g 

(mean± standard error of the mean, SEM) in rats receiving SNL, which was 

significantly lower than that in sham-operated rats (14.0±2.7 g; p<0.05, n=8 

animals for each group, total degrees of freedom [d.f] = 31).  Thresholds in the 

ipsilateral paws of rats subjected to SNL were also significantly lower than those 

in their contralateral hindpaws (14.5±1.3 g; p<0.05, Figure 2-2A). Paw withdrawal 

thresholds determined before surgery were not significantly different between 

experimental groups.  
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SNL reduced the number of RVM neurons 

 

 SNL resulted in a significant decrease in the number of RVM neurons 

ipsilateral to the lesion (Figure 2-1A,B; Figure 2-2B).  In rats that had received 

SNL, the number of Nissl-stained neurons in the half of the RVM ipsilateral to the 

lesion was 11,248±668 (mean±SEM), which was significantly less (by 23%) than 

the number found in the ipsilateral side of the RVM in sham-operated rats 

(14,665±800, p<0.05, n=8 animals in each group, total d.f. = 31).  The number of 

neurons ipsilateral to SNL was also significantly less (by 14%) than that on the 

contralateral side of the same animals (p<0.05, Figure 2-2B) but the number of 

RVM neurons on the contralateral side was not significantly different between 

rats receiving SNL and sham-operated rats (SNL: 13,003±471 vs. sham: 

13,365±872, p>0.05, Figure 2-2B).  No significant differences were observed 

between the volumes of the RVMs in sham-operated and experimental rats 

(sham ipsilateral=1.123±0.050 mm3; sham contralateral=1.131±0.057 mm3; SNL 

ipsilateral=1.075 ±0.079 mm3; SNL contralateral=1.077±0.083 mm3, p>0.05, n=8 

animals, in each group, total d.f. = 31, Figure 2-3A).  

 The loss of neurons after SNL was not non-specific.  The volume and the 

number of neurons in the facial nucleus, which is adjacent to the RVM but not 

involved in pain modulation, was unchanged (ipsilateral sham: 6,267±219; 
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ipsilateral SNL 6,204±422; contralateral sham: 6,693±270; contralateral SNL: 

6,542±187: p>0.05, n = 8 animals in each group, total d.f. = 31, Figure 2-2C, 

Figure 2-3B). This suggests that cell loss in the RVM was not due to any 

indiscriminant brain stem pathology resulting from SNL.   

 To confirm that SNL did not simply transform RVM neurons to cells with a 

glia-like morphology, we repeated the experiment in a second group of animals, 

staining sections for the neuronal marker NeuN (Mullen et al., 1992).  SNL 

resulted in a significant decrease in the number of RVM NeuN-ir neurons 

ipsilateral to the lesion.  In rats subjected to SNL, the number of NeuN-ir neurons 

in the half of the RVM ipsilateral to the lesion was 11,898±768, which was 

significantly less (24%) than the number found in the ipsilateral side of sham-

operated rats (15,688±945, p<0.05, n=8 animals in each group, total d.f. = 31, 

Figure 2-2D).  The number of NeuN-ir neurons ipsilateral to SNL was also 

significantly less (by 20%) than that on the contralateral sides of the same 

animals (14,913±964, p<0.05, Figure 2-2D).  Thus, the NeuN results validated 

those obtained using Nissl staining and the latter method was used as the basis 

of neuronal counting for the remainder of these experiments.   

 

RVM TPH-ir neurons were decreased in rats receiving SNL 
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 TPH, the rate-limiting enzyme in 5-HT synthesis, was used as a marker for 5-

HT neurons in the RVM.  In both rats receiving SNL and sham-operated rats, 

TPH-ir neurons were found throughout the RVM.  However, the number of RVM 

TPH-ir neurons ipsilateral to SNL was significantly less (by 35%) than the 

number of TPH-ir neurons ipsilateral to sham surgery (SNL ipsilateral: 773±134 

vs. sham ipsilateral: 1,184±92, p<0.05, n=8 animals in each group, total d.f. = 31, 

Figure 2-4).  Within SNL animals, the number of TPH-ir neurons ipsilateral to the 

lesion was also significantly less (27%) than the number contralateral to the 

lesion (SNL contralateral: 1,055±222 p<0.05, Figure 2-4C).  The proportion of 5-

HT cells lost (35%) was significantly larger than the percent decrease observed 

among all RVM neurons (23%), suggesting that 5-HT neurons are more sensitive 

to the effects of peripheral nerve damage than RVM neurons as a whole 

(p<0.0001; chi-square with Yates correction).   

 

Fewer 5-HT-ir varicosities found in substantia gelatinosa ipsilateral to SNL 

 

 Since RVM 5-HT neurons project to dorsal spinal cord (Bowker et al., 1981; 

Skagerberg and Bjorklund, 1985; Kwiat and Basbaum, 1992; Kalyuzhny et al., 

1996), we examined whether spinal 5-HT-ir decreased after SNL (Figure 2-5).  At 

spinal levels C2, T2 and L4, the density of 5-HT-ir varicosities in the ipsilateral 

superficial dorsal horn was significantly lower in rats receiving SNL than in sham-
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operated rats.  At the cervical level, the density of 5-HT varicosities in rats treated 

with SNL was 0.033±0.002 varicosities / µm2 on the ipsilateral side (where 1 µm2 

= 10-12 m2), which was significantly lower (by 30%) than in sham-operated rats 

(0.047±0.004 / µm2, p<0.05, n=6 animals receiving SNL, n=8 sham-operated 

animals, total d.f. = 27, Figure 4A).  Densities in animals treated with SNL at the 

thoracic and lumbar levels (0.039±0.005 / µm2 and 0.043±0.004 / µm2, 

respectively) were also significantly lower on the ipsilateral side (decreases of 

22% and 15%, respectively) than those in sham-operated rats (Figure 2-5B,C).  

There were no significant differences on the contralateral sides of the superficial 

dorsal horn at any spinal level.    

 

Depletion of 5-HT reversed mechanical hypersensitivity after SNL 

 

 To determine whether loss of the RVM 5-HT neurons remaining after SNL 

would further exacerbate cutaneous hypersensitivity, we used intracisternal 

injection of the serotonin neurotoxin 5,7-DHT to deplete 5-HT in rats that had 

undergone SNL (Figure 2-6).  Rather than being lower, mechanical withdrawal 

thresholds were significantly higher after 5,7-DHT (5.2 ±1.3 g prior to injection vs. 

10.2± 1.7 g after injection; p<0.05, n=10 animals in each group, total d.f. = 39, 

Figure 2-6A).  These thresholds were also significantly higher than those in rats 

that had received SNL and that were subsequently treated with saline rather than 
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5,7-DHT (10.2±1.7 g vs 4.5±1.3 g, respectively; p<0.05).  Treatment with 5,7-

DHT markedly reduced 5-HT-ir in the spinal cord (Figure 2-6B).   

 

MOR expression in RVM after SNL 

 

 Previous studies have suggested that RVM neurons expressing the mu-

opioid receptor (MOR) mediate descending facilitation of nociception after SNL 

(Porreca et al., 2001).  Although RVM neurons were lost after SNL (see above), 

MOR-ir in the RVM appeared to be unchanged (Figure 2-7A,B).  When the 

intensity of MOR staining was measured there was no significant difference 

between sham animals (55.5±2.6 arbitrary intensity units) and animals receiving 

SNL (53.7±3.2 arbitrary intensity units; n=3 animals in each group, t-test, d.f.=4, 

p>0.05).  MOR-ir after SNL was observed in TPH-ir neurons as well as in 

neurons that were not immunoreactive for TPH (Figure 2-7B).   

 

Glia: activation and increased numbers after SNL 

 

RVM glial activation appears to have a role in descending facilitation of 

nociception in a model of persistent pain (Wei et al., 2008).  To determine 

whether glial activation might be responsible for the neuronal loss, we stained for 
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markers of astrocytes (GFAP) and microglia (CD11B) in RVM after SNL.  At day 

three, we found a bilateral increase in activation of astrocytes in animals 

receiving SNL as compared to sham-operated animals (Figure 2-8A-D, Figure 

2-9); GFAP staining was decreased by day 10 although still visible.  Conversely, 

although little labeling was observed at day three, we found markedly stronger 

labeling for CD11B at day 10 in rats receiving SNL.  Again, the labeling increased 

both ipsilateral and contralateral to SNL (Figure 2-8E-H).  Using Nissl-stained 

tissue, we also found a significant bilateral increase in numbers of glia in the 

RVM of SNL-treated animals as compared to sham-operated animals (SNL ipsi: 

87,277± 10,354 vs. sham ipsi: 60,430± 7,551 or 44% higher, SNL contra: 

85,903± 9,091 vs. sham contra: 56,104± 7,912 or 52% higher; p<0.05, n=5 

animals in each group, total d.f. = 19, Figure 2-8I).  To determine whether this 

increase in glial activation and number was non-selective and found across the 

brain stem, we examined the adjacent facial nucleus.  In that nucleus we found 

no significant increase in the number Nissl-stained glia (Figure 2-8J) or in the 

activation of glia in SNL-treated rats, compared to sham-operated rats.  

The mechanism by which the number of glia increases in the RVM may 

represent proliferation or migration of glia into the brain from other CNS regions.  

No evidence for glial proliferation was found using either Ki67 or BrdU.  When 

comparing labeling in the RVMs of sham and SNL-treated animals, there 

appeared to be no difference in the number of Nissl-stained neurons also labeled 

for BrdU in either experimental group from any of the time groups. 
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Discussion 
 

 Nerve injury and disease can trigger a range of responses in both the 

peripheral and central nervous systems that contribute to chronic neuropathic 

pain (Devor, 2006).  In the periphery, injured primary sensory neurons develop 

hyperexcitability and abnormal impulse generation (Blumberg and Janig, 1984).  

Other pathophysiological changes observed in injured primary sensory neurons 

include the altered regulation and expression of certain molecules (e.g. 

neuropeptides, ion channels, enzymes, etc.).  Increased spinal cord excitability 

ipsilateral to the injury (i.e. central sensitization) also appears to contribute 

crucially to abnormal pain conditions after tissue injury (Ji et al., 2003).  N-

methyl-D-aspartate (NMDA) receptor activation is one of the principal 

mechanisms in central sensitization, and its role in neuropathic pain is implied by 

preclinical studies showing that NMDA receptor antagonists are effective in 

alleviating experimental neuropathic pain (Wei and Pertovaara, 1999; Woolf and 

Salter, 2000).  

 Pathophysiological changes in the RVM also contribute to neuropathic pain.   

Microinjection of a NMDA receptor antagonist before SNL (Wei and Pertovaara, 

1999), and microinjection of lidocaine in the RVM after SNL have both been 

shown to reduce allodynia (Pertovaara et al., 1996), suggesting that activation of 
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(and activity in) the RVM contributes to cutaneous hypersensitivity.  Consistent 

with this idea, lesioning the DLF, in which RVM axons descend to the spinal cord, 

has also been reported to reverse both thermal hyperalgesia and allodynia after 

SNL (Ossipov et al., 2000).  In addition, selective ablation of MOR-expressing 

RVM neurons has been reported to prevent SNL-induced experimental 

hypersensitivity (Porreca et al., 2001).  However, neither DLF lesions nor 

microinjection of lidocaine into the RVM reduced cutaneous hypersensitivity 

within three days after SNL--they did so only 4-6 or more days after SNL 

(Burgess et al., 2002).  Based on these and similar findings, it has been 

proposed that physiological changes in the RVM contribute to the maintenance of 

neuropathic pain but not to its initiation.  

Fewer RVM neurons after SNL  

 In our present studies, it was found that the number of RVM neurons 

ipsilateral to SNL was significantly decreased compared to sham-operated rats.  

Several prior studies have shown that neurons at the spinal level undergo 

apoptosis ipsilateral to peripheral nerve injury (Sugimoto et al., 1990; Whiteside 

and Munglani, 2001; Scholz et al., 2005) and apoptosis has been reported in 

cortex in response to nerve injury (Fuccio et al., 2009). Apoptosis would be 

expected to result in cell loss, although to date the loss of neurons in those 

regions has been controversial (Polgar, 2004; Polgar et al., 2005). 
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 Our finding of neuronal loss in the RVM suggests that death of pain 

modulatory neurons contributes to the pathophysiology of neuropathic pain.  

Although it is possible that both pro- and anti-nociceptive neurons are lost after 

SNL, the most parsimonious interpretation of our findings is that SNL selectively 

kills antinociceptive RVM neurons, thereby facilitating cutaneous hypersensitivity. 

Glial activation in the RVM may also contribute to cutaneous hypersensitivity 

(Wei et al., 2008), although since we found that it occurs bilaterally it would not 

by itself explain the unilateral decrease in withdrawal thresholds; instead, glial 

activation may be an important factor in the initiation of neuropathic pain (Mei et 

al., 2011).   

 Although a significant number of 5-HT neurons were lost after SNL (see 

below), most cells that were lost (88%) did not express 5-HT.  The identity of 

these neurons is not known but it has been proposed that the antinociceptive 

neurons of the RVM are physiologically characterized as OFF-cells (Fields et al., 

1983a; 1983b; Heinricher et al., 1989; Fields et al., 1991).  Many OFF-cells 

project to the dorsal horn (Fields et al., 1995) and express GABA (Winkler et al., 

2006).  Previous studies have suggested that changes in ON-cell and OFF-cell 

firing drive the hypersensitivity observed in SNL(Carlson et al., 2007; Gonçalves 

et al., 2007), but it has not yet been determined whether or not the number of 

OFF-cells changes.  It has also reported that neuropathic pain is maintained by 

RVM neurons expressing MOR (Porreca et al., 2001; Burgess et al., 2002).  

Consistent with this finding, MOR-ir appeared not to decrease after SNL and 
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RVM neurons (including 5-HT neurons) expressing MOR were still observed after 

SNL.  

Mechanism of cell loss 

 The cause of RVM cell loss is unclear.  It has been reported that 

hypersensitivity after SNL could be blocked by a single microinjection of an 

NMDA antagonist into the RVM (Wei and Pertovaara, 1999), suggesting that 

excessive activity among glutamatergic afferents immediately after injury might 

be sufficient to kill RVM neurons.  Although NMDA receptor activation may 

contribute to cell loss, it is unclear how activation only of ipsilateral glutamatergic 

afferents could be evoked physiologically. An alternative explanation is that loss 

of RVM neurons arises from their spinal projections.  RVM neurons project 

predominantly ipsilaterally to the spinal cord dorsal horn (Skagerberg and 

Bjorklund, 1985) and nerve damage or primary afferent activity have been 

reported to result in cell loss or apoptosis in the dorsal horn and in dorsal root 

ganglia (Coggeshall et al., 2001; Whiteside and Munglani, 2001; Maione et al., 

2002; de Novellis et al., 2004; Scholz et al., 2005; Hassanzadeh and Ahmadiani, 

2006; Jalalvand et al., 2008; Sekiguchi et al., 2009; Meisner et al., 2010). Thus 

we propose that apoptosis of spinal cells (either neurons, glia or primary afferent 

fibers) in the terminal fields of bulbospinal neurons triggers retrograde 

degeneration of RVM neurons.   

Pain facilitation by 5-HT 
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In the present study, about 8% of RVM neurons were found to be 

serotonergic (i.e. they expressed TPH-ir).  Of these, about one-third was lost 

ipsilateral to SNL.  The remaining 5-HT neurons appeared to facilitate 

nociception: administration of 5,7-DHT, a serotonin neurotoxin, significantly 

improved (i.e. increased) withdrawal thresholds after SNL.  This effect might 

either be direct (e.g., via 5-HT3 receptors (Suzuki et al., 2005) or indirect (e.g., 

via gating the facilitatory or inhibitory output of the RVM).  Since 5,7-DHT was 

given intracisternally, this finding could be due at least in part to 5,7-DHT acting 

on 5-HT neurons outside the RVM.  However, previous studies have suggested 

that bulbospinal 5-HT neurons do contribute to persistent pain (McCleane et al., 

2003; Suzuki et al., 2004; Rahman et al., 2006; Dogrul et al., 2009; Wei et al., 

2010) and our findings are consistent with there being a role for 5-HT in 

maintaining neuropathic pain.   

In summary, our data indicate that almost one-fourth of RVM neurons are 

lost after SNL, and that preventing this loss reduces the hypersensitivity 

observed after SNL.  We propose that death of antinociceptive neurons in the 

RVM is responsible, at least in part, for maintaining tactile hypersensitivity after 

nerve damage and that changes in the RVM and the spinal cord together 

contribute to the phenomenon of neuropathic pain.  Reducing RVM neuronal 

death and the associated hypersensitivity with anti-apoptotic drugs may prove 

useful for preventing neuropathic pain in humans.   
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Figure 2-1.  Definition of RVM and description of cell-counting methods. Line Diagram: The RVM was 
defined as an isosceles triangle, the base of which was the width of the pyramidal tracts. The height of the 
triangle on the midline was half the width of the base. VII: facial nucleus. Crosses mark examples of 
randomly selected points used for cell counting. A,B. Nissl-stained sections from sham-treated and SNL-
treated rats, respectively.  Fewer RVM neurons were observed in rats after SNL.  Stars in A and B represent 
the locations of the counting frames in C and D, respectively.  C, D: Examples of high-magnification 
sequences of images through the thickness of tissue sections used for cell counting.  Color of counting 
frames corresponds to the color of the stars in A and B.  Arrows indicate neurons that would be counted.  A 
neuron might appear in multiple images through the thickness of a section but was only counted when its 
nucleolus was first observed.  Neurons were counted if their nucleoli fell entirely within the counting frame, 
or if they were partially within the counting frame without being in contact with a rejection line (solid line).  
E1-E3.  Comparison of Nissl and NeuN labeling.  Arrows indicate Nissl-stained neurons that were also 
NeuN-ir.  Arrowheads indicate Nissl-stained glia that were not NeuN-ir.  Cells with dark cytoplasm, a 
vacuous nucleus and a dark nucleolus (the Nissl criteria we used for a neuron) were always labeled for 
NeuN.  Scale bar in B applies to A and B.  Scale bar in D4 applies to C1-4 and D1-4.  Scale bar in E3 
applies to E1-E3. 
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Figure 2-2.  SNL induced tactile hypersensitivity and neuronal loss in RVM. Paw 
withdrawal thresholds, measured by von Frey filaments, ipsilateral to the ligation 
were significantly decreased compared to those in sham-operated rats or to 
those observed on the contralateral side in SNL rats (*, p<0.05; 2-way ANOVA).  
B. Significantly fewer Nissl-stained neurons were observed ipsilateral to SNL (*, 
p<0.05, 2-way ANOVA). C. SNL resulted in no significant differences in the 
number of neurons in the facial nucleus (p>0.05, 2-way ANOVA).  D. SNL 
resulted in a significant decrease in the number of NeuN-labeled neurons 
ipsilateral to the surgery (*, p<0.05, 2-way ANOVA). 
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Figure 2-3.  No significant differences in the volumes of RVM and Facial nucleus 
after SNL.  Comparisons between the ipsilateral and contralateral sides of both 
regions yielded no differences after SNL.  The same was true when comparing 
the ipsilateral sides of sham and SNL animals (p>0.05; 2-way ANOVA). 
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Figure 2-4.  SNL induced loss of tryptophan hydroxylase-immunoreactive (TPH-
ir) neurons in the RVM. A-B. Confocal images showing TPH-ir in the RVM in 
sham-operated (A) and SNL-treated (B) rats. Parameters for image acquisition 
and display (brightness, contrast, filtering) were identical. “Ipsilateral” and 
“contralateral” are relative to the nerve ligation. C. The number of RVM TPH-ir 
neurons ipsilateral to SNL was significantly less than contralateral to SNL. In 
addition, the number was significantly less than that found ipsilateral to sham-
surgery (*, p<0.05; 2-way ANOVA). TPH-ir neurons were counted based on their 
Nissl counter-staining, as described in the Methods section.  Scale bar in B 
applies to A and B. 
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Figure 2-5.  Effect of SNL as serotonin-immunoreactive (5-HT-ir) in the superficial 
dorsal horn of the spinal cord.  A-C. SNL significantly decreased the density of 
5HT-ir varicosities at all spinal levels examined.  (A) Segment C2,  (B) Segment 
T2,  (C) Segment L4 (*, p<0.05; 2-way ANOVA). D. Images of 5-HT-ir in 
superficial dorsal horn of rats receiving sham surgery or SNL. Note reduced 5-
HT-ir in SNL image. Box in inset denotes area from which images were obtained.  
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Figure 2-6.  Intracisternal injection of the serotonin neurotoxin 5,7 
dihydroxytryptamine (5,7-DHT) partially reversed mechanical hypersensitivity 
after SNL. A. Withdrawal thresholds became significantly higher after rats 
receiving SNL were injected with 5,7-DHT. Also, thresholds were significantly 
higher in rats receiving SNL that were treated with 5,7-DHT than in rats receiving 
SNL that were given saline  (*, p<0.05; 2-way ANOVA). B. Image of 5-HT-ir in 
superficial dorsal horn of a rat that had received SNL and that was treated with 
5,7-DHT (compare to Figure 4D). Note lack of 5-HT-ir. Box in inset denotes area 
from which image was obtained. 
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Figure 2-7.  MOR-immunoreactivity in the RVM appears to be unchanged after 
SNL.  A.  MOR-ir in RVM ipsilateral to sham surgery.  B.  MOR-ir in RVM 
ipsilateral to SNL.  RVM neurons, including TPH-ir neurons expressed MOR-ir 
after SNL.  Section was double-stained; insets show expression of MOR-ir by 
TPH-ir RVM neurons. Insets were taken from the region outlined by the square.  
C. Absorption control.  Section of RVM serially adjacent to that in B; note marked 
reduction in labeling. Section was also double-stained and the same TPH-ir 
neurons visible in B can be seen in the insets.  Again, the square indicates the 
region from which the insets were taken.  Scale bar in insets = 30 µm.  The 300 
µm scale bar in C applies to A-C. 
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Figure 2-8.  SNL induced a bilateral activation of astrocytes and microglia and an 
increase in glial number.  A-D.  At day 3, astrocytes were activated (as shown by 
increased GFAP labeling) in the ipsilateral and contralateral RVM after SNL, 
compared to sham.  E-H.  At day 10, microglia were activated after SNL 
compared to sham, as shown by increased labeling for the microglial marker, 
CD11b.  I.  We observed significantly more Nissl-stained glia in the RVM after 
SNL and the increase was bilateral.  J.  No significant increases in glial number 
were found in Facial nucleus after SNL.  Scale bar in H applies to A-H.   
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Figure 2-9.  Low magnification images of RVM show increased activation of 
astrocytes at day 3 and day 10 post-SNL.  Scale bar = 125 µm. 
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Chapter 3 

Prevention of SNL-induced RVM cell loss and mechanical 
hypersensitivity by tauroursodeoxycholic acid 

 

Introduction 
 

As mentioned in the previous chapter, we have found that after L5 spinal 

nerve ligation (SNL), a rat model of neuropathic pain, that the number of neurons 

in the RVM ipsilateral to the ligation decreases by almost one-fourth and the 

number of 5-HT in the same region decreases by over one-third.  The cause and 

the mechanism of RVM cell loss are unclear.  Although several prior studies have 

shown that neurons in the cortex (Fuccio et al., 2009) and at the spinal level 

undergo apoptosis after peripheral nerve injury (Sugimoto et al., 1990; Whiteside 

and Munglani, 2001; Scholz et al., 2005), there has no been no reliable evidence 

of traditional markers (activated caspase-3, cleaved caspase-6, and TUNEL 

staining) of apoptosis at the level of the RVM (Wei et al., 2008; Leong et al., 

2011).  However, this may be in part because apoptotic events are brief (Kerr 

and Wyllie, 1972; Sanchez et al., 1992) and may result in few or no apoptotic 
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cells being detected (Lawen, 2003).  Therefore, we investigated the role of 

apoptosis in RVM cell loss.   

Various investigators have found that neurons undergo apoptosis and that 

blocking this process with intrathecal zVAD, an inhibitor of the caspases that 

mediate apoptosis, reduces the tactile hypersensitivity that rats display after 

nerve damage.  Unfortunately, zVAD is a peptide, which makes this drug less 

practical for treating potential CNS apoptosis.  However, previous studies have 

reported that the bile acid ursodeoxycholic acid (UDCA) and its taurine conjugate 

tauroursodeoxycholic acid (TUDCA) inhibit apoptosis and that they have been 

shown to be useful for reducing brain damage in a rat model of stroke (Rodrigues 

et al., 2002; 2003).  UDCA can be given orally or parenterally and is approved in 

the United States for use in humans for cholestatic liver disease, but because 

TUDCA has greater solubility in water, we decided to use this bile acid to 

investigate the mechanism of RVM neuronal loss and whether reversal can 

improve neuropathic symptoms (i.e. mechanical hypersensitivity). 

 

Materials and Methods 

 

The majority of the protocols for the following experiments are identical to 

those mentioned in the previous chapter; therefore, the latter will be briefly 

described and additional materials and methods will be detailed further. 
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Animals: 

Again, 3-10 male Sprague-Dawley rats (150-250 g; Harlan, Madison, WI) 

were used for each experiment in these studies. All experiments and procedures 

were performed using protocols approved by the University of Minnesota 

Institutional Animal Care and Use Committee.   

SNL surgery:  

Rats were divided into two experimental groups: a group in which the L5 

spinal nerve was ligated and cut (Blenk et al., 1997; Ringkamp et al., 1999; Li et 

al., 2000), and a sham-operated control group.    

Perfusion: 

 Rats were deeply anesthetized and perfused via the ascending aorta with 

oxygenated Ca 2+-free Tyrode’s solution (pH 7.2) followed by 500 ml of 4% 

formaldehyde in 0.16 M phosphate buffer (pH 6.9).  Immediately after fixation, 

brains were removed and stored in a 5% sucrose solution prior to sectioning.  

Drug treatments:  

We tested the efficacy of TUDCA as an inhibitor of apoptosis by 

examining its effects on dexamethasone-induced apoptosis in thymus.  Two 

TUDCA injections (300 mg/kg i.p.) were given: one two days prior to 

dexamethasone (1 mg/kg i.p.) administration and one the day of dexamethasone 
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administration.  Control animals were given saline injections instead of TUDCA 

solution.  Rats were killed one day after dexamethasone administration. 

To test the effects of inhibiting apoptosis on SNL, we administered 

tauroursodeoxycholic acid (TUDCA: 300 mg/kg i.p.) or saline prior to and after 

surgery.  TUDCA has been reported to inhibit apoptosis and to be active 

systemically (Rodrigues et al., 2003); systemic administration avoids the potential 

for damage associated with microinjections made directly into the brain 

parenchyma.  For each group, injections were given every-other day, starting 3 

days prior to surgery and continuing until sacrifice at day 10. 

For another experimental group, at day 10, animals were not sacrificed but 

instead TUDCA administration (300 mg/kg i.p.) was ceased.  To examine the 

long-term effects of TUDCA, mechanical withdrawal thresholds were monitored 

every-other day after TUDCA cessation until day 20 post-SNL when animals 

were killed. 

To test whether TUDCA administration raises mechanical withdrawal 

thresholds if started after SNL, rats received either TUDCA (300 mg/kg i.p.) or 

vehicle starting either on day 2 or day 10 post-surgery.  Once started, injections 

were given every-other day and continued for 8 days for those animals that first 

received TUDCA or vehicle on day 2 post-surgery and 14 days for those animals 

that first received TUDCA on day 10 post-surgery.  Mechanical withdrawal 
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thresholds were monitored on days without injections, and animals were 

sacrificed either on Day 10 or Day 24 post-SNL. 

Histology and Immunocytochemistry: 

The RVM and spinal cord were sectioned using a freezing microtome 

(Leica, SM2400) at a nominal thickness of 50 µm.  The free-floating sections 

were washed in phosphate-buffered saline (PBS) for three 5-minute intervals.  

RVM sections were incubated overnight at 4°C in a solution containing mouse 

anti-tryptophan hydroxylase (TPH; T0678, Sigma, Saint Louis, MO, 1:1000).  

Sections were then washed in PBS and incubated for 4 h with Cy2-conjugated 

donkey anti-mouse IgG (Jackson ImmunoResearch, West Grove, PA, 1:500).  

The fluorescent Niss stain ethidium bromide (30 nM, Sigma) was used to 

counterstain RVM tissue (Schmued et al., 1982). 

 To stain for apoptosis markers, ten micron-thick cryostat sections were 

stained for activated caspase-3 (AF835, R&D Systems, Minneapolis, MN), 

cleaved caspase-6 (Asp162, Cell Signaling Technology), or stained for terminal 

deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling (TUNEL kit; 

Roche, Mannheim, Germany) after heat-induced epitope retrieval.  Sections were 

exposed to a temperature of 101°C for 30 min in a 10 mM solution of citric acid.  

Tissue was then washed three times (5 minutes each) in tris-buffered saline 

(TBS; 135 mM NaCl and 25 mM tris-HCl; pH = 7.4) and permeabilized with TBS 

containing 0.2% Triton X-100 and 0.2% Tween-20 for 1 h at room 
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temperature.   For caspase staining, after rinsing with TBS, tissue was incubated 

overnight at 4°C in mouse anti-activated caspase-3 (1:500) or cleaved caspase-6 

(1:500).  Tissue was then again washed in TBS and incubated for 2 h with Cy3-

conjugated donkey anti-mouse and the Nissl counterstain SyBr RNA II Green Gel 

Stain (S-7564, Invitrogen, Carlsbad, CA, 1:10,000).  For TUNEL labeling, 

following permeabilization (again with TBS containing 0.2% Triton X-100 and 

0.2% Tween for 1 h at room temperature), the sections were rinsed in TBS then 

incubated in TdT reaction buffer (Roche, 1600 U/ml terminal transferase, 40 nM 

biotin-16-dUTP, 200 mM potassium cacodylate, 5 mM CoCl2, 250 µg/ml bovine 

serum albumin, 25 mM tris-HCl; pH 6.6) for 2 h at 37˚C.  The reaction was 

terminated in TBS containing 20 mM EDTA; the sections were washed in several 

changes of TBS and incubated in streptavidin conjugated to Cy3 (Jackson 

Immunoresearch) and counterstained with SyBr RNA II Green Gel Stain 

(Invitrogen, 1:10,000) in TBS containing 0.2% Tween-20 and 0.2% casein for 2 h 

at room temperature. 

Microscopy and Quantification: 

Conventional microscopy was used to collect images of the RVM for cell 

counting. 

The RVM was again defined as an isosceles triangle that lies at the level 

of the facial nucleus with a base having a width equal to that of the combined 

pyramidal tracts, and its height equal to half the width of the base (Figure 2-1). 
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The RVM extended from the rostral end of inferior olive to the caudal end of the 

trapezoid body.  It was divided into ipsilateral and contralateral sides by the 

midline. 

Nissl-stained sections were used to count neurons and glia.  Neurons had 

dark cytoplasm, a vacuous nucleus, and single distinct nucleolus.  On the other 

hand, glia had very lightly-stained cytoplasm, a dark nucleus, and nuclear 

granulations rather than a nucleolus.  Cell counting was based on cells’ Nissl 

staining, including counting of TPH-ir neurons, which were Nissl counter-stained. 

Systematic random sampling was used to choose the sections and fields 

to be evaluated (Howard and Reed, 1998); the entire RVM was sampled.  

Unbiased stereological methods (i.e. a counting frame and the optical disector 

method) were used to count cells within those fields. 

Statistics: 

Differences among treatment groups were identified by 2-way analyses of 

variances (ANOVA); post-hoc comparisons were made after 2-way ANOVAs with 

a Bonferroni test.   Chi-square tests were used to detect differences in 

proportions.  P< 0.05 was considered significant.  Statistical tests were 

performed using the GraphPad Prism software and website (La Jolla, CA, 

http://www.graphpad.com). 

Von Frey Testing for Tactile Hypersensitivity: 
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Mechanical sensitivity was determined by measuring the paw withdrawal 

threshold in response to the application of von Frey filaments, using the up-down 

method of Chaplan (Chaplan et al., 1994). Withdrawal thresholds were measured 

prior to surgery and at 2-3 day intervals after surgery.  In all cases, thresholds 

were measured bilaterally. 

  

Results 

 

Administration of tauroursodeoxycholic acid (TUDCA) reduced both the loss 
of RVM neurons and cutaneous hypersensitivity after SNL 

 

  Previous studies have reported that neuronal apoptosis occurs in the 

spinal cord and cerebral cortex after nerve injury and that inhibiting caspases 

reduces cell loss (Coggeshall et al., 2001; Whiteside and Munglani, 2001; Scholz 

et al., 2005; Siniscalco et al., 2007; Fuccio et al., 2009).  In our previous 

experiments, we have been unable to show reliable apoptosis labeling; therefore, 

to further test whether apoptosis might mediate the cell loss we observed in the 

RVM, we administered an apoptosis inhibitor.  To avoid the local damage that 

could result from a direct microinjection of a caspase inhibitor into the RVM, we 

gave rats a long-acting inhibitor of apoptosis that can be administered 

systemically.  (Ward et al., 1984; Rodrigues et al., 1998; Rodrigues and Steer, 
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2001; Sola et al., 2007)The taurine conjugate of UDCA (TUDCA) has been 

reported to inhibit apoptosis (Rodrigues et al., 2003; Ramalho et al., 2008), 

promote cell survival (Schoemaker et al., 2004), and has been shown to have 

beneficial effects in a number of in vivo and in vitro models of neurological 

damage that result in apoptosis, including hemorrhagic and ischemic stroke, 

Huntington’s disease, and Alzeheimer’s disease (Sola et al., 2007). 

  We first tested the actions of TUDCA by examining its effects on apoptosis 

in the thymus.   We induced apoptosis in the thymus by treatment with 1 mg/kg 

dexamethasone, an immunosuppressant glucocorticoid (Compton et al., 1987; 

Quaglino and Ronchetti, 2001), which greatly increased staining for caspase-3.  

However, in rats treated with both TUDCA and dexamethasone, we found a 

marked decrease in caspase-3 labeling compared to treatment with 

dexamethasone alone (Figure 3-1).   

   In the brain stem, we found that administration of TUDCA prevented loss 

of RVM neurons after SNL (Figure 3-2A).  In rats receiving SNL and treated with 

TUDCA, the number of RVM neurons ipsilateral to the lesion was 17,976±1,202, 

which was significantly higher (by 43%) than the number found in the ipsilateral 

sides of vehicle-treated rats that had received SNL (12,540±930; p<0.05, n=8 

animals in each group, total d.f. = 31, Figure 3-2A).  As expected, in vehicle-

treated rats, the number of RVM neurons in the ipsilateral side (12,540±929) was 

significantly less (by 26%) than the number found in the contralateral side 
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(16,949±1,074, p<0.05, Figure 3-2A).  There was no significant difference 

between the number of neurons in the ipsilateral and contralateral sides of 

TUDCA-treated rats receiving SNL (TUDCA ipsi: 17,976±1,202, TUDCA contra: 

16,675±828, Figure 3-2A), nor between the numbers of neurons found in the 

contralateral sides of the two treatment groups (SNL with TUDCA: 16,675±828, 

SNL with saline: 16,949±1,074, p>0.05, Figure 3-2A).   

  TUDCA also prevented the loss of 5-HT neurons in the RVM.  The number 

of RVM 5-HT neurons ipsilateral to SNL in TUDCA-treated animals (1,353±96) 

was significantly higher (by 30%) than the number in vehicle-treated rats 

(1,043±118, p<0.05, n=8 animals in each group, total d.f. = 31, Figure 3-2B).  

Again, as expected, the number of 5-HT-ir RVM neurons in the ipsilateral side of 

vehicle-treated rats (1,043±118) was significantly less (by 27%) than that in the 

contralateral side (1,427±211, p<0.05, Figure 3-2B).  In TUDCA-treated rats 

receiving SNL, there was no significant difference between the number of 

neurons in the ipsilateral and contralateral sides (TUDCA ipsi: 1,353±96, TUDCA 

contra: 1,251±99, p>0.05, Figure 3-2B). 

  TUDCA administration also reduced SNL-induced mechanical 

hypersensitivity.  Beginning at day 4 post-SNL, the withdrawal thresholds of the 

ipsilateral hindpaws of TUDCA-treated rats (Day 4: 3.5±0.5 g; Day 6: 4.0±0.5 g; 

Day 8: 4.6±1.1 g; Day 10: 5.2±1.3 g) were significantly higher than those animals 

treated with vehicle (Day 4: 1.1±0.3 g; Day 6: 1.3±0.2 g; Day 8: 1.2±0.3g; Day 
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10: 1.2±0.2 g; p<0.05, n=10 animals treated with TUDCA, n=9 animals treated 

with vehicle, d.f. interaction = 7, d.f. treatment = 1, d.f. time = 7, d.f. subjects = 

17, d.f. residual = 119, total d.f. = 151, Figure 3-2C).   

 

Administration of TUDCA reduced the increase in glia observed after SNL 

 

After SNL, we observed a bilateral increase in the number of glia in the 

RVM. Treatment with TUDCA significantly reduced the increase in RVM glia 

observed after SNL (TUDCA ipsi: 62,306±3,736 vs. vehicle ipsi: 85,541±2,972, or 

27% fewer; TUDCA contra: 60,437±4,315 vs. vehicle contra: 80,086±2,899, or 

25% fewer; p<0.05 in both cases, n=7 animals treated with TUDCA, n=6 animals 

treated with vehicle, total d.f. = 25).  These findings suggest that the increase in 

glia was in response to cell death.    

 

Treatment with TUDCA exerts significant long-last effects on withdrawal 
thresholds 

 

 We found that pretreatment with TUDCA reduces hypersensitivity after 

nerve injury.  To address whether it would be necessary to continue TUDCA 

administration indefinitely to be able to continue to observe this reduction, we 
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monitored withdrawal thresholds before cessation of TUDCA administration 

(administration stopped at day 10 post-SNL) and afterward until sacrifice at day 

20 post-SNL.  Again, we found that there was a significant difference between 

ipsilateral paw withdrawal thresholds at day 10 between vehicle-treated and 

TUDCA-treated animals (TUDCA: 12.5±0.6 g, vehicle: 2.8±0.5 g, p<0.05, Figure 

3-3), but we also found that there was still a significant effect 10 days after 

cessation of treatment (TUDCA: 6.6±1.9 g, vehicle: 2.1±0.4 g, p<0.05, n=8 for 

each group, total d.f. = 31, Figure 3-3). 

 

TUDCA administration raises mechanical withdrawal thresholds if started 2 
days after SNL but not if started 10 days after SNL 

 

 To determine whether treatment with TUDCA is still effective if begun after 

nerve injury, TUDCA administration was begun either on day 2 or day 10 after 

SNL surgery.  In the first group, SNL-treated animals were given either TUDCA 

or saline beginning 2 days after surgery; animals treated with TUDCA showed a 

significant increase in mechanical withdrawal thresholds compared to animals 

given saline at day 9 post-SNL (TUDCA: 8.0±2.8 g, vehicle: 2.8±0.5 g, p<0.05, 

n=5 animals for each group, total d.f. =59, Figure 3-4).  In the group that received 

TUDCA for 10 days beginning at day 10 post-SNL, there was no significant 
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difference in ipsilateral hindpaw withdrawal thresholds when comparing them 

before and after TUDCA administration (p>0.05, n=3 animals, Figure 3-4).   

 

Discussion 

 

Prevention of neuronal loss and mechanical hypersensitivity by apoptosis 

inhibitor 

  Nerve damage or primary afferent activity have been reported to result in 

cell loss or apoptosis in the dorsal horn and in dorsal root ganglia (Coggeshall et 

al., 2001; Whiteside and Munglani, 2001; Maione et al., 2002; de Novellis et al., 

2004; Polgar et al., 2005; Scholz et al., 2005; Hassanzadeh and Ahmadiani, 

2006; Jalalvand et al., 2008; Sekiguchi et al., 2009; Meisner et al., 2010).  In our 

experiments we were unable to demonstrate caspase-3, caspase-6, or TUNEL in 

the RVM after SNL; however, we did show that the antiapoptotic drug, TUDCA, 

blocked SNL-induced RVM neuronal loss (Figure 3-2A,B) and prevented 

hypersensitivity.  TUDCA significantly decreased tactile hypersensitivity four or 

more days after SNL but did not reduce hypersensitivity one-to-three days after 

SNL (Figure 3-2C), suggesting that cell loss underlies the RVM’s contribution to 

the maintenance phase of neuropathic pain and not the initiation phase (Vera-

Portocarrero et al., 2006).  As we proposed in the previous chapter, glial 

activation in the RVM may also contribute to the observed hypersensitivity but 
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only to its initiation (Mei et al., 2011).  In our studies, we found that the number of 

glia increased bilaterally after SNL, and that this increase was blocked by 

TUDCA, suggesting it may represent migration of glia and not proliferation (see 

lack of BrdU labeling in previous chapter) in response to RVM neuronal death.     

  Our data also showed that TUDCA reduced mechanical hypersensitivity 

long after it had been stopped being administered (Figure 3-3).  There was still a 

significant effect of TUDCA administration 10 days after cessation of treatment, 

which suggests that by preventing apoptosis or promoting cell survival in the 

RVM that it would not be necessary to continue TUDCA administration 

indefinitely to enjoy the benefits.  It is unclear, nonetheless, how long this effect 

continues.  Further experiments where longer survival times are used are needed 

to determine the extent of TUDCA’s long-lasting beneficial effects on pain 

thresholds.  It should also be noted that when comparing mechanical 

hypersensitivity during the period of TUDCA treatment prior to cessation to that in 

our previous experiments (see Figure 3-2C), that there appears to be a 

significant amount of variation in withdrawal thresholds.  During comparable 

timelines in both experiments, TUDCA-treated rats had significantly higher 

withdrawal thresholds compared to their sham-operated counterparts but also 

showed a high degree of variation in the increased threshold values between 

individual TUDCA-treated rats.   We are unsure of the reasons for this 

phenomenon; however, one may hypothesize that individual variation in RVM cell 
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death, as well as different levels of glial activation may contribute to the different 

responses to TUDCA administration. 

Attenuation of mechanical hypersensitivity 

  We have shown that administration of TUDCA prior to nerve injury 

prevents the full development of mechanical hypersensitivity after SNL.  Our data 

also suggest that TUDCA administration can begin 2 days after nerve injury and 

still have a beneficial effect.  However, when we delayed TUDCA treatment until 

10 days after SNL there was no significant difference in mechanical withdrawal 

thresholds before and after treatment.  These results suggest that there is an 

early time window after nerve injury where TUDCA can prevent hypersensitivity.  

To narrow down the timeframe in which the drug is effective and to determine the 

maximum delay possible prior to initiation of treatment, additional behavioral 

experiments are needed.  Furthermore, to confirm whether TUDCA acts by 

stopping RVM cell loss after nerve injury, cell-counting experiments are required 

for SNL-treated rats receiving TUDCA or vehicle 2 days after surgery.  

Mechanism of cell loss 

 Because TUDCA was given systemically, there is a possibility that it acted 

indirectly (i.e. on spinal cord or dorsal root ganglia: see above) rather than 

directly on the RVM to prevent apoptosis.  The latter would agree with our 

inability to demonstrate TUNEL or caspase labeling in the RVM after SNL.  

However, apoptotic events are brief (Kerr and Wyllie, 1972; Bursch et al., 1990; 
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Sanchez et al., 1992), which can result in few or no apoptotic cells being 

detected (Lawen, 2003).  TUDCA can also act to promote cell survival by other 

means than inhibiting apoptosis (Schoemaker et al., 2004), and it is possible that 

RVM neurons are lost via some mechanism other than the classical apoptotic 

pathway.   

Clinical implications 

Despite the testing of many compounds, to date there has been relatively 

little progress toward prevention of neuropathic pain in the clinic (Bordet and 

Pruss, 2009; Albers et al., 2011).  In part, this may be due to the fact that many 

compounds that appear the most promising in pre-clinical trials, such as NMDA-

receptor antagonists (Mao et al., 1992; Smith et al., 1994; Munglani et al., 1999; 

Wei and Pertovaara, 1999; Wilson et al., 2005) have side effects that interfere 

with their clinical utility.  In contrast, UDCA is already clinically used for other 

purposes, such as for treatment for cholestatic liver disease, and is well tolerated 

(Festi et al., 2007).  This gives our findings a clinical appeal.  We have shown 

that UDCA’s taurine conjugate, TUDCA, reduces mechanical hypersensitivity and 

blocks loss of brain stem neurons after nerve injury, if it is administered starting 

three days prior to the injury (Figure 3-2).  This regimen would be useful for 

preventing post-surgical pain, where the date of surgery is known ahead of time 

but would be impractical to use for accidental trauma.  However, our results also 

show early administration of the bile acid after nerve injury decrease mechanical 
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hypersensitivity.  These results suggest that TUDCA administration will be useful 

not only to prevent development of neuropathic pain, but also to prevent 

development of neuropathic pain following traumatic injury.  Consequently, our 

results from these studies may help with the development of relevant clinical 

therapies. 
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Figures 
 

 

Figure 3-1.  TUDCA inhibited dexamethasone-induced apoptosis in thymus.  A.  
Dexamethasone (1 mg/kg) increased staining for activated caspase-3 in thymus.  
B.  Treatment with TUDCA decreased caspase-3-ir in dexamethasone–treated 
rats.  C.  TUDCA administration alone did not cause increased caspase-3 
staining.  D.  Thymus tissue from naïve rats showed little apoptosis.   
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Figure 3-2.  TUDCA prevented neuronal loss after SNL, including serotonergic cell loss, 
and partially reversed SNL-induced mechanical hypersensitivity.  (A) Compared to 
vehicle-treated rats, TUDCA-treated rats had significantly more Nissl-stained neurons 
ipsilateral to SNL (*, p<0.05, 2-way ANOVA).  (B) TUDCA-treated rats also had 
significantly more TPH-ir neurons after SNL (*, p<0.05, 2-way ANOVA). In contrast to 
saline-treated rats, there were no significant differences between the numbers of RVM 
neurons ipsilateral and contralateral to SNL in TUDCA-treated animals. C. Beginning 
four days post-SNL, the withdrawal thresholds of the ipsilateral hindpaws of TUDCA-
treated rats were significantly higher than those in animals treated with saline (p<.05; 2-
way ANOVA). There were no significant differences between the withdrawal thresholds 
of the contralateral hindpaws at any time point.  Inverted triangles = contralateral saline; 
squares = contralateral TUDCA; circles = ipsilateral TUDCA; triangles = ipsilateral saline.  
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Figure 3-3.  Duration of TUDCA effect.  TUDCA was begun 3 days prior to SNL 
and continued to 10 days after SNL.  The TUDCA group (red) still showed 
significantly higher von Frey thresholds ipsilateral to SNL than vehicle controls 
(black triangles) 10 days after cessation. N=8. 
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Figure 3-4.  Effects of post-surgical administration of TUDCA on withdrawal 
threshold.  A:  TUDCA was started 2 days after SNL and administered every-
other day until sacrifice at day 10.  Day 9 withdrawal threshold of SNL-treated 
animals given TUDCA were significantly higher than SNL-treated animals given 
vehicle (*, p<0.05, 2-way ANOVA, n=5 for each group).  B: Results from early 
preliminary studies suggested no significant effects on withdrawal thresholds if 
TUDCA was started 10 days after SNL (p>0.05, n=3). Saline-treated animals 
were not included. 
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Chapter 4 

Do chronic constriction injury and spared nerve injury models result in 
neuronal loss in rostral ventromedial medulla?  

Introduction 
 

We have found that SNL results in a significant decrease in the total 

number of RVM neurons, including 5-HT neurons (Figure 2-2, Figure 2-4), 

suggesting that the increased nociception observed after SNL may result from 

loss of inhibitory neurons in the RVM that project to the superficial dorsal horn 

(Figure 2-5).  This decrease appears to be due to apoptosis because 

administration of TUDCA, an inhibitor of apoptosis, prevents neuronal loss 

(Figure 3-2).  We find no cell loss in the facial nucleus, just lateral to the RVM 

(Figure 2-2), suggesting that cell loss is specific to the RVM.  We also found that 

an intracisternal injection of the serotonin neurotoxin, 5,7-dihydroxytryptamine 

(5,7-DHT), can partially reverse SNL-induced mechanical hypersensitivity.  On 

the other hand, sham animals that received 5,7-DHT had significantly increased 

mechanical hypersensitivity, which suggests that tactile allodynia observed in 

neuropathic pain may be mediated, at least in part, by bulbopsinal 5-HT neurons.   

Given our findings, the evidence for RVM 5-HT neurons evoking antinociception, 

and reports of the prominence of 5-HT’s role in neuropathic pain in humans and 

in animal models (McCleane et al., 2003; Suzuki et al., 2004; 2005; Donovan-

Rodriguez et al., 2006; Rahman et al., 2006), we hypothesize that nerve injury 

induces the selective loss of antinociceptive RVM 5-HT neurons, leaving behind 
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RVM 5-HT neurons that facilitate pain.  To further test this hypothesis, we 

decided to investigate neuronal numbers in other animal models of neuropathic 

pain.   

There are many animal models of neuropathic pain but additional models 

used in rats include: chronic constriction injury (CCI), partial sciatic nerve ligation, 

and spared nerve injury (SNI).  All involve injury to a nerve innervating the 

hindpaw and share the characteristics of tactile and thermal hypersensitivity, 

although they differ qualitatively with regard to amounts of ongoing pain behavior 

and degree of tactile hypersensitivity (Kim et al., 1997; Decosterd and Woolf, 

2000).  However, behavioral responses in the partial sciatic nerve ligation model 

have been reported to vary depending on diet (Shir et al., 1998).  Thus, we 

propose not to use partial sciatic nerve ligation but instead to examine CCI and 

SNI models in these studies.  If neuropathic pain results in part from the death of 

RVM 5-HT neurons, we would expect that in CCI and SNI models of neuropathic 

pain would also provoke loss of these neurons. Furthermore, it would suggest 

that loss of RVM 5-HT neurons is required for chronic expression of neuropathic 

pain. 

 

Materials and Methods 

Animals: 
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Male Sprague-Dawley rats (150-250 g; Harlan, Madison, WI) were used 

for these studies; six to nine animals were used for each experimental group. All 

experiments and procedures were performed using protocols approved by the 

University of Minnesota Institutional Animal Care and Use Committee.     

Animal surgeries: 

Chronic constriction injury (CCI):  The common sciatic nerve was exposed 

at the level of the middle of the thigh by blunt dissection through bicep femoris.  

Proximal to the sciatic’s trifurcation about 1 cm of nerve was freed of adhering 

tissue and 4 ligatures (4.0 chromic gut) were tied loosely around it with about 1 

mm spacing (Bennett and Xie, 1988).  The length of nerve thus affected was 4-5 

mm long.  Great care was taken to tie the ligatures such that the diameter of the 

nerve was seen to be just barely constricted when viewed with magnification.  In 

sham animals, there was sciatic exposure without ligation. 

Spared nerve injury (SNI):  As previously described (Decosterd and Woolf, 

2000), under 1.5% isoflurane anesthesia, the skin on the lateral surface of the 

thigh was incised and a section made directly through the biceps femoris muscle 

exposing the sciatic nerve and its three terminal branches: the sural, common 

peroneal and tibial nerves.  The SNI procedure comprised an axotomy and 

ligation of tibial and common peroneal nerves leaving the sural nerve intact.  The 

common peroneal and the tibial nerves were ligated with 5.0 silk and sectioned 
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distal to the ligation.  Great care was taken to avoid any contact with or stretching 

of the intact sural nerve.  Sham controls involved exposure of the sciatic nerve 

and its branches without any lesion. 

Perfusion: 

 All animals were perfused 10 days after surgery.  Rats were deeply 

anesthetized with a mixture of ketamine (67.5 mg/kg), xylazine (22.5 mg/kg) and 

acepromazine (1 mg/kg) and perfused via the ascending aorta with 180 ml 

oxygenated Ca 2+-free Tyrode’s solution (pH 7.2) followed by 500 ml of 4% 

formaldehyde (freshly made from paraformaldehyde) in 0.16 M phosphate buffer 

(pH 6.9).  Immediately after fixation, brains were removed and stored in a 5% 

sucrose solution prior to sectioning.  

Histology and Immunocytochemistry: 

The RVM was sectioned using a freezing microtome (Leica, SM2400) at a 

nominal thickness of 50 µm.  The free-floating sections were washed in 

phosphate-buffered saline (PBS) for three 5-minute intervals.  RVM sections 

were incubated overnight at 4°C in a solution containing mouse anti-tryptophan 

hydroxylase (TPH; T0678, Sigma, Saint Louis, MO, 1:1000).  Sections were then 

washed in PBS and incubated for 4 h with Cy2-conjugated donkey anti-mouse 

IgG (Jackson ImmunoResearch, West Grove, PA, 1:500).  The fluorescent Niss 
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stain ethidium bromide (30 nM, Sigma) was used to counterstain RVM tissue 

(Schmued et al., 1982). 

Microscopy and Quantification: 

 Conventional microscopy was used to collect images of the RVM for cell 

counting. An Olympus BX50 fluorescence microscope (Tokyo, Japan) equipped 

with filter sets designed to allow selective visualization of Cy2 and Cy3 was used.  

Microscopic images were collected with a Scion 1346 digital camera.   

The RVM was defined as an isosceles triangle that lies at the level of the 

facial nucleus with a base having a width equal to that of the combined pyramidal 

tracts, and its height equal to half the width of the base (Figure 2-1). The RVM 

extended from the rostral end of inferior olive to the caudal end of the trapezoid 

body.  It was divided into ipsilateral and contralateral sides by the midline. 

Nissl-stained sections were used to count neurons and glia.  Neurons had 

dark cytoplasm, a vacuous nucleus, and single distinct nucleolus.  On the other 

hand, glia had very lightly-stained cytoplasm, a dark nucleus, and nuclear 

granulations rather than a nucleolus.  Cell counting was based on cells’ Nissl 

staining, including counting of TPH-ir neurons, which were Nissl counter-stained. 

Systematic random sampling was used to choose the sections and fields 

to be evaluated (Howard and Reed, 1998); the entire RVM was sampled.  
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Unbiased stereological methods (i.e. a counting frame and the optical disector 

method) were used to count cells within those fields. 

Statistics: 

 Differences among treatment groups were identified by 2-way analyses of 

variances (ANOVA); post-hoc comparisons were made after 2-way ANOVAs with 

a Bonferroni test.  Statistical tests were performed using the GraphPad Prism 

software and website (La Jolla, CA, http://www.graphpad.com). 

Von Frey Testing for Tactile Hypersensitivity: 

Mechanical sensitivity was determined by measuring the paw withdrawal 

threshold in response to the application of von Frey filaments, using the up-down 

method of Chaplan (Chaplan et al., 1994). Withdrawal thresholds were measured 

prior to surgery and at 2-3 day intervals after surgery.  In all cases, thresholds 

were measured bilaterally. 

    

Results 

 

CCI and SNI both induced tactile hypersensitivity ipsilateral to the surgery 
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 As previously reported (Bennett and Xie, 1988; Decosterd and Woolf, 2000), 

CCI resulted in hypersensitivity to tactile stimuli ipsilateral, but not contralateral, 

to the surgery.  Ten days after surgery, the withdrawal threshold for the hindpaw 

ipsilateral to the surgery was 3.8±1.5 g (mean± standard error of the mean, SEM) 

in rats receiving CCI, which was significantly lower than that in sham-operated 

rats (13.9±1.1 g; p<0.05, n=9 animals receiving CCI, n=8 sham-operated rats, 

total degrees of freedom [d.f] = 33, Figure 4-1).  Thresholds in the ipsilateral 

paws of rats subjected to CCI were also significantly lower than those in their 

contralateral hindpaws (14.0±0.7 g; p<0.05, Figure 4-1).  

 Similar results were found when comparing SNI experimental groups.  At day 

10 post-surgery, the withdrawal threshold for the hindpaw ipsilateral to the lesion 

had significantly decreased (0.7±0.1 g) in SNI-treated rats when comparing to 

sham-operated rats (14.2±0.8 g; p<0.05, n=8 in both groups, total d.f. =31, Figure 

4-3). In addition, ipsilateral paw thresholds of animals receiving SNI were 

significantly lower than those in their contralateral hindpaws (15.0±0.0 g; p<0.05, 

Figure 4-3). 

In all cases, paw withdrawal thresholds determined before surgery were 

not significantly different between experimental groups.  
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No decrease in the number of RVM neurons, including 5-HT neurons, in CCI-
treated rats 

 

At 10 days after surgery, unlike our SNL experiments (Chapter 2), CCI 

resulted in no significant decrease in the total number of RVM neurons ipsilateral 

to the lesion (Figure 4-2A).  In rats that had received CCI, the number of Nissl-

stained neurons in the half of the RVM ipsilateral to the lesion was 12,622±1,885 

(mean±SEM), which was not significantly less than the number found in the 

ipsilateral side of the RVM in sham-operated rats (14,412±1,270, p>0.05, n=8 

animals in each group, total d.f. = 31).  Additionally, there was no significant 

difference between the number of neurons in the ipsilateral and contralateral 

sides (p>0.05, Figure 4-2) of the same CCI-treated animals and when comparing 

the number of RVM neurons on the contralateral side of rats receiving CCI and 

sham-operated rats (CCI: 14,785±2,604 vs. sham: 13,920±1,007, p>0.05, Figure 

4-2A).   

When making comparisons of 5-HT neuronal counts between 

experimental groups, we found that the number of 5-HT neurons in the ipsilateral 

RVM also did not change between CCI-treated and sham-operated rats (CCI: 

1,213±163 vs. sham: 1,1422±127, p>0.05, Figure 4-2B). Nor was there a 

significant difference when comparing the ipsilateral and contralateral sides of 

the animals that received CCI (contra: 1342±167, p>0.05, Figure 4-2B). 



   
 

 

91 

 

No significant difference in RVM neuronal number in rats receiving SNI 

 

 As with our CCI results, we did not observe any significant decrease in the 

total number of RVM neurons, including RVM 5-HT neurons, after SNI (Figure 

4-4A,B).  There were no differences when comparing the ipsilateral sides of SNI-

treated and sham-operated rats (SNI ipsi: 20,550±1,937 vs. sham ipsi: 

18,943±1,297, SNI ipsi 5-HT: 2,454±447 vs. sham ipsi 5-HT: 1,861±213, p>0.05, 

n=8 SNI-treated animals, n=6 sham-operated animals, total d.f. = 27, Figure 

4-4A,B).  Furthermore, there were no significant differences when comparing the 

ipsilateral and contralateral sides of the same SNI animals SNI contra: 

18,549±1,287, SNI contra 5-HT: 2,201±279, p>0.05, Figure 4-4A,B). 

Glial number unchanged after CCI and SNI 

 

 In a model of trigeminal neuropathic pain, where chronic constriction injury 

was made to the infraorbial nerve, RVM glial activation appears to have a role in 

the descending facilitation of nociception (Wei et al., 2008).  Our results from 

SNL experiments confirm that there was increased glial activation and glial 

number in the RVM after nerve injury.  To determine whether glial number 

increases in other models of neuropathic pain, we used systematic random 
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sampling and unbiased stereological methods to count glial number after CCI 

and SNI. Using Nissl-stained tissue, we did not find an increase in numbers of 

glia in the RVM of CCI-treated animals as compared to sham-operated animals 

in either side of the RVM (CCI ipsi: 72,859±4,207 vs. sham ipsi: 82,057±7,395 

and CCI contra vs. sham contra: 77,357±6,969, p>0.05, n=8 animals in each 

group, total d.f. = 31, Figure 4-2C).  In addition, no significant differences were 

found when comparing numbers in animals receiving SNI and those receiving a 

sham operation (SNI ipsi: 56,471±8,221 vs. sham ipsi: 55,321±1,596 and SNI 

contra: 56,604±8,210 vs. sham contra: 53,612±3,865, p>0.05, n=8 animals 

receiving SNI, n=6 sham-operated animals, total d.f.=27, Figure 4-4C). This 

finding suggests that cell death after SNL precedes the increase of glia and that 

glia are responding to damaged neurons. 

Discussion 

Peripheral nerve damage induces various degrees of hypersensitivity, 

which may be accompanied by sensory and motor deficits (Sanoja et al., 2008).  

Several phenomena, both at the periphery and at the spinal cord, are responsible 

for the increased excitability of spinal nociceptive neurons as well as for the 

abnormalities in axonal connectivity and in expression of neuromediators that 

underlie neuropathic pain (Campbell and Meyer, 2006).  Another important player 

in neuropathic pain is a descending pain-control system.  Both facilitatory and 

inhibitory influences descend from the nucleus raphe magnus and other 
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structures of the RVM on the spinal dorsal horn (Campbell and Meyer, 2006).  In 

our previous SNL experiments, we found that the number of RVM neurons 

(including 5-HT neurons) ipsilateral to SNL was significantly decreased 

compared to sham-operated rats.  It appears that this loss is due to apoptosis.  

Our finding of neuronal loss in the RVM suggests that death of pain modulatory 

neurons contributes to the pathophysiology of neuropathic pain. Glial activation in 

the RVM may also contribute to cutaneous hypersensitivity, although since we 

found that it occurs bilaterally it would not itself explain the unilateral decrease in 

withdrawal thresholds; instead, glial activation may be an important factor in the 

initiation of neuropathic pain (Mei et al., 2011). 

In chapter 2 we proposed that neuronal loss in the RVM was due to 

neuronal loss in the spinal cord.  Interestingly, RVM neuronal loss and increase 

in glial number after spinal nerve injury was not observed in CCI and SNI models 

ten days after injury.  The reason for this discrepancy is unclear.  All three 

neuropathic pain models exhibit functional and structural alterations of spinal 

networks, however we hypothesize that there might be greater cell death at 10 

days post- SNL than at the same time point after SNI and CCI because of the 

shorter physical distance between the site of nerve injury and the CNS in the 

SNL model, and therefore, a shorter time required for transport of tumor necrosis 

factors (TNF) and neurotrophins (see Discussion below).  

Axonal transport of proteins and cell death 



   
 

 

94 

Nerve injury can initiate a series of inflammatory responses that contribute 

to neuropathic pain symptoms (Myers et al., 2006).  Previous investigations have 

revealed that the increase in retrograde axonal transport of proteins to dorsal root 

ganglia (DRG) (Redshaw and Bisby, 1984), including neurotrophins (DiStefano 

and Curtis, 1994; Curtis et al., 1998) and tumor necrosis factor-alpha (TNF-α); 

(Shubayev and Myers, 2001), represents a response to sensory nerve injury. 

Within a week of mammalian peripheral nerve injury, dynamic reorganization 

within the damaged sensory nerve fibers (e.g. axonal and myelin reorganization) 

causes an increase in retrograde axonal transport of small proteins, which 

provides a way of introducing an array of factors into neuronal cell bodies of DRG 

(Myers et al., 2006).  One explanation for the increased amount of TNF 

transported may be the increased availability of the cytokine (i.e. from activated 

immune cells) (Schäfers et al., 2002).   Alternatively, as shown for neurotrophins 

(Tonra et al., 1998), increased TNF transport may be related to upregulation of 

its cell surface receptors or a redistribution of preexisting receptors within the 

injured DRG or nerve fibers.  Furthermore, neuronal transport may be 

upregulated because of the increase of transport capacity of injured neurons, 

which is possibly related to increased expression of axonal transport motor 

proteins (Su et al., 1997).  These mechanisms allow local TNF-α and its 

receptors to be retrogradely transported to DRG neurons, which is thought to be 

a stimulus for upregulation of TNF-α in CNS neurons and glia (Myers et al., 

2006).  Furthermore, when TNF-α tracer is injected at a nerve injury site it 
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undergoes retrograde transport, which is followed by anterograde transport to the 

spinal cord from the DRG (Shubayev and Myers, 2001; 2002). Similar transport 

of neurotrophins from the periphery to the CNS has been reported; significant 

retrograde transport of nerve growth factor (NGF, a type of neurotrophin) to the 

DRG after CCI (Schäfers et al., 2002) and nerve crush (Curtis et al., 1998) has 

been observed, along with increased transport the spinal cord (Curtis et al., 

1998). 

The increased transport and expression of neurotrophins and TNF-α after 

nerve injury may be responsible for the observed cell death at the levels of the 

DRG and dorsal spinal cord after nerve injury.  Neurotrophins are thought to act 

as survival signals to suppress the cell death.  However, the interaction of 

neurotrophins with the neurotrophic receptor, p75NTR, can induce cell death 

under certain conditions, suggesting that neurotrophins might as death ligands 

(Yuan and Yankner, 2000). The p75 neurotrophin receptor (p75NTR) is a 

member of the TNF receptor superfamily that can bind all neurotrophins.  Its 

intracellular domain contains a region that bears similarity with the ‘death 

domain,’ which mediates protein-protein interactions and is present in other 

members of the TNF family (Yuan and Yankner, 2000).  TNF-α is also known to 

lead to apoptosis; specifically through the TNF-receptor-1 (TNFR1).  TNF-α binds 

to TNFR1 and results in trimerization and activation of the death receptor 

(Naismith and Sprang, 1998) and the caspase signaling pathway (Micheau and 
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Tschopp, 2003). Indeed, one study has shown that the amount of TNF-alpha in 

the DRG is related to the rate of apoptosis in DRG neurons (Sekiguchi et al., 

2009).   

If nerve injury and dysfunction can trigger transport of neurotrophins and 

TNF-α and ultimately DRG cell death, then it is conceivable that DRG apoptosis 

can initiate cell death at the level of the spinal cord through a series of similar 

events.  Apoptosis of spinal cord neurons has been shown to be triggered by 

afferent activity (Scholz et al., 2005).  Therefore, by examining the different 

timelines of increased DRG TNF-α (Shubayev and Myers, 2001) and DRG and 

spinal cord apoptosis after nerve injury (Scholz et al., 2005; Sekiguchi et al., 

2009), it is feasible that one event triggers a cascade that can ultimately affect 

supraspinal structures (i.e. spinal dorsal horn cell loss may initiate RVM neuronal 

loss through retrograde degeneration and transport of apoptosis-inducing 

factors). Thus, delaying any of the abovementioned events by inducing injuries 

further away from the CNS might delay changes in the RVM.  Additionally, at the 

level of the spinal cord, apoptotic profiles have been observed 7 days after SNI 

(Polgar et al., 2005) and CCI (Scholz and Woolf, 2007), which may not be 

sufficient time to allow significant retrograde RVM cell loss at 10 days after 

surgery.  To confirm this hypothesis, our next experiments would be to perform 

RVM cell counts at later time points after SNI and CCI. 
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 Currently, our understanding of the neuroinflammatory mechanisms after 

different nerve injuries is incomplete.  Therefore, by focusing on and 

understanding the link between peripheral nerve injury, abnormal ectopic 

electrophysiological activity in nociceptive fibers, and cell activation and loss in 

DRG and the spinal cord, this knowledge will provide rationale for new therapies 

targeted at predictable temporal events of nerve degeneration.  
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Figures 

 

Figure 4-1.  Chronic constriction injury (CCI) induced tactile hypersensitivity.  
Paw withdrawal thresholds, measured by von Frey filaments, ipsilateral to the 
injury were significantly decreased compared to those in sham-operated rats or 
to those observed on the contralateral side in CCI rats (*, p<0.05; 2-way 
ANOVA). 

* *



   
 

 

99 

 

Figure 4-2.  No significant differences in RVM neuronal and glial number after 
CCI.  A.  CCI did not induce any changes in the number of Nissl-stained or (B) 5-
HT neurons (p>0.05; 2-way ANOVA).  C. Additionally, CCI resulted in no 
significant difference in the number of glia in the RVM (p>0.05; 2-way ANOVA). 

A

B

C
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Figure 4-3.  Spared nerve injury (SNI) induces mechanical hypersensitivity. As 
measured by von Frey filaments, animals receiving SNI displayed decreased 
withdrawal thresholds and increased mechanical hypersensivity (*, p<0.05, 2-way 
ANOVA). 

* *
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Figure 4-4.  No significant differences in RVM neuronal and glial number after 
SNI.  A.  SNI did not significantly change the number of Nissl-stained neurons or 
(B) 5-HT neurons (p>0.05; 2-way ANOVA).  Furthermore, the number of glia (C) 
did not change after SNI (p>0.05; 2-way ANOVA). 

A

B

C
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Chapter 5 
Conclusions and Therapeutic Opportunities 

 

There is ample evidence that suggests that manifestations of chronic pain 

require active participation of supraspinal sites.  The heightened responses to 

mechanical or cold, but not to noxious thermal, stimulation, in rats with peripheral 

nerve injury or hindpaw inflammation is abolished by transection of the thoracic 

spinal cord (Porreca et al., 2002).  Microinjection of a NMDA receptor antagonist 

before spinal nerve ligation (SNL) (Wei and Pertovaara, 1999) and microinjection 

of lidocaine in the rostral ventromedial medulla (RVM) after SNL (Pertovaara et 

al., 1996) have also been shown to reduce allodynia, which suggests that 

activation of (and activity in) the RVM contributes to cutaneous hypersensitivity.  

Consistent with these observations, selective disruption of the dorsolateral 

funiculus (DLF) ipsilateral, but not contralateral, to SNL abolishes tactile and 

thermal hypersensitivity (Ossipov et al., 2000; Porreca et al., 2002).  However, 

neither DLF lesions nor microinjection of lidocaine into the RVM reduces 

cutaneous hypersensitivity within three days after SNL--they did so only 4-6 or 

more days after SNL (Burgess et al., 2002).  These results are consistent with 

the hypothesis that the descending facilitation of spinal nociceptive input from the 

RVM is important for the maintenance (not initiation) of neuropathic pain. 

 Our data showing a significant decrease in RVM neurons, including 

serotonergic neurons, in the ipsilateral side of SNL-treated rats suggest that 
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death of supraspinal pain modulatory neurons contributes to the pathophysiology 

of neuropathic pain.  The identity of the non-serotonergic neurons that are lost 

after SNL is not known but it has been proposed that the antinociceptive neurons 

of the RVM are physiologically characterized as OFF-cells (Fields et al., 1983a; 

1983b; Heinricher et al., 1989; Fields et al., 1991).  Many OFF-cells project to the 

dorsal horn (Fields et al., 1995) and express GABA (Winkler et al., 2006).  

Previous studies have suggested that changes in ON-cell and OFF-cell firing 

drive the hypersensitivity observed in SNL (Budai et al., 2007; Carlson et al., 

2007; Gonçalves et al., 2007), but it has not yet been determined whether or not 

the number of OFF-cells changes.  It is possible that both pro- and anti-

nociceptive neurons are lost after SNL; however, the most parsimonious 

interpretation of our findings is that SNL selectively kills antinociceptive RVM 

neurons, thereby facilitating cutaneous hypersensitivity (for a summary see: 

Figure 5-1). 

  Our data also show that treatment with the apoptosis inhibitor, 

tauroursodeoxycholic acid (TUDCA), blocked RVM cell loss and significantly 

decreased tactile hypersensitivity four or more days after SNL but did not reduce 

hypersensitivity one-to-three days after SNL.  Therefore, our findings suggest 

that cell loss underlies the RVM’s contribution to the maintenance phase of 

neuropathic pain (see above).  Glial activation in the RVM may also contribute to 

cutaneous hypersensitivity (Wei et al., 2008); however, it is thought to be a factor 

in only the initiation of neuropathic pain (Mei et al., 2011).  In our studies, we 
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found that the number of glia increased bilaterally after SNL. This increase was 

blocked by TUDCA, suggesting it may represent glial migration in response to 

RVM neuronal death.     

Clinical implications 
 

 The abovementioned TUDCA findings are particularly exciting because 

they suggest that by preventing RVM neuronal loss we can reverse the 

symptoms of neuropathic pain.  To date, there has been relatively little progress 

toward prevention of neuropathic pain in the clinic; furthermore, the majority of 

the patient population suffering from neuropathic pain does not benefit from 

currently available pain medications.  If patients do find relief they often tolerate a 

plethora of difficult side effects.  The pharmacological treatments with the best 

evidence for efficacy in the management of neuropathic pain are gabapentin, 

tricyclic antidepressants (TCAs), alpha-2-delta (α2δ) ligands, serotonin and 

norepinephrine reuptake inhibitors (SNRIs), and opioids (Dworkin et al., 2003).  

However, their associated side effects can be quite severe and include dizziness, 

gastrointestinal and cardiovascular symptoms, sedation, nausea, and even 

cognitive impairment (Dworkin et al., 2003).  On the other hand, TUDCA’s parent 

compound, UDCA, is approved in the United States for cholestatic liver disease 

and is well tolerated (Paumgartner and Beuers, 2004); therefore, few 

impediments would remain to development of TUDCA or UDCA as clinical 

therapies. 
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Another piece of evidence for TUDCA’s potential usefulness in treating 

neuropathic pain comes from our data that show that treatment with the bile acid 

is still effective if begun 2 days after nerve injury.   This suggests that TUDCA 

administration will be useful not only to prevent development of post-surgical 

pain, but also to prevent development of neuropathic pain following traumatic 

injury.   

 We believe, based on our current TUDCA experiments, that TUDCA can 

reduce but not entirely block neuropathic pain symptoms by preventing RVM cell 

loss.  TUDCA reportedly inhibits apoptosis and has been shown to have 

beneficial effects in in vivo and in vitro models of neurological damage that result 

in apoptosis, including hemorrhagic and ischemic stroke (Rodrigues et al., 2002; 

2003).  However, to date we have been unable to demonstrate caspase-3, 

caspase-6 or TUNEL in the RVM after SNL, and in a study of another model of 

neuropathic pain, chronic constriction injury, apoptosis was not observed in the 

RVM (Wei et al., 2008).  Thus, since TUDCA was given systemically, we 

conclude that it may have acted indirectly (i.e. on spinal cord or dorsal root 

ganglia: see above) rather than directly on the RVM.  Nevertheless, apoptotic 

events are brief (Kerr and Wyllie, 1972; Bursch et al., 1990; Sanchez et al., 

1992), and therefore, it remains possible that TUDCA blocks RVM cell loss by 

acting directly on RVM neurons.   
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  If we discover that chronic constriction injury (CCI) or spared nerve injury 

(SNI) do not cause RVM cell loss even after extending survival times (see 

Chapter 4), we may be able to further address the mechanism by which TUDCA 

works. If these animals display significantly higher withdrawal thresholds (i.e. 

decreased mechanical hypersensitivity) after TUDCA administration, we may 

hypothesize that TUDCA offers benefits by acting primarily at sites other the 

RVM.  While these experiments would again be useful for understanding the 

mechanism, the most intriguing component would be whether TUDCA has 

beneficial effects in other animal models of neuropathic pain, particularly in those 

that are highly clinically relevant (i.e. streptozotocin model of diabetic 

neuropathy).  Diabetes is a growing challenge with an aging population and 

diabetic neuropathy is a serious clinical problem.  If TUDCA does show 

promising results in other models, than I believe that there is a strong argument 

for its suitability for translation to human therapy. 

 

  

 

 

 

 



   
 

 

107 

 

Figure 
 

 

Figure 5-1.  Summary diagram.  The loss of antinociceptive neurons underlies, in 
part, the hypersensitivity observed in neuropathic pain.  Gray triangle indicates 
the borders of the RVM.  We propose that after SNL, antinociceptive RVM 
neurons (filled circles) retrogradely degenerate after apoptosis of intrinsic spinal 
cells (squares) and primary afferent fibers.  The resulting loss of descending 
inhibitory tone contributes to cutaneous hypersensitivity.    

 

 

 



   
 

 

108 

References 

 
Abbott FV, Hong Y, Blier P (1996) Activation of 5-HT2A receptors potentiates 

pain produced by inflammatory mediators. Neuropharmacology 35:99–110. 

Abols IA, Basbaum AI (1981) Afferent connections of the rostral medulla of the 
cat: a neural substrate for midbrain-medullary interactions in the modulation 
of pain. The Journal of Comparative Neurology 201:285–297. 

Aimone LD, Gebhart GF (1986) Stimulation-produced spinal inhibition from the 
midbrain in the rat is mediated by an excitatory amino acid neurotransmitter 
in the medial medulla. J Neurosci 6:1803–1813. 

Albe-Fessard D, Levante A, Lamour Y (1974) Origin of spinothalamic and 
spinoreticular pathways in cats and monkeys. Advances in neurology. 

Albers JW, Chaudhry V, Cavaletti G, Donehower RC (2011) Interventions for 
preventing neuropathy caused by cisplatin and related compounds. Cochrane 
Database Syst Rev:CD005228. 

Alhaider A, Wilcox G (1993) Differential roles of 5-hydroxytryptamine1A and 5-
hydroxytryptamine1B receptor subtypes in modulating spinal nociceptive 
transmission in mice. Journal of Pharmacology and Experimental …. 

Amir R, Devor M (2000) Functional cross-excitation between afferent A- and C-
neurons in dorsal root ganglia. Neuroscience 95:189–195. 

Apkarian AV, Hodge CJ (1989) Primate spinothalamic pathways: I. A quantitative 
study of the cells of origin of the spinothalamic pathway. The Journal of 
Comparative Neurology 288:447–473. 

Arvidsson U, Dado RJ, Riedl M, Lee JH, Law PY, Loh HH, Elde R, Wessendorf 
MW (1995) delta-Opioid receptor immunoreactivity: distribution in brainstem 
and spinal cord, and relationship to biogenic amines and enkephalin. J 
Neurosci 15:1215–1235. 

Azami J, Llewelyn MB, Roberts MH (1982) The contribution of nucleus reticularis 
paragigantocellularis and nucleus raphe magnus to the analgesia produced 
by systemically administered morphine, investigated with the microinjection 
technique. PAIN 12:229–246. 

Bardin L, Lavarenne J, Eschalier A (2000) Serotonin receptor subtypes involved 



   
 

 

109 

in the spinal antinociceptive effect of 5-HT in rats. PAIN 86:11–18. 

Bardin L, Tarayre JP, Koek W, Colpaert FC (2001) In the formalin model of tonic 
nociceptive pain, 8-OH-DPAT produces 5-HT1A receptor-mediated, 
behaviorally specific analgesia. Eur J Pharmacol 421:109–114. 

Basbaum AI, Fields HL (1978) Endogenous pain control mechanisms: review 
and hypothesis. Ann Neurol 4:451–462. 

Basbaum AI, Fields HL (1984) Endogenous Pain Control Systems: Brainstem 
Spinal Pathways and Endorphin Circuitry. Annual Review of Neuroscience 
7:309–338. 

Baskin DS, Mehler WR, Hosobuchi Y, Richardson DE, Adams JE, Flitter MA 
(1986) Autopsy analysis of the safety, efficacy and cartography of electrical 
stimulation of the central gray in humans. Brain Res 371:231–236. 

Beal JA, Bicknell HR (1981) Primary afferent distribution pattern in the marginal 
zone (lamina 1) of adult monkey and cat lumbosacral spinal cord. The 
Journal of Comparative Neurology 202:255–263. 

Beal JA, Fox CA (1976) Afferent fibers in the substantia gelatinosa of the adult 
monkey (Macaca mulatta): a Golgi study. The Journal of Comparative 
Neurology 168:113–143. 

Beck PW, Handwerker HO, Zimmermann M (1974) Nervous outflow from the 
cat's foot during noxious radiant heat stimulation. Brain Res 67:373–386. 

Bederson JB, Fields HL, Barbaro NM (1990) Hyperalgesia during naloxone-
precipitated withdrawal from morphine is associated with increased on-cell 
activity in the rostral ventromedial medulla. Somatosens Mot Res 7:185–203. 

Beitz AJ (1982a) The sites of origin brain stem neurotensin and serotonin 
projections to the rodent nucleus raphe magnus. J Neurosci 2:829–842. 

Beitz AJ (1982b) The nuclei of origin of brain stem enkephalin and substance P 
projections to the rodent nucleus raphe magnus. Neuroscience 7:2753–2768. 

Beitz AJ, Wells WE, Shepard RD (1983) The location of brainstem neurons 
which project bilaterally to the spinal trigeminal nuclei as demonstrated by the 
double fluorescent retrograde tracer technique. Brain Res 258:305–312. 

Bennett G, Xie Y (1988) A peripheral mononeuropathy in rat that produces 
disorders of pain sensation like those seen in man. PAIN 33:87–107. 



   
 

 

110 

Bennett GJ (1993) An animal model of neuropathic pain: a review. Muscle Nerve 
16:1040–1048. 

Bessou P, Perl ER (1969) Response of cutaneous sensory units with 
unmyelinated fibers to noxious stimuli. J Neurophysiol 32:1025–1043. 

Bjorklund A, Baumgarten HG, Rensch A (1975) 5,7-Dihydroxytryptamine: 
improvement of its selectivity for serotonin neurons in the CNS by 
pretreatment with desipramine. J Neurochem 24:833–835. 

Blenk KH, Habler HJ, Janig W (1997) Neomycin and gadolinium applied to an L5 
spinal nerve lesion prevent mechanical allodynia-like behaviour in rats. PAIN 
70:155–165. 

Blomqvist A, Berkley KJ (1992) A re-examination of the spino-reticulo-
diencephalic pathway in the cat. Brain Res 579:17–31. 

Blumberg H, Janig W (1984) Discharge pattern of afferent fibers from a neuroma. 
PAIN 20:335–353. 

Bobillier P, Seguin S, Petitjean F, Salvert D, Touret M, Jouvet M (1976) The 
raphe nuclei of the cat brain stem: a topographical atlas of their efferent 
projections as revealed by autoradiography. Brain Res 113:449–486. 

Bordet T, Pruss RM (2009) Targeting neuroprotection as an alternative approach 
to preventing and treating neuropathic pain. Neurotherapeutics 6:648–662. 

Bowker RM, Westlund KN, Coulter JD (1981) Origins of serotonergic projections 
to the spinal cord in rat: an immunocytochemical-retrograde transport study. 
Brain Res 226:187–199. 

Bowker RM, Westlund KN, Sullivan MC, Wilber JF, Coulter JD (1983) 
Descending serotonergic, peptidergic and cholinergic pathways from the 
raphe nuclei: a multiple transmitter complex. Brain Res 288:33–48. 

Bowsher D (1957) Termination of the central pain pathway in man: the conscious 
appreciation of pain. Brain 80:606–622. 

Brooks J, Tracey I (2005) From nociception to pain perception: imaging the 
spinal and supraspinal pathways. J Anat 207:19–33. 

Brown-Sequard C (1860) Course of Lectures on the Physiology and Pathology of 
the Central Nervous System, Delivered at the Royal College of Surgeons of 
England in... 1858. 



   
 

 

111 

Budai D, Khasabov SG, Mantyh PW, Simone DA (2007) NK-1 receptors 
modulate the excitability of ON cells in the rostral ventromedial medulla. J 
Neurophysiol 97:1388–1395. 

Burgess PR, Perl ER (1967) Myelinated afferent fibres responding specifically to 
noxious stimulation of the skin. J Physiol (Lond) 190:541–562. 

Burgess PR, Petit D, Warren RM (1968) Receptor types in cat hairy skin supplied 
by myelinated fibers. J Neurophysiol 31:833–848. 

Burgess SE, Gardell LR, Ossipov MH, Malan TPJ, Vanderah TW, Lai J, Porreca 
F (2002) Time-dependent descending facilitation from the rostral 
ventromedial medulla maintains, but does not initiate, neuropathic pain. J 
Neurosci 22:5129–5136. 

Bursch W, Paffe S, Putz B, Barthel G, Schulte-Hermann R (1990) Determination 
of the length of the histological stages of apoptosis in normal liver and in 
altered hepatic foci of rats. Carcinogenesis 11:847–853. 

Burstein R, Dado RJ, Giesler GJ (1990) The cells of origin of the spinothalamic 
tract of the rat: a quantitative reexamination. Brain Res 511:329–337. 

Campbell J, Meyer R (2006) Mechanisms of neuropathic pain. Neuron 52:77–92. 

Carlson JD, Maire JJ, Martenson ME, Heinricher MM (2007) Sensitization of 
pain-modulating neurons in the rostral ventromedial medulla after peripheral 
nerve injury. J Neurosci 27:13222–13231. 

Catheline G, Le Guen S, Honore P, Besson JM (1999) Are there long-term 
changes in the basal or evoked Fos expression in the dorsal horn of the 
spinal cord of the mononeuropathic rat? PAIN 80:347–357. 

Cechetto D, Standaert D (1985) Spinal and trigeminal dorsal horn projections to 
the parabrachial nucleus in the rat - Cechetto - 2004 - The Journal of 
Comparative Neurology - Wiley Online Library. The Journal of …. 

Cervero F, Iggo A (1980) The substantia gelatinosa of the spinal cord: a critical 
review. Brain 103:717–772. 

Chang HT, Ruch TC (1947) Topographical distribution of spinothalamic fibres in 
the thalamus of the spider monkey. J Anat 81:150–164.152. 

Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL (1994) Quantitative 
assessment of tactile allodynia in the rat paw. J Neurosci Methods 53:55–63. 



   
 

 

112 

Chapman V, Suzuki R, Dickenson AH (1998) Electrophysiological 
characterization of spinal neuronal response properties in anaesthetized rats 
after ligation of spinal nerves L5-L6. J Physiol (Lond) 507 ( Pt 3):881–894. 

Chen Y, Devor M (1998) Ectopic mechanosensitivity in injured sensory axons 
arises from the site of spontaneous electrogenesis. Eur J Pain 2:165–178. 

Coggeshall RE, Lekan HA, White FA, Woolf CJ (2001) A-fiber sensory input 
induces neuronal cell death in the dorsal horn of the adult rat spinal cord. J 
Comp Neurol 435:276–282. 

Curtis R, Tonra JR, Stark JL, Adryan KM, Park JS, Cliffer KD, Lindsay RM, 
DiStefano PS (1998) Neuronal injury increases retrograde axonal transport of 
the neurotrophins to spinal sensory neurons and motor neurons via multiple 
receptor mechanisms. Mol Cell Neurosci 12:105–118. 

Dahlstroem A, Fuxe K (1964) A Method for the Demonstration of Monoamine-
Containing Nerve Fibres in the Central Nervous System. Acta Physiol Scand 
60:293–294. 

Dahlstrom A, Fuxe K (1964) Localization of monoamines in the lower brain stem. 
Experientia 20:398–399. 

de Novellis V, Siniscalco D, Galderisi U (2004) ScienceDirect - 
Neuropharmacology : Blockade of glutamate mGlu5 receptors in a rat model 
of neuropathic pain prevents early over-expression of pro-apoptotic genes 
and morphological changes in dorsal horn lamina II. …. 

Decosterd I, Woolf CJ (2000) Spared nerve injury: an animal model of persistent 
peripheral neuropathic pain. PAIN 87:149–158. 

Devor M (1991) Sensory basis of autotomy in rats. PAIN 45:109–110. 

Devor M, Govrin-Lippmann R (1979) Selective regeneration of sensory fibers 
following nerve crush injury. Exp Neurol 65:243–254. 

Devor M, Wall PD (1976) Type of sensory nerve fibre sprouting to form a 
neuroma. Nature 262:705–708. 

Dickenson AH, Oliveras JL, Besson JM (1979) Role of the nucleus raphe 
magnus in opiate analgesia as studied by the microinjection technique in the 
rat. Brain Res 170:95–111. 

DiStefano PS, Curtis R (1994) Receptor mediated retrograde axonal transport of 
neurotrophic factors is increased after peripheral nerve injury. Prog Brain Res 



   
 

 

113 

103:35–42. 

Dogrul A, Ossipov MH, Porreca F (2009) Differential mediation of descending 
pain facilitation and inhibition by spinal 5HT-3 and 5HT-7 receptors. Brain 
Res 1280:52–59. 

Donovan-Rodriguez T, Urch CE, Dickenson AH (2006) Evidence of a role for 
descending serotonergic facilitation in a rat model of cancer-induced bone 
pain. Neurosci Lett 393:237–242. 

Drower EJ, Hammond DL (1988) GABAergic modulation of nociceptive 
threshold: effects of THIP and bicuculline microinjected in the ventral medulla 
of the rat. Brain Res 450:316–324. 

Dubner R, Bennett GJ (1983) Spinal and trigeminal mechanisms of nociception. 
Annual Review of Neuroscience 6:381–418. 

Dworkin RH et al. (2003) Advances in Neuropathic Pain: Diagnosis, 
Mechanisms, and Treatment Recommendations. Archives of Neurology 
60:1524. 

Fang FG, Moreau JL, Fields HL (1987) Dose-dependent antinociceptive action of 
neurotensin microinjected into the rostroventromedial medulla of the rat. 
Brain Res 420:171–174. 

Fasmer OB, Berge OG, Post C, Hole K (1986) Effects of the putative 5-HT1A 
receptor agonist 8-OH-2-(di-n-propylamino)tetralin on nociceptive sensitivity 
in mice. Pharmacol Biochem Behav 25:883–888. 

Festi D, Montagnani M, Azzaroli F, Lodato F, Mazzella G, Roda A, Di Biase AR, 
Roda E, Simoni P, Colecchia A (2007) Clinical efficacy and effectiveness of 
ursodeoxycholic acid in cholestatic liver diseases. Curr Clin Pharmacol 
2:155–177. 

Fields H (2004) State-dependent opioid control of pain. Nat Rev Neurosci 5:565–
575. 

Fields HL, Basbaum AI (1978) Brainstem control of spinal pain-transmission 
neurons. Annu Rev Physiol 40:217–248. 

Fields HL, Basbaum AI, Heinricher MM (2006) Central nervous system 
mechanisms of pain modulation. In: Textbook of Pain, 5th ed. (McMahon S, 
Koltzenburg M, eds), pp 125–142. London: Churchill Livingstone. 

Fields HL, Bry J, Hentall I, Zorman G (1983a) The activity of neurons in the 



   
 

 

114 

rostral medulla of the rat during withdrawal from noxious heat. J Neurosci 
3:2545–2552. 

Fields HL, Heinricher MM, Mason P (1991) Neurotransmitters in Nociceptive 
Modulatory Circuits. Annual Review of Neuroscience 14:219–245. 

Fields HL, Malick A, Burstein R (1995) Dorsal horn projection targets of ON and 
OFF cells in the rostral ventromedial medulla. J Neurophysiol 74:1742–1759. 

Fields HL, Vanegas H, Hentall ID, Zorman G (1983b) Evidence that disinhibition 
of brain stem neurones contributes to morphine analgesia. Nature 306:684–
686. 

Fields HL, Wagner GM, Anderson SD (1975) Some properties of spinal neurons 
projecting to the medial brain-stem reticular formation. Exp Neurol 47:118–
134. 

Fleischer E, Handwerker HO, Joukhadar S (1983) Unmyelinated nociceptive 
units in two skin areas of the rat. Brain Res 267:81–92. 

Fuccio C, Luongo C, Capodanno P, Giordano C, Scafuro MA, Siniscalco D, 
Lettieri B, Rossi F, Maione S, Berrino L (2009) A single subcutaneous 
injection of ozone prevents allodynia and decreases the over-expression of 
pro-inflammatory caspases in the orbito-frontal cortex of neuropathic mice. 
Eur J Pharmacol 603:42–49. 

Fuxe K (1965) Evidence for the existence of monoamine neurons in the central 
nervous system. Acta Physiol Scand Suppl 247:37–84. 

Gao K, Chen DO, Genzen JR, Mason P (1998) Activation of Serotonergic 
Neurons in the Raphe Magnus Is Not Necessary for Morphine Analgesia. J 
Neurosci 18:1860–1868. 

Gardner E, Cuneo HM (1945) LATERAL SPINOTHALAMIC TRACT AND 
ASSOCIATED TRACTS IN MAN. Archives of Neurology and Psychiatry 
53:423. 

Giesler GJ, Menetrey D, Guilbaud G, Besson JM (1976) Lumbar cord neurons at 
the origin of the spinothalamic tract in the rat. Brain Res 118:320–324. 

Glaum SR, Proudfit HK, Anderson EG (1990) 5-HT3 receptors modulate spinal 
nociceptive reflexes. Brain Res 510:12–16. 

Gobel S, Binck JM (1977) Degenerative changes in primary trigeminal axons and 
in neurons in nucleus caudalis following tooth pulp extirpations in the cat. 



   
 

 

115 

Brain Res 132:347–354. 

Gobel S, Falls WM, Humphrey E (1981) Morphology and synaptic connections of 
ultrafine primary axons in lamina I of the spinal dorsal horn: candidates for 
the terminal axonal arbors of primary neurons with unmyelinated (C) axons. J 
Neurosci 1:1163–1179. 

Goldstein K (1910) Goldstein: tber die aufsteigende Degeneration nach... - 
Google Scholar. Neurol. Zbl. 

Gonçalves L, Almeida A, Pertovaara A (2007) Pronociceptive changes in 
response properties of rostroventromedial medullary neurons in a rat model 
of peripheral neuropathy. Eur J Neurosci 26:2188–2195. 

Gowers S (1877) A case of unilateral gunshot injury to the spinal cord - Sir 
William Richard Gowers - Google Books. 

Granum SL (1986) The spinothalamic system of the rat. I. Locations of cells of 
origin. The Journal of Comparative Neurology 247:159–180. 

Gu M, Wessendorf M (2007) Endomorphin-2-immunoreactive fibers selectively 
appose serotonergic neuronal somata in the rostral ventral medial medulla. J 
Comp Neurol 502:701–713. 

Hammond DL, Tyce GM, Yaksh TL (1985) Efflux of 5-hydroxytryptamine and 
noradrenaline into spinal cord superfusates during stimulation of the rat 
medulla. J Physiol 359:151–162. 

Handwerker HO, Neher KD (1976) Characteristics of C-fibre receptors in the 
cat's foot responding to stepwise increase of skin temperature ot noxious 
levels. Pflugers Arch 365:221–229. 

Hassanzadeh P, Ahmadiani A (2006) Nitric oxide and c-Jun N-terminal kinase 
are involved in the development of dark neurons induced by inflammatory 
pain. Synapse 59:101–106. 

Haws CM, Williamson AM, Fields HL (1989) Putative nociceptive modulatory 
neurons in the dorsolateral pontomesencephalic reticular formation. Brain 
Res 483:272–282. 

Hayashi H (1985) Morphology of terminations of small and large myelinated 
trigeminal primary afferent fibers in the cat. The Journal of Comparative 
Neurology 240:71–89. 

Heinricher MM, Barbaro NM, Fields HL (1989) Putative nociceptive modulating 



   
 

 

116 

neurons in the rostral ventromedial medulla of the rat: firing of on- and off-
cells is related to nociceptive responsiveness. Somatosens Mot Res 6:427–
439. 

Heinricher MM, Kaplan HJ (1991) GABA-mediated inhibition in rostral 
ventromedial medulla: role in nociceptive modulation in the lightly 
anesthetized rat. PAIN 47:105–113. 

Herrero JF, Laird JM, López-García JA (2000) Wind-up of spinal cord neurones 
and pain sensation: much ado about something? Prog Neurobiol 61:169–
203. 

Holstege G (1987) Some anatomical observations on the projections from the 
hypothalamus to brainstem and spinal cord: an HRP and autoradiographic 
tracing study in the cat. The Journal of Comparative Neurology 260:98–126. 

Holstege G (1988) Direct and indirect pathways to lamina I in the medulla 
oblongata and spinal cord of the cat. Prog Brain Res 77:47–94. 

Holstege G, Kuypers HG (1982) The anatomy of brain stem pathways to the 
spinal cord in cat. A labeled amino acid tracing study. Prog Brain Res 
57:145–175. 

Hosobuchi Y, Adams JE, Linchitz R (1977) Pain relief by electrical stimulation of 
the central gray matter in humans and its reversal by naloxone. Science 
197:183–186. 

Howard V, Reed MG (1998) Unbiased Stereology: Three-Dimensional 
Measurement in Microscopy. BIOS Scientific Publishers. 

Hurley RW, Banfor P, Hammond DL (2003) Spinal pharmacology of 
antinociception produced by microinjection of mu or delta opioid receptor 
agonists in the ventromedial medulla of the rat. Neuroscience 118:789–796. 

Hylden JL, Hayashi H, Ruda MA, Dubner R (1986) Serotonin innervation of 
physiologically identified lamina I projection neurons. Brain Res 370:401–
404. 

Iggo A (1960) Cutaneous mechanoreceptors with afferent C fibres. J Physiol 
(Lond) 152:337–353. 

Jalalvand E, Javan M, Haeri-Rohani A, Ahmadiani A (2008) Stress- and non-
stress-mediated mechanisms are involved in pain-induced apoptosis in 
hippocampus and dorsal lumbar spinal cord in rats. Neuroscience 157:446–
452. 



   
 

 

117 

Jensen TS, Yaksh TL (1984) Spinal monoamine and opiate systems partly 
mediate the antinociceptive effects produced by glutamate at brainstem sites. 
Brain Res 321:287–297. 

Jeong CY, Choi JI, Yoon MH (2004) Roles of serotonin receptor subtypes for the 
antinociception of 5-HT in the spinal cord of rats. Eur J Pharmacol 502:205–
211. 

Ji R-R, Kohno T, Moore KA, Woolf CJ (2003) Central sensitization and LTP: do 
pain and memory share similar mechanisms? Trends Neurosci 26:696–705. 

Joh TH, Shikimi T, Pickel VM, Reis DJ (1975) Brain tryptophan hydroxylase: 
purification of, production of antibodies to, and cellular and ultrastructural 
localization in serotonergic neurons of rat midbrain. Proc Natl Acad Sci USA 
72:3575–3579. 

Jones SL, Gebhart GF (1988) Inhibition of spinal nociceptive transmission from 
the midbrain, pons and medulla in the rat: activation of descending inhibition 
by morphine, glutamate and electrical stimulation. Brain Res 460:281–296. 

Jordan LM, Kenshalo DRJ, Martin RF, Haber LH, Willis WD (1978) Depression of 
primate spinothalamic tract neurons by iontophoretic application of 5-
hydroxytryptamine. PAIN 5:135–142. 

Jordan LM, Kenshalo DRJ, Martin RF, Haber LH, Willis WD (1979) Two 
populations of spinothalamic tract neurons with opposite responses to 5-
hydroxytryptamine. Brain Res 164:342–346. 

Kalyuzhny AE, Arvidsson U, Wu W, Wessendorf MW (1996) mu-Opioid and 
delta-opioid receptors are expressed in brainstem antinociceptive circuits: 
studies using immunocytochemistry and retrograde tract-tracing. J Neurosci 
16:6490–6503. 

Kalyuzhny AE, Wessendorf MW (1999) Serotonergic and GABAergic neurons in 
the medial rostral ventral medulla express kappa-opioid receptor 
immunoreactivity. Neuroscience 90:229–234. 

Kauppila T (1997) Spinalization increases the mechanical stimulation-induced 
withdrawal reflex threshold after a sciatic cut in the rat. Brain Res 770:310–
312. 

Kauppila T, Kontinen VK, Pertovaara A (1998) Influence of spinalization on spinal 
withdrawal reflex responses varies depending on the submodality of the test 
stimulus and the experimental pathophysiological condition in the rat. Brain 
Res 797:234–242. 



   
 

 

118 

Kayser V, Elfassi IE, Aubel B, Melfort M, Julius D, Gingrich JA, Hamon M, 
Bourgoin S (2007) Mechanical, thermal and formalin-induced nociception is 
differentially altered in 5-HT1A-/-, 5-HT1B-/-, 5-HT2A-/-, 5-HT3A-/- and 5-
HTT-/- knock-out male mice. PAIN 130:235–248. 

Keele CA (1957) Chemical causes of pain & itch. Proc R Soc Med 50:477–484. 

Kemplay S, Webster K (1986) A qualitative and quantitative analysis of the 
distributions of cells in the spinal cord and spinomedullary junction projecting 
to the thalamus of the rat. Neuroscience 17:769–789. 

Kerr F (1975) The ventral spinothalamic tract and other ascending systems of the 
ventral funiculus of the spinal cord - Kerr - 2004 - The Journal of Comparative 
Neurology - Wiley Online Library. The Journal of Comparative Neurology. 

Kerr J, Wyllie A (1972) Apoptosis: a basic biological phenomenon with 
wideranging implications in tissue kinetics. British journal of cancer. 

Kim KJ, Yoon YW, Chung JM (1997) Comparison of three rodent neuropathic 
pain models. Exp Brain Res 113:200–206. 

Kim SH, Chung JM (1992) An experimental model for peripheral neuropathy 
produced by segmental spinal nerve ligation in the rat. PAIN 50:355–363. 

Koltzenburg M, Lundberg LE, Torebjörk HE (1992) Dynamic and static 
components of mechanical hyperalgesia in human hairy skin. PAIN 51:207–
219. 

Koltzenburg M, Torebjörk HE, Wahren LK (1994) Nociceptor modulated central 
sensitization causes mechanical hyperalgesia in acute chemogenic and 
chronic neuropathic pain. Brain 117 ( Pt 3):579–591. 

Kovelowski CJ, Ossipov MH, Sun H, Lai J, Malan TP, Porreca F (2000) 
Supraspinal cholecystokinin may drive tonic descending facilitation 
mechanisms to maintain neuropathic pain in the rat. PAIN 87:265–273. 

Kumazawa T, Perl ER (1977) Primate cutaneous sensory units with 
unmyelinated (C) afferent fibers. J Neurophysiol 40:1325–1338. 

Kwiat G, Basbaum A (1992) The origin of brainstem noradrenergic and 
serotonergic projections to the spinal cord dorsal horn in the rat. Somatosens 
Mot Res 9:157–173. 

LaMotte RH, Thalhammer JG, Robinson CJ (1983) Peripheral neural correlates 
of magnitude of cutaneous pain and hyperalgesia: a comparison of neural 



   
 

 

119 

events in monkey with sensory judgments in human. J Neurophysiol 50:1–26. 

LaMotte RH, Thalhammer JG, Torebjörk HE, Robinson CJ (1982) Peripheral 
neural mechanisms of cutaneous hyperalgesia following mild injury by heat. J 
Neurosci 2:765–781. 

Lawen A (2003) Apoptosis?an introduction. Bioessays 25:888–896. 

Leong ML, Gu M, Speltz-Paiz R, Stahura EI, Mottey N, Steer CJ, Wessendorf M 
(2011) Neuronal loss in the rostral ventromedial medulla in a rat model of 
neuropathic pain. J Neurosci 31:17028–17039. 

Li Y, Dorsi MJ, Meyer RA, Belzberg AJ (2000) Mechanical hyperalgesia after an 
L5 spinal nerve lesion in the rat is not dependent on input from injured nerve 
fibers. PAIN 85:493–502. 

Light AR, Perl ER (1979a) Spinal termination of functionally identified primary 
afferent neurons with slowly conducting myelinated fibers. The Journal of 
Comparative Neurology 186:133–150. 

Light AR, Perl ER (1979b) Reexamination of the dorsal root projection to the 
spinal dorsal horn including observations on the differential termination of 
coarse and fine fibers. The Journal of Comparative Neurology 186:117–131. 

Lin Q, Peng YB, Willis WD (1996) Antinociception and inhibition from the 
periaqueductal gray are mediated in part by spinal 5-hydroxytryptamine(1A) 
receptors. J Pharmacol Exp Ther 276:958–967. 

Liu CN, Raber P, Ziv-Sefer S, Devor M (2001) Hyperexcitability in sensory 
neurons of rats selected for high versus low neuropathic pain phenotype. 
Neuroscience 105:265–275. 

Liu NJ, Chakrabarti S, Schnell S, Wessendorf M, Gintzler AR (2011) Spinal 
Synthesis of Estrogen and Concomitant Signaling by Membrane Estrogen 
Receptors Regulate Spinal {kappa}- and {micro}-Opioid Receptor 
Heterodimerization and Female-Specific Spinal Morphine Antinociception. J 
Neurosci 31:11836–11845. 

Lovick TA (1985) Ventrolateral medullary lesions block the antinociceptive and 
cardiovascular responses elicited by stimulating the dorsal periaqueductal 
grey matter in rats. PAIN 21:241–252. 

Lund RD, Webster KE (1967) Thalamic afferents from the spinal cord and 
trigeminal nuclei. An experimental anatomical study in the rat. The Journal of 
Comparative Neurology 130:313–327. 



   
 

 

120 

Maciewicz R, Sandrew BB, Phipps BS, Poletti CE, Foote WE (1984) 
Pontomedullary raphe neurons: intracellular responses to central and 
peripheral electrical stimulation. Brain Res 293:17–33. 

Maione S, Siniscalco D, Galderisi U, de Novellis V, Uliano R, Di Bernardo G, 
Berrino L, Cascino A, Rossi F (2002) Apoptotic genes expression in the 
lumbar dorsal horn in a model neuropathic pain in rat. NeuroReport 13:101. 

Mantyh PW, Peschanski M (1982) Spinal projections from the periaqueductal 
grey and dorsal raphe in the rat, cat and monkey. Neuroscience 7:2769–
2776. 

Mao J, Price DD, Hayes RL, Lu J, Mayer DJ (1992) Differential roles of NMDA 
and non-NMDA receptor activation in induction and maintenance of thermal 
hyperalgesia in rats with painful peripheral mononeuropathy. Brain Res 
598:271–278. 

Marchand JE, Hagino N (1983) Afferents to the periaqueductal gray in the rat. A 
horseradish peroxidase study. Neuroscience 9:95–106. 

Marinelli S, Vaughan CW, Schnell SA, Wessendorf MW, Christie MJ (2002) 
Rostral Ventromedial Medulla Neurons That Project to the Spinal Cord 
Express Multiple Opioid Receptor Phenotypes. J Neurosci 22:10847–10855. 

Martin HA, Murphy PR (1995) Interleukin-2 activates a sub-population of 
cutaneous C-fibre polymodal nociceptors in the rat hairy skin. Arch Physiol 
Biochem 103:136–148. 

Mason P, Fields HL (1989) Axonal trajectories and terminations of on- and off-
cells in the cat lower brainstem. J Comp Neurol 288:185–207. 

Mayer DJ, Liebeskind JC (1974) Pain reduction by focal electrical stimulation of 
the brain: an anatomical and behavioral analysis. Brain Res 68:73–93. 

Mayer DJ, Wolfle TL, Akil H, Carder B, Liebeskind JC (1971) Analgesia from 
electrical stimulation in the brainstem of the rat. Science 174:1351–1354. 

McCleane GJ, Suzuki R, Dickenson AH (2003) Does a single intravenous 
injection of the 5HT3 receptor antagonist ondansetron have an analgesic 
effect in neuropathic pain? A double-blinded, placebo-controlled cross-over 
study. Anesth Analg 97:1474–1478. 

McIntyre A (1960) An analysis of fibre diameter and receptor characteristics of 
myelinated cutaneous afferent fibres in cat. J Physiol (Lond). 



   
 

 

121 

Mehler WR (2006) SOME NEUROLOGICAL SPECIES DIFFERENCES - A 
POSTERIORI*. Annals of the New York Academy of Sciences 167:424–468. 

Mehler WR, Feferman ME, Nauta WJH (1960) ASCENDING AXON 
DEGENERATION FOLLOWING ANTEROLATERAL CORDOTOMY. AN 
EXPERIMENTAL STUDY IN THE MONKEY. Brain 83:718–750. 

Mei X-P, Xu H, Xie C, Ren J, Zhou Y, Zhang H, Xu L-X (2011) Post-injury 
administration of minocycline: an effective treatment for nerve-injury induced 
neuropathic pain. Neurosci Res 70:305–312. 

Meisner JG, Marsh AD, Marsh DR (2010) Loss of GABAergic interneurons in 
laminae I-III of the spinal cord dorsal horn contributes to reduced GABAergic 
tone and neuropathic pain after spinal cord injury. J Neurotrauma 27:729–
737. 

Mendell LM (1966) Physiological properties of unmyelinated fiber projection to 
the spinal cord. Exp Neurol 16:316–332. 

Menetrey D, Chaouch A, Besson J (1980) Location and properties of dorsal horn 
neurons at origin of spinoreticular tract in lumbar enlargement of the rat. 
Journal of …. 

Mense S, Prabhakar NR (1986) Spinal termination of nociceptive afferent fibres 
from deep tissues in the cat. Neurosci Lett 66:169–174. 

Michaelis M, Liu X, Janig W (2000) Axotomized and intact muscle afferents but 
no skin afferents develop ongoing discharges of dorsal root ganglion origin 
after peripheral nerve lesion. J Neurosci 20:2742–2748. 

Micheau O, Tschopp J (2003) Induction of TNF receptor I-mediated apoptosis via 
two sequential signaling complexes. Cell 114:181–190. 

Miletic V, Hoffert MJ, Ruda MA, Dubner R, Shigenaga Y (1984) Serotoninergic 
axonal contacts on identified cat spinal dorsal horn neurons and their 
correlation with nucleus raphe magnus stimulation. The Journal of 
Comparative Neurology 228:129–141. 

Millhorn DE, Hokfelt T, Seroogy K, Verhofstad AA (1988) Extent of colocalization 
of serotonin and GABA in neurons of the ventral medulla oblongata in rat. 
Brain Res 461:169–174. 

Mjellem N, Lund A, Eide PK, Størkson R, Tjølsen A (1992) The role of 5-HT1A 
and 5-HT1B receptors in spinal nociceptive transmission and in the 
modulation of NMDA induced behaviour. NeuroReport 3:1061–1064. 



   
 

 

122 

Morin F, Schwartz HG, O'Leary JL (1951) Experimental study of the 
spinothalamic and related tracts. Acta Psychiatr Neurol Scand 26:371–396. 

Mullen RJ, Buck CR, Smith AM (1992) NeuN, a neuronal specific nuclear protein 
in vertebrates. Development 116:201–211. 

Munglani R, Hudspith MJ, Fleming B, Harrisson S, Smith G, Bountra C, Elliot PJ, 
Birch PJ, Hunt SP (1999) Effect of pre-emptive NMDA antagonist treatment 
on long-term Fos expression and hyperalgesia in a model of chronic 
neuropathic pain. Brain Res 822:210–219. 

Myers RR, Campana WM, Shubayev VI (2006) The role of neuroinflammation in 
neuropathic pain: mechanisms and therapeutic targets. Drug Discov Today 
11:8–20. 

Naismith JH, Sprang SR (1998) Modularity in the TNF-receptor family. Trends 
Biochem Sci 23:74–79. 

Nishiyama T (2005) Effects of a 5-HT2A receptor antagonist, sarpogrelate on 
thermal or inflammatory pain. Eur J Pharmacol 516:18–22. 

Obata H, Saito S, Sasaki M, Ishizaki K, Goto F (2001) Antiallodynic effect of 
intrathecally administered 5-HT(2) agonists in rats with nerve ligation. PAIN 
90:173–179. 

Oliveras JL, Hosobuchi Y, Redjemi F, Guilbaud G, Besson JM (1977) Opiate 
antagonist, naloxone, strongly reduces analgesia induced by stimulation of a 
raphe nucleus (centralis inferior). Brain Res 120:221–229. 

Ossipov MH, Hong Sun T, Malan PJ, Lai J, Porreca F (2000) Mediation of spinal 
nerve injury induced tactile allodynia by descending facilitatory pathways in 
the dorsolateral funiculus in rats. Neurosci Lett 290:129–132. 

Ossipov MH, Lai J, Porreca F (2006) Mechanisms of experimental neuropathic 
pain: integration from animal models. In: Wall and Melzack's Textbook of 
Pain (McMahon S, Koltzenburg M, eds), pp 929–946. London: Elsevier 
Limited. 

Palecek J, Paleckova V, Dougherty P, Carlton S, Willis W (1992) Responses of 
spinothalamic tract cells to mechanical and thermal stimulation of skin in rats 
with experimental peripheral neuropathy. Journal of …. 

Pan ZZ, Fields HL (1996) Endogenous opioid-mediated inhibition of putative 
pain-modulating neurons in rat rostral ventromedial medulla. Neuroscience 
74:855–862. 



   
 

 

123 

Patrick H (1896) On the course and destination of Gowers' tract. The Journal of 
Nervous and Mental Disease. 

Paumgartner G, Beuers U (2004) Mechanisms of action and therapeutic efficacy 
of ursodeoxycholic acid in cholestatic liver disease. Clinics in liver disease. 

Peng YB, Lin Q, Willis WD (1996) The role of 5-HT3 receptors in periaqueductal 
gray-induced inhibition of nociceptive dorsal horn neurons in rats. J 
Pharmacol Exp Ther 276:116–124. 

Pertovaara A, Kontinen VK, Kalso EA (1997) Chronic spinal nerve ligation 
induces changes in response characteristics of nociceptive spinal dorsal horn 
neurons and in their descending regulation originating in the periaqueductal 
gray in the rat. Exp Neurol 147:428–436. 

Pertovaara A, Wei H, Hamalainen MM (1996) Lidocaine in the rostroventromedial 
medulla and the periaqueductal gray attenuates allodynia in neuropathic rats. 
Neurosci Lett 218:127–130. 

Peschanski M, Mantyh P (1983) Spinal afferents to the ventrobasal thalamic 
complex in the rat: an anatomical study using wheat-germ agglutinin 
conjugated to horseradish peroxidase 10.1016/0006-8993(83)90245-7 : Brain 
Research | ScienceDirect.com. Brain Research. 

Polgar E (2004) Lack of evidence for significant neuronal loss in laminae I?III of 
the spinal dorsal horn of the rat in the chronic constriction injury model. PAIN 
111:144–150. 

Polgar E, Hughes DI, Arham AZ, Todd AJ (2005) Loss of neurons from laminas I-
III of the spinal dorsal horn is not required for development of tactile allodynia 
in the spared nerve injury model of neuropathic pain. J Neurosci 25:6658–
6666. 

Popken GJ, Farel PB (1997) Sensory neuron number in neonatal and adult rats 
estimated by means of stereologic and profile-based methods. J Comp 
Neurol 386:8–15. 

Porreca F, Burgess SE, Gardell LR, Vanderah TW, Malan TPJ, Ossipov MH, 
Lappi DA, Lai J (2001) Inhibition of neuropathic pain by selective ablation of 
brainstem medullary cells expressing the mu-opioid receptor. J Neurosci 
21:5281–5288. 

Porreca F, Ossipov MH, Gebhart GF (2002) Chronic pain and medullary 
descending facilitation. Trends Neurosci 25:319–325. 



   
 

 

124 

Potrebic SB, Fields HL, Mason P (1994) Serotonin immunoreactivity is contained 
in one physiological cell class in the rat rostral ventromedial medulla. J 
Neurosci 14:1655–1665. 

Rahman W, Suzuki R, Webber M, Hunt SP, Dickenson AH (2006) Depletion of 
endogenous spinal 5-HT attenuates the behavioural hypersensitivity to 
mechanical and cooling stimuli induced by spinal nerve ligation. PAIN 
123:264–274. 

Ramalho RM, Viana RJ, Low WC, Steer CJ, Rodrigues CM (2008) Bile acids and 
apoptosis modulation: an emerging role in experimental Alzheimer's disease. 
Trends Mol Med 14:54–62. 

Redshaw JD, Bisby MA (1984) Proteins of fast axonal transport in the 
regenerating hypoglossal nerve of the rat. Can J Physiol Pharmacol 
62:1387–1393. 

Rexed B (1952) The cytoarchitectonic organization of the spinal cord in the cat. 
The Journal of Comparative Neurology 96:414–495. 

Reynolds DV (1969) Surgery in the rat during electrical analgesia induced by 
focal brain stimulation. Science 164:444–445. 

Ringkamp M, Eschenfelder S, Grethel EJ, Habler HJ, Meyer RA, Janig W, Raja 
SN (1999) Lumbar sympathectomy failed to reverse mechanical allodynia- 
and hyperalgesia-like behavior in rats with L5 spinal nerve injury. PAIN 
79:143–153. 

Ritz LA, Greenspan JD (1985) Morphological features of lamina V neurons 
receiving nociceptive input in cat sacrocaudal spinal cord. The Journal of 
Comparative Neurology 238:440–452. 

Rodrigues CM, Fan G, Ma X, Kren BT, Steer CJ (1998) A novel role for 
ursodeoxycholic acid in inhibiting apoptosis by modulating mitochondrial 
membrane perturbation. J Clin Invest 101:2790–2799. 

Rodrigues CM, Sola S, Nan Z, Castro RE, Ribeiro PS, Low WC, Steer CJ (2003) 
Tauroursodeoxycholic acid reduces apoptosis and protects against 
neurological injury after acute hemorrhagic stroke in rats. Proc Natl Acad Sci 
USA 100:6087–6092. 

Rodrigues CM, Steer CJ (2001) The therapeutic effects of ursodeoxycholic acid 
as an anti-apoptotic agent. Expert Opin Investig Drugs 10:1243–1253. 

Rodrigues CMP, Spellman SR, Solá S, Grande AW, Linehan-Stieers C, Low WC, 



   
 

 

125 

Steer CJ (2002) Neuroprotection by a bile acid in an acute stroke model in 
the rat. J Cereb Blood Flow Metab 22:463–471. 

Sanchez V, Lucas M, Sanz A (1992) Decreased protein kinase C activity is 
associated with programmed cell death (apoptosis) in freshly isolated rat 
hepatocytes. Bioscience reports. 

Sanoja R, Vanegas H, Tortorici V (2008) Critical role of the rostral ventromedial 
medulla in early spinal events leading to chronic constriction injury 
neuropathy in rats. J Pain 9:532–542. 

Schäfers M, Geis C, Brors D, Yaksh TL, Sommer C (2002) Anterograde transport 
of tumor necrosis factor-alpha in the intact and injured rat sciatic nerve. J 
Neurosci 22:536–545. 

Scheibel ME, Scheibel AB (1968) Terminal axonal patterns in cat spinal cord. II. 
The dorsal horn. Brain Res 9:32–58. 

Schmued L, Swanson L, Sawchenko P (1982) Some fluorescent counterstains 
for neuroanatomical studies. J Histochem Cytochem 30:123–128. 

Scholz J, Broom DC, Youn D-H, Mills CD, Kohno T, Suter MR, Moore KA, 
Decosterd I, Coggeshall RE, Woolf CJ (2005) Blocking Caspase Activity 
Prevents Transsynaptic Neuronal Apoptosis and the Loss of Inhibition in 
Lamina II of the Dorsal Horn after Peripheral Nerve. J Neurosci 25:7317–
7323. 

Scholz J, Woolf CJ (2002) Can we conquer pain? Nat Neurosci 5 Suppl:1062–
1067. 

Scholz J, Woolf CJ (2007) The neuropathic pain triad: neurons, immune cells and 
glia. Nat Neurosci 10:1361–1368. 

Sekiguchi M, Sekiguchi Y, Konno S-I, Kobayashi H, Homma Y, Kikuchi S-I 
(2009) Comparison of neuropathic pain and neuronal apoptosis following 
nerve root or spinal nerve compression. Eur Spine J 18:1978–1985. 

Sherrington C (1906) The Integrative Action of the Nervous System. Yale 
University Press. 

Shir Y, Ratner A, Raja SN, Campbell JN, Seltzer Z (1998) Neuropathic pain 
following partial nerve injury in rats is suppressed by dietary soy. Neurosci 
Lett 240:73–76. 

Shubayev VI, Myers RR (2001) Axonal transport of TNF-alpha in painful 



   
 

 

126 

neuropathy: distribution of ligand tracer and TNF receptors. Journal of 
Neuroimmunology 114:48–56. 

Shubayev VI, Myers RR (2002) Anterograde TNF alpha transport from rat dorsal 
root ganglion to spinal cord and injured sciatic nerve. Neurosci Lett 320:99–
101. 

Simone DA, Kajander KC (1996) Excitation of rat cutaneous nociceptors by 
noxious cold. Neurosci Lett 213:53–56. 

Simone DA, Sorkin LS, Oh U, Chung JM, Owens C, LaMotte RH, Willis WD 
(1991) Neurogenic hyperalgesia: central neural correlates in responses of 
spinothalamic tract neurons. J Neurophysiol 66:228–246. 

Siniscalco D, Fuccio C, Giordano C, Ferraraccio F, Palazzo E, Luongo L, Rossi 
F, Roth KA, Maione S, de Novellis V (2007) Role of reactive oxygen species 
and spinal cord apoptotic genes in the development of neuropathic pain. 
Pharmacol Res 55:158–166. 

Skagerberg G, Bjorklund A (1985) Topographic principles in the spinal 
projections of serotonergic and non-serotonergic brainstem neurons in the 
rat. Neuroscience 15:445–480. 

Smith GD, Wiseman J, Harrison SM, Elliott PJ, Birch PJ (1994) Pre treatment 
with MK-801, a non-competitive NMDA antagonist, prevents development of 
mechanical hyperalgesia in a rat model of chronic neuropathy, but not in a 
model of chronic inflammation. Neurosci Lett 165:79–83. 

Sola S, Aranha MM, Steer CJ, Rodrigues CM (2007) Game and players: 
mitochondrial apoptosis and the therapeutic potential of ursodeoxycholic 
acid. Curr Issues Mol Biol 9:123–138. 

Solomon RE, Gebhart GF (1988) Mechanisms of effects of intrathecal serotonin 
on nociception and blood pressure in rats. J Pharmacol Exp Ther 245:905–
912. 

Sorkin LS, McAdoo DJ, Willis WD (1993) Raphe magnus stimulation-induced 
antinociception in the cat is associated with release of amino acids as well as 
serotonin in the lumbar dorsal horn. Brain Res 618:95–108. 

Steinbusch HW (1981) Distribution of serotonin-immunoreactivity in the central 
nervous system of the rat-cell bodies and terminals. Neuroscience 6:557–
618. 

Su QN, Namikawa K, Toki H, Kiyama H (1997) Differential display reveals 



   
 

 

127 

transcriptional up-regulation of the motor molecules for both anterograde and 
retrograde axonal transport during nerve regeneration. Eur J Neurosci 
9:1542–1547. 

Sugimoto T, Bennett GJ, Kajander KC (1990) Transsynaptic degeneration in the 
superficial dorsal horn after sciatic nerve injury: effects of a chronic 
constriction injury, transection, and strychnine. PAIN 42:205–213. 

Sugiura Y, Hosoya Y, Ito R, Kohno K (1988) Ultrastructural features of 
functionally identified primary afferent neurons with C (unmyelinated) fibers of 
the guinea pig: classification of dorsal root ganglion cell type with reference to 
sensory modality. The Journal of Comparative Neurology 276:265–278. 

Sugiura Y, Terui N, Hosoya Y (1989) Difference in distribution of central 
terminals between visceral and somatic unmyelinated (C) primary afferent 
fibers. J Neurophysiol 62:834–840. 

Suzuki R, Dickenson AH (2000) Neuropathic pain: nerves bursting with 
excitement ... NeuroReport 11:R17–R21. 

Suzuki R, Rahman W, Hunt SP, Dickenson AH (2004) Descending facilitatory 
control of mechanically evoked responses is enhanced in deep dorsal horn 
neurones following peripheral nerve injury. Brain Research 1019:68–76. 

Suzuki R, Rahman W, Rygh LJ, Webber M, Hunt SP, Dickenson AH (2005) 
Spinal-supraspinal serotonergic circuits regulating neuropathic pain and its 
treatment with gabapentin. PAIN 117:292–303. 

Swett JE, McMahon SB, Wall PD (1985) Long ascending projections to the 
midbrain from cells of lamina I and nucleus of the dorsolateral funiculus of the 
rat spinal cord. The Journal of Comparative Neurology 238:401–416. 

Takagi H, Yamamoto K, Shiosaka S, Senba E, Takatsuki K, Inagaki S, Sakanaka 
M, Tohyama M (1981) Morphological study of noradrenaline innervation in 
the caudal raphe nuclei with special reference to fine structure. J Comp 
Neurol 203:15–22. 

Takeuchi Y, Kimura H, Matsuura T, Yonezawa T, Sano Y (1983) Distribution of 
serotonergic neurons in the central nervous system: a peroxidase-
antiperoxidase study with anti-serotonin antibodies. J Histochem Cytochem 
31:181–185. 

Tal M, Eliav E (1996) Abnormal discharge originates at the site of nerve injury in 
experimental constriction neuropathy (CCI) in the rat. PAIN 64:511–518. 



   
 

 

128 

Todd AJ, Millar J (1983) Receptive fields and responses to ionophoretically 
applied noradrenaline and 5-hydroxytryptamine of units recorded in laminae 
I-III of cat dorsal horn. Brain Res 288:159–167. 

Todd AJ, Millar J (1984) Antagonism of 5-hydroxytryptamine-evoked excitation in 
the superficial dorsal horn of the cat spinal cord by methysergide. Neurosci 
Lett 48:167–170. 

Tonra JR, Curtis R, Wong V, Cliffer KD, Park JS, Timmes A, Nguyen T, Lindsay 
RM, Acheson A, DiStefano PS (1998) Axotomy upregulates the anterograde 
transport and expression of brain-derived neurotrophic factor by sensory 
neurons. J Neurosci 18:4374–4383. 

Urban MO, Gebhart GF (1997) Characterization of biphasic modulation of spinal 
nociceptive transmission by neurotensin in the rat rostral ventromedial 
medulla. J Neurophysiol 78:1550–1562. 

Urban MO, Gebhart GF (1999) Central mechanisms in pain. Med Clin North Am 
83:585–596. 

Urban MO, Smith DJ (1993) Role of neurotensin in the nucleus raphe magnus in 
opioid-induced antinociception from the periaqueductal gray. J Pharmacol 
Exp Ther 265:580–586. 

Vasko M (1982) ScienceDirect - Neuroscience : Analgesia, development of 
tolerance, and 5-hydroxytryptamine turnover in the rat after cerebral and 
systemic administration of morphine. Neuroscience. 

Vasko MR, Pang IH, Vogt M (1984) Involvement of 5-hydroxytryptamine-
containing neurons in antinociception produced by injection of morphine into 
nucleus raphe magnus or onto spinal cord. Brain Res 306:341–348. 

Vera-Portocarrero LP, Zhang E-T, Ossipov MH, Xie JY, King T, Lai J, Porreca F 
(2006) Descending facilitation from the rostral ventromedial medulla 
maintains nerve injury-induced central sensitization. Neuroscience 140:1311–
1320. 

Wall PD (1967) The laminar organization of dorsal horn and effects of 
descending impulses. J Physiol (Lond) 188:403–423. 

Wall PD, Gutnick M (1974) Ongoing activity in peripheral nerves: the physiology 
and pharmacology of impulses originating from a neuroma. Exp Neurol 
43:580–593. 

Wallace J (2007) Update on pharmacotherapy guidelines for treatment of 



   
 

 

129 

neuropathic pain. Pain & Headache Reports 11:208–214. 

Wang H, Wessendorf MW (1999) Mu- and delta-opioid receptor mRNAs are 
expressed in spinally projecting serotonergic and nonserotonergic neurons of 
the rostral ventromedial medulla. J Comp Neurol 404:183–196. 

Ward A, Brogden RN, Heel RC, Speight TM, Avery GS (1984) Ursodeoxycholic 
acid: a review of its pharmacological properties and therapeutic efficacy. 
Drugs 27:95–131. 

Wei F, Dubner R, Zou S, Ren K, Bai G, Wei D, Guo W (2010) Molecular 
depletion of descending serotonin unmasks its novel facilitatory role in the 
development of persistent pain. J Neurosci 30:8624–8636. 

Wei F, Guo W, Zou S, Ren K, Dubner R (2008) Supraspinal Glial-Neuronal 
Interactions Contribute to Descending Pain Facilitation 

10.1523/JNEUROSCI.3593-08.2008. J Neurosci 28:10482–10495. 

Wei H, Pertovaara A (1999) MK-801, an NMDA receptor antagonist, in the 
rostroventromedial medulla attenuates development of neuropathic 
symptoms in the rat. NeuroReport 10:2933–2937. 

Whiteside G, Munglani R (1998) TUNEL, Hoechst and immunohistochemistry 
triple-labelling: an improved method for detection of apoptosis in tissue 
sections--an update. Brain Research Protocols 3:52–53. 

Whiteside GT, Munglani R (2001) Cell death in the superficial dorsal horn in a 
model of neuropathic pain. J Neurosci Res 64:168–173. 

Wiklund L, Behzadi G, Kalen P, Headley PM, Nicolopoulos LS, Parsons CG, 
West DC (1988) Autoradiographic and electrophysiological evidence for 
excitatory amino acid transmission in the periaqueductal gray projection to 
nucleus raphe magnus in the rat. Neurosci Lett 93:158–163. 

Willcockson WS, Chung JM, Hori Y, Lee KH, Willis WD (1984) Effects of 
iontophoretically released amino acids and amines on primate spinothalamic 
tract cells. J Neurosci 4:732–740. 

Willis WD Jr, Coggeshall RE (2004) Sensory Mechanisms of the Spinal Cord: 
Volume 1: Primary Afferent Neurons and the Spinal Dorsal Horn, 3rd ed. 
Springer. 

Wilson JA, Garry EM, Anderson HA, Rosie R, Colvin LA, Mitchell R, Fleetwood-
Walker SM (2005) NMDA receptor antagonist treatment at the time of nerve 



   
 

 

130 

injury prevents injury-induced changes in spinal NR1 and NR2B subunit 
expression and increases the sensitivity of residual pain behaviours to 
subsequently administered NMDA receptor antagonists. PAIN 117:421–432. 

Winkler CW, Hermes SM, Chavkin CI, Drake CT, Morrison SF, Aicher SA (2006) 
Kappa opioid receptor (KOR) and GAD67 immunoreactivity are found in OFF 
and NEUTRAL cells in the rostral ventromedial medulla. J Neurophysiol 
96:3465–3473. 

Woolf CJ, Salter MW (2000) Neuronal plasticity: increasing the gain in pain. 
Science 288:1765–1769. 

Wu G, Ringkamp M, Hartke TV, Murinson BB, Campbell JN, Griffin JW, Meyer 
RA (2001) Early onset of spontaneous activity in uninjured C-fiber 
nociceptors after injury to neighboring nerve fibers. J Neurosci 21:RC140. 

Wu G, Ringkamp M, Murinson BB, Pogatzki EM, Hartke TV, Weerahandi HM, 
Campbell JN, Griffin JW, Meyer RA (2002) Degeneration of myelinated 
efferent fibers induces spontaneous activity in uninjured C-fiber afferents. J 
Neurosci 22:7746–7753. 

Wu W, Wessendorf MW (1992) Organization of the serotonergic innervation of 
spinal neurons in rats--I. Neuropeptide coexistence in varicosities innervating 
some spinothalamic tract neurons but not in those innervating postsynaptic 
dorsal column neurons. Neuroscience 50:885–898. 

Xu W, Qiu XC, Han JS (1994) Serotonin receptor subtypes in spinal 
antinociception in the rat. J Pharmacol Exp Ther 269:1182–1189. 

Yaksh TL, Tyce GM (1979) Microinjection of morphine into the periaqueductal 
gray evokes the release of serotonin from spinal cord. Brain Res 171:176–
181. 

Yaksh TL, Wilson PR (1979) Spinal serotonin terminal system mediates 
antinociception. J Pharmacol Exp Ther 208:446–453. 

Yeomans DC, Pirec V, Proudfit HK (1996) Nociceptive responses to high and low 
rates of noxious cutaneous heating are mediated by different nociceptors in 
the rat: behavioral evidence. PAIN 68:133–140. 

Yeomans DC, Proudfit HK (1996) Nociceptive responses to high and low rates of 
noxious cutaneous heating are mediated by different nociceptors in the rat: 
electrophysiological evidence. PAIN 68:141–150. 

Yezierski RP (1988) Spinomesencephalic tract: Projections from the lumbosacral 



   
 

 

131 

spinal cord of the rat, cat, and monkey. The Journal of Comparative 
Neurology 267:131–146. 

Yuan J, Yankner BA (2000) Apoptosis in the nervous system. Nature 407:802–
809. 

Zeitz KP, Guy N, Malmberg AB, Dirajlal S, Martin WJ, Sun L, Bonhaus DW, 
Stucky CL, Julius D, Basbaum AI (2002) The 5-HT3 subtype of serotonin 
receptor contributes to nociceptive processing via a novel subset of 
myelinated and unmyelinated nociceptors. J Neurosci 22:1010–1019. 

Zemlan F, Leonard C, Kow L (1978) Ascending tracts of the lateral columns of 
the rat spinal cord: A study using the silver impregnation and horseradish 
peroxidase techniques 10.1016/0014-4886(78)90059-6 : Experimental 
Neurology | ScienceDirect.com. Experimental Neurology. 

Zhuo M (2007) Neuronal mechanism for neuropathic pain. Mol Pain 3:14. 

Zhuo M, Gebhart GF (1991) Spinal serotonin receptors mediate descending 
facilitation of a nociceptive reflex from the nuclei reticularis gigantocellularis 
and gigantocellularis pars alpha in the rat. Brain Res 550:35–48. 

Zhuo M, Gebhart GF (1992) Characterization of descending facilitation and 
inhibition of spinal nociceptive transmission from the nuclei reticularis 
gigantocellularis and gigantocellularis pars alpha in the rat. J Neurophysiol 
67:1599–1614. 

Zhuo M, Gebhart GF (1997) Biphasic modulation of spinal nociceptive 
transmission from the medullary raphe nuclei in the rat. J Neurophysiol 
78:746–758. 

Ziegler EA, Magerl W, Meyer RA, Treede RD (1999) Secondary hyperalgesia to 
punctate mechanical stimuli. Central sensitization to A-fibre nociceptor input. 
Brain 122 ( Pt 12):2245–2257. 

 


