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ABSTRACT  
 

Glial cell line−derived neurotrophic factor (GDNF) and artemin maintain the 

structural and functional integrity of the adult nervous system and regulate the plasticity 

of the injured or diseased adult nervous system apparently by interacting with 

GFRα1/RET and GFRα3/RET systems.  

The clinical management of neuropathic pain is particularly challenging. Current 

therapies for neuropathic pain modulate nerve impulse propagation or synaptic 

transmission; these therapies provide limited efficacy due in part to dose-limiting and 

undesirable side effects. Here we show that chronic infusion of GDNF normalizes nerve 

injury-induced neurochemical changes and prevents the expression of neuropathic pain. 

Systemic artemin produces partial to complete normalization of multiple morphological 

and neurochemical features of the injury state.  

Damaged axons in the dorsal root of adult mammals rarely regrow into the spinal 

cord, leading to the permanent loss of sensory function.  This continues to be a major 

unmet clinical challenge relevant to a host of disease and trauma-induced injuries to 

peripheral nerves. Here we show that systemic artemin restores sensory function, 

apparently permanently, in an experimental dorsal root injury model in rats, including 

responses to noxious heat, mechanical and chemical stimuli and sensory input-required 

proprioceptive responses of placement stabilization, targeting and grasping.  These 

effects are likely to result from successful support of multiple classes of sensory afferents 

which cross the dorsal root entry zone into the spinal cord and make functional 

connections with spinal neurons. Delayed artemin treatment defines the “therapeutic 
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window” for artemin application following injury to the nerve roots, indicating that this 

strategy may ultimately be of clinical benefit.  

Our results indicate that the behavioral symptoms of neuropathic pain states can 

be treated successfully, and that partial to complete reversal of associated morphological 

and neurochemical changes can be achieved with artemin.  The damaged axons can re-

grow perhaps into their original region of occupation, and make functional connections 

with spinal neurons, resulting in apparently permanent restoration of the lost sensory 

function following dorsal root injury. Our present studies provide experimental evidence 

that the neurotrophic factors GDNF and artemin may serve as clinically viable drugs in 

treating peripheral nerve injury or other neurodegenerative diseases. 
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CHAPTER 1 INTRODUCTION 
   

NEUROTROPHIC FACTORS GDNF AND ITS FAMILY MEMBER 
ARTEMIN AS POTENTIAL THERAPEUTIC CANDIDATES  

IN PERIPHERAL NERVE DISEASES  
 

1.1. Neurotrophic factor GDNF and its family members 

  It has been well established that neurotrophic factors play a crucial role during 

the development of the nervous system. However, there is growing evidence that the 

function of neurotrophic factors persists throughout adulthood in maintaining the 

structural and functional integrity of the adult nervous system, and regulating the 

plasticity of the injured or diseased adult nervous system (Sah et al., 2003). During the 

past several decades, a broad scope of neurotrophic factors has been discovered and 

characterized. Of these neurotrophic factors, GDNF and its family members have been 

studied extensively in vivo and in vitro during the development and in the adult nervous 

system, under both physiological and pathophysiological circumstances. 

 GDNF was originally isolated based on its ability to promote the survival and 

differentiation of dopaminergic neurons in primary cultures of embryonic ventral 

midbrain (Lin et al., 1993 and Lin et al., 1994). Protein purification, sequencing and 

cloning revealed this factor to be a distant member of the transforming growth factor β 

superfamily. So far, four members of GDNF family have been identified. GDNF (Lin et 

al., 1993) and neurturin (Kotzbauer et al., 1996) were first purified biochemically by 

virtue of their biological activity. Thereafter, artemin (Baloh et al., 1998a; Baloh et al., 

1998b; Masure et al., 1999; Rosenblad et al., 2000) and persephin (Milbrandt et al., 1998) 

were isolated by a database search and homology cloning. Despite low amino-acid 
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sequence homology, GDNF and other structurally characterized members of the TGF-β 

superfamily have similar conformations (Ibáñez, 1998) in that they all belong to the 

Cystine-Knot protein family, and they function as homodimers. 

1.2. GDNF family receptors and their expression patterns  

The receptor complex for GDNF consists of the transmembrane RET receptor 

tyrosine kinase (Durbec et al., 1996; Trupp et al., 1996; Worby et al., 1996) and a ligand-

binding component, the GDNF-family receptor α1(GFRα1) (Jing et al., 1996; Treanor et 

al., 1996). GFRα1 was discovered by expression cloning and screening of GDNF binding 

proteins (Jing et al., 1996; Treanor et al., 1996). It is anchored to the outer plasma 

membrane by a glycosyl phosphatidylinositol (GPI) link. According to the original 

model, a GDNF dimer first binds to either monomeric or dimeric GFRα1, and the 

GDNF–GFRα1 complex then interacts with two RET molecules, thereby inducing their 

homodimerization and tyrosine autophosphorylation (Airaksinen et al., 1999). Four 

different GFRα receptors have been characterized (GFRα1–4), which determine the 

ligand specificity of the GFRα–RET complex. GDNF binds preferentially to GFRα1, 

then forms a complex with RET. Neurturin binds preferentially to GFRα2, artemin 

preferentially to GFRα3, and persephin activates RET by binding to GFRα4. Neurturin 

and artemin may demonstrate weak crosstalk with GFRα1, and GDNF with GFRα2 and 

GFRα3. However, in mammals at least, persephin can bind only to GFRα4 (Airaksinen et 

al., 1999; Baloh et al., 2000; Lindahl et al., 2001; Takahashi, 2001). 

In vivo, GDNF family ligands are thought to be released in limited amounts by 

distinct target tissues in which they bind their specific coreceptor on the innervating 
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nerve endings and activate RET.  RET is normally coexpressed with one or several of the 

GFRαs in different tissues, which is often complementary to the expression of their 

ligand mRNA (Luukko et al., 1997; Trupp et al., 1997, 1998; Widenfalk et al., 1997; 

Naveilhan et al., 1998; Yu et al., 1998). In many cells, however, the GFRαs are expressed 

without RET (e.g., in Schwan cells and many areas of the adult brain).  In lumbar dorsal 

root ganglia, RET is expressed both in myelinated large diameter sensory neurons and 

unmyelinated small diameter sensory neurons, while GFRα1 is expressed physiologically 

in the small diameter sensory neurons (Bennett et al., 1998, 2000).  

1.3. GDNF family signaling  

GDNF and its family members signal through the RET receptor tyrosine kinase 

by binding to GFRα receptors which are linked to the plasma membrane by a GPI anchor. 

GFL–GFRα binding to the extracellular domain of RET leads to activation 

(phosphorylation) of the intracellular tyrosine kinase domain. Once phosphorylated, the 

tyrosine residues in the intracellular domain of activated RET serve as high-affinity 

binding sites for various intracellular signaling proteins in the target cells, then trigger 

multiple downstream signaling pathways (Schlessinger, 2000).  The Ras-MAPK pathway 

appears to be necessary for the survival and neurite growth-stimulating actions of GDNF 

and neurturin (Creedon et al., 1997; van Weering et al., 1997; Xing et al., 1998). PI3 

signaling is required for GDNF-induced formation of large lamellipodia (van Weering et 

al., 1997, 1998) and differentiation of cultured dopaminergic neurons (Pong et al., 1998). 

Recent evidence indicates that PI3-kinase and phospholipase Cγ (PLC-γ) activation may 

be involved in the regulation of neurotransmission (Yang et al., 2001). GDNF can 

http://www.ncbi.nlm.nih.gov/LocusLink/LocRpt.cgi?l=5979
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activate the JNK pathway via Rho/Rac-related small GTPases. Both PI3K/Akt and JNK 

pathways are key regulators of neurotrophin-dependent neuronal survival (Kaplan and 

Miller, 1997). 

1.4. Biological effects of the GDNF family on peripheral nervous system 

Since its identification in 1993 (Lin et al., 1993), GDNF has been shown to have a 

broad scope of biological effects on the nervous system. In vitro, GDNF supports the 

survival of central dopaminergic neurons (Lin et al., 1993), motoneurons (Henderson et 

al., 1994), and nociceptive sensory neurons (Molliver et al., 1997). In particular, GDNF 

has been shown to selectively support the survival of sensory neurons that bind IB4, as 

well as their expression of TTX-resistant sodium channels (Fjell et al., 1999). GDNF-/- 

mice show a reduction or loss of sensory, motor, sympathetic and enteric neurons (Moore 

et al., 1996; Pichel et al., 1996; Sanchez et al., 1996), indicating the importance of GDNF 

for the development and/or survival of the peripheral nervous system.  In the peripheral 

nervous system, GDNF normalizes nociceptive sensory neuron physiology following 

injury. After sciatic nerve transection, GDNF partially prevents conduction velocity 

slowing in C-fibers (Bennett et al., 1998) and restores the expression of nociceptive-

specific receptors and markers in the DRG and dorsal horn of the spinal cord, including 

IB4 binding and immunoreactivity for P2X3, TMP, CGRP (Bennett et al., 1998; 

Bradbury et al., 1998). In another study, GDNF was administered to rats post-sciatic 

nerve transection, at least partially restoring the amplitude of TTX-resistant sodium 

current and the expression of NaV1.8 in the L4 and L5 DRGs (Cummins et al., 2000). 

GDNF has also been demonstrated to partially reverse axotomy-induced increases in 
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another sodium channel subunit, NaV1.3, resulting in partial reversal of axotomy-induced 

changes in repriming kinetics of the sodium current (Leffler et al., 2002). 

The functional identity and physiological role of neurturin-responsive 

somatosensory neurons have been studied using acute spinal sensory neuron cultures and 

skin-nerve preparation from adult GFRα2-deficient mice (Airaksinen et al., 1999). The 

results show that GFRα2 signaling regulates noxious heat transduction of an IB4-binding 

subpopulation of sensory neurons. Although neurturin promotes neurite outgrowth from 

GFRα2-expressing neurons in sensory ganglion explants before birth (Airaksinen et al., 

1999), the number of unmyelinated sensory axons in the cutaneous nerve is not reduced 

in adult GFRα2-deficient mice. However, it is not known whether the nerve terminals 

(free nerve endings) in the skin are affected. Thus, the development or maintenance of a 

functional heat-transduction apparatus in a subpopulation of nociceptors seems to require 

neurturin. 

Like GDNF, artemin supports the survival of cultured sensory neurons (Baloh et 

al., 1998a; 1998b), as well as sympathetic neurons (Andres et al., 2001). Expression 

analysis of artemin in adult human tissues indicated that it is found at low levels in many 

peripheral tissues. Little expression was observed in the CNS, and in situ hybridization 

analysis of developing rat embryos at E14 indicated that the highest level of expression 

by far corresponded to regions likely to influence peripheral neuronal development 

(Baloh et al., 1998). This general expression pattern is strikingly complementary to that 

observed for GFRα3 which is expressed at high levels only in the developing and adult 

sensory and sympathetic ganglia of the PNS (Baloh et al., 1998); Naveilhan et al., 1998; 
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Widenfalk et al., 1998 and Worby et al., 1998). Given the complementary expression 

patterns, demonstration of artemin as the only ligand for GFRα3–RET, and the ability of 

artemin to support a larger number of peripheral sensory neurons than GDNF and 

neurturin (Baloh et al., 1998) in culture, we hypothesized that the artemin/GFRα3–RET 

system may represent an important neurotrophic influence in the protection of peripheral 

nerve degeneration.    

1.5. GDNF family and neuropathic pain  

Peripheral nerve injury can sometimes lead to the development of chronic 

neuropathic pain. Neurotrophins seem to be involved, as blocking antibodies can prevent 

hyperalgesia in models of neuropathic pain (Zhou et al., 2000). Recently, GDNF has been 

reported to normalize abnormal pain behavior in the L5 spinal nerve ligation and partial 

sciatic nerve ligation models of neuropathic pain (Boucher et al., 2000, 2001). Rats 

receiving spinal infusion of GDNF initiated at the time of injury did not develop 

behavioral signs of neuropathic pain (Boucher et al., 2000, 2001). Importantly, rats that 

receiving GDNF infusions beginning two days after L5 spinal nerve ligation, once 

thermal and tactile hypersensitivities were firmly established, exhibited significant 

reversal of behavioral signs of neuropathic pain which were re-established three days 

after the infusion was terminated (Boucher et al., 2000, 2001). Spinal infusion of GDNF 

did not produce hypoalgesia in naive rats, nor did it alter behavioral responses to acute 

noxious stimuli (Boucher et al., 2000). In addition, spinal infusion of GDNF also 

prevented the changes in certain neurochemical markers of nerve injury in both large- 

and small-diameter neurons (Wang et al., 2003), such as the downregulation of 
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immunoreactivity for IB4 and P2X3 in the small-diameter DRG neurons and outer 

laminae of the spinal dorsal horn (Wang et al., 2003) and the upregulation of 

immunoreactivity for activating transcription factor 3 (ATF3) and galanin in large-

diameter DRG neurons (Wang et al., 2003). Therefore, GDNF is a powerful therapeutic 

candidate for the nerve injury-induced neuropathic pain. 

Like GDNF, artemin supports the survival of cultured sensory neurons (Baloh et 

al., 1998a, 1998b), as well as sympathetic neurons (Andres et al., 2001). However, unlike 

GFRα1, the distribution pattern of GFRα3 mRNA seems to be much narrower, and in 

adult rodents is largely restricted to the peripheral nervous system (Yu et al., 1998; 

Worby et al., 1998; Widenfalk et al., 1998). The trophic effect of artemin on sensory 

neurons and the restricted expression of GFRα3 to nociceptive sensory neurons indicate 

that artemin might affect neuropathic pain in vivo, without having broader side effects on 

other organs and tissues. Recent data indicate that artemin could indeed have an 

important role in adult peripheral nervous system and, as a result, might be useful as a 

therapeutic agent for neuropathic pain. In the spinal nerve ligation model, the ability of 

artemin to prevent and reverse behavioral, immunohistochemical and neurochemical 

consequences of nerve injury was demonstrated (Gardell et al., 2003). Systemic 

administration of artemin at the time of nerve ligation or after establishment of injury-

induced tactile and thermal hyperalgesia normalized the behavioral hypersensitivity to 

mechanical and thermal stimuli in a time- and dose-dependent manner. In addition, nerve 

injury-induced upregulation of spinal dynorphin and loss of IB4 binding in DRG cells 

were also normalized by artemin. In particular, the effect of artemin on nerve injury-
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induced upregulation of spinal dynorphin could represent a possible mechanism of 

artemin action on neuropathic pain. The effects of artemin on multiple facets of 

experimental neuropathic pain demonstrate a potential use of artemin in treating 

neuropathic pain. 

1.6. GDNF family and axonal regeneration 

Injury to peripheral sensory nerve axons results in a series of structural and 

molecular changes in the affected sensory ganglion cell bodies. These changes include a 

downregulation of molecules associated with neuronal stability, such as high molecular 

weight neurofilament proteins, and an upregulation of molecules associated with axonal 

sprouting and elongation, such as GAP43, actin and tubulin (Aldskogius and Svensson, 

1993). In addition to the perikaryal changes, there are also prominent changes in the 

central terminals of peripherally axotomized sensory ganglion cells, the so-called 

transganglionic changes. These changes appear to involve a retraction or degeneration of 

some terminals (Aldskogius et al., 1992), as well as sprouting of others (Shortland and 

Woolf, 1993). Concomitantly with the transganglionic neuronal changes, there is 

proliferation of microglial cells and hypertrophy of astrocytes in the corresponding 

projection territories (Aldskogius and Kozlova, 1998). 

When traced centrally from the ganglion, the central processes of sensory neurons 

lie first in a peripheral environment containing Schwann cells and a well developed basal 

lamina (Fraher and Kaar, 1986). Towards the proximal dorsal rootlet they traverse the 

interface between the CNS and peripheral nervous system (PNS), the dorsal root 

transitional zone (DRTZ), which extends distally from the spinal cord into the rootlet 
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(Fraher, 1997). Injured sensory axons grow readily in the PNS compartment of the dorsal 

root, but cease to grow at the junction between the PNS and CNS. This abortive 

regeneration is believed to be a consequence of specific growth-inhibiting properties of 

the DRTZ astrocytes and their extracellular environment. Sensory axons form synapse-

like profiles with astrocytes outlining the boundary between the PNS and CNS (Carlstedt, 

1985; Liuzzi and Lasek, 1987), and appear to be inhibited by proteoglycans seRETed by 

DRTZ astrocytes (Pindzola et al. 1993; Smith Thomas et al., 1994). Therefore, dorsal 

root repair would require restoration of sensory connections between the peripheral and 

CNS.  

The neurotrophic factors NGF, BDNF, NT3 and GDNF are crucial to the 

development and maintenance of sensory neurons (Lindsay, 1994; Lin et al., 1993; 

Bennett et al., 1998) and can promote neurite outgrowth in vitro and regeneration into 

and within CNS in vivo (Gavazzi et al., 1999; Oudega and Hagg, 1999; Bradbury et al., 

1999), indicating that they may be the most viable pharmacological means to this end. 

Chronic intrathecal treatment with NGF and GDNF can selectively result in the 

regeneration of sensory axons back into the spinal cord to form functional connections 

with their post-synaptic target cells, thereby re-establishing sensory function to noxious 

heat and pressure (Ramer et al., 2000). Artemin supports a larger number of peripheral 

sensory neurons than GDNF and neurturin (Baloh et al., 1998) in culture, and its selective 

receptor GFRα3 is restricted in peripheral sensory neurons, indicating that artemin may 

sustain the axonal regeneration into spinal cord after root injury without having broader 

side effects on other organs and tissues.  
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1.7. Summary 

By the virtue of their effects in cell culture and their efficacy in animal studies, 

GDNF and artemin constitute powerful therapeutic candidates for treating peripheral 

nerve injuries or peripheral neurodegenerative diseases. Thus, we hypothesized that 

GDNF and artemin prevent and reverse peripheral nerve injury-induced neuropathic pain, 

they also restore dorsal root injury-induced loss of sensory function. Our goals in present 

studies are characterizing spinal nerve injury-caused neuropathic pain and dorsal root 

injuery-induced the loss of sensory function in animal models, identifying new 

approaches of treating neuropathic pain and allowing regeneration of sensory nerves into 

the spinal cord for restoration of sensory function by using intratheecal GDNF and 

systemic artemin. 
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CHAPTER 2 METHODS 

2.1. Animals  

Male Sprague-Dawley rats (Harlan, Indianapolis, IN), weighing 175-250g at the 

time of surgery, were used. They were housed 3 to a cage in a temperature-controlled 

room on a 12-h light/dark cycle for at least 6 days before being used.  Food and water 

were available ad libitum.  Postoperatively, all rats were individually housed in clear 

plastic cages with a solid floor covered with 2-3 cm of wood shavings under the same 

general conditions. All testing was performed in accordance with the policies and 

recommendations of the International Association for the Study of Pain (IASP) and the 

National Institutes of Health (NIH) guidelines for the handling and use of laboratory 

animals and received approval from the Institutional Animal Care and Use Committee 

(IACUC) of the University of Arizona. 

2.2. Surgical preparations 

2.2.1. Spinal nerve ligation 

L5/6 spinal nerve ligation was induced using the procedure of Kim and Chung 

(Kim and Chung, 1992). Briefly, animals were anesthetized with 2% halothane in O2 at 2 

l/min. and maintained with 0.5% halothane in O2.  After clipping the hair on back, each 

animal was placed on a surgical platform in a prone position. Under sterile conditions, a 

longitudinal incision  (about 3 cm in length and 5 mm lateral from the midline) was made 

at lower lumber and sacral levels (from the caudal part of the L5 vertebra to the first 

sacral vertebra), exposing the paraspinal muscles on the left. The location of the incision 

is determined by the position of the L5 spinous process which is located (rostro-caudally) 
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at the rostral end of the iliac crest. Using small scissors with blunt tips, the paraspinal 

muscles are isolated and removed from the level of L5 spinous process to the sacrum. 

This opens up the space ventrolateral to the articular processes, dorsal to the L6 

transverse process, and medial to the ilium. Connective tissues and remaining muscles 

were removed with a small scraper, after which the L6 spinous process was exposed.  A 

small rongeur was used to remove the L6 transverse process covering the ventral rami of 

the L4 and L5 spinal nerve. Access to the L5 spinal nerve was easier after removing the 

transverse process very close to the body of vertebrate. The ventral rami of the L4 and L5 

spinal nerves can be normally visualized once the L6 transverse process is carefully 

removed. The L4 spinal nerve usually runs more laterally (or ventrally in some animals) 

than the L5 and those two nerves join distally, but there was a great deal of individual 

variability where these two nerves join. Thus, the L4 and L5 spinal nerves need to be 

separated in some animals to make the L5 spinal nerve accessible for ligation. Once 

adequate length of the L5 spinal nerve is freed from the adjacent structure, a piece of 4-0 

silk thread is placed around the L5 spinal nerve and the nerve is tightly ligated to 

interrupt all axons in the nerve. It is also desired that the L6 spinal nerve be ligated. The 

L6 spinal nerve runs underneath the sacrum and is not visible without chipping away a 

part of the sacrum. To ligate the L6 spinal nerve, it is also necessary to remove a sheet of 

fascia joining sacrum to ileum. After carefully removing the fascia, we place a small 

glass hook underneath the sacrum and gently pull the L6 spinal nerve out into the 

paravertebral space and ligate it tightly with 4-0 silk thread.  On completion of the 

operation, hemostasis is confirmed and the muscles are sutured in layers using silk 
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thread. The skin is closed with metal clips, anesthesia is discontinued, and animals were 

allowed recover completely in a new cage with warm bedding.  Sham control rats 

underwent the same operation and handling as the experimental animals, but without 

nerve ligation.  

2.2.2. Intrathecal catheterization 

While under halothane anesthesia all of the rats were implanted intrathecal 

catheters (PE-10, 8 cm) as described previously (Lopachin et al., 1981) for drug 

administration into the lumbar region of spinal cord. Briefly, rats were anesthetized and 

mounted in a sterotaxic instrument.  An incision beginning at a line joining the ears and 

extending about 3 cm in a caudal direction was made in the midline and the fascia was 

refracted from the skull. The initial incision of skin exposed a superficial layer of neck 

muscles which were then separated by a midline ally about 2 cm. Next, a scraping tool 

was used to free the muscles from their point of origin on the occipital bone for about 0.5 

cm on either side of the midline. At this point, the atlanto-occipital membrane can be 

seen. A small slit (1-2mm long) beginning at the base of skull was made along the 

midline of the membrane. If the incision has been performed correctly, clear 

cerebrospinal fluid should immediately well up through the slit. The stretched end of the 

catheter can be inserted in the subarachnoid space and the free end of the catheter is 

threaded through the occipital opening and out the top of the skull via the interparietal 

opening. Finally, the muscle and skin incision was closed and the exposed portion of the 

catheter was cut to the desired length.  
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2.2.3.  Dorsal root crush  

Dorsal roots from the C4 to T2 (C4-T2) region were crushed as previously 

described (Ramer et al., 2000). Briefly, animals were anesthetized with 2% halothane in 

O2 at 2 l/min and maintained with 0.5% halothane in O2. Following clipping the hair on 

their back, each animal was placed on a surgical platform in a prone position. Under 

sterile conditions, a longitudinal incision  (about 5 cm in length and 5 mm lateral from 

the midline) was made at lower cervical and upper thoracic levels (from the caudal part 

of the C2 vertebra to the third thoracic vertebra), exposing the paraspinal muscles on the 

left. The location of the incision was determined by the position of the C2 and T3 spinous 

process. Using small scissors with blunt tips, the paraspinal muscles were isolated and 

removed, from the level of C3 spinous process to the T3 spinous process. This opened the 

space from dorsal articular processes to ventrolateral transverse processes. Connective 

tissues and remaining muscles were removed by a small scraper, then the left dorsal-

lateral quarter of spinal arc was removed carefully from C3 to T2 with a small rongeur. 

Normally the C4-T2 dorsal roots could be visualized once the left dorsal-lateral quarter of 

spinal arc was carefully removed, then each root was crushed 3 times with No. 5 forceps, 

10 seconds per crush midway between the DRG and the dorsal root entry zone (DREZ). 

On completion of the operation, hemostasis was confirmed and the muscles were sutured 

in layers using silk thread, the skin closed with metal clips, anesthesia discontinued, and 

animals were allowed to recover completely in a new cage with warm bedding.  Sham 

control rats underwent the same operation and handling as the experimental animals, but 

without nerve crush.  
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2.3. Behavioral tests 

Successful surgery of SNL should result in several behavioral outcomes indicative 

of neuropathic pain and normally should not show any motor deficits beyond a mild 

inversion of the foot with slightly ventroflexed toes. The most common and obvious 

motor deficit of unsuccessfully operated animals is dragging the hindlimb of the operated 

side, a sign of paralyzed proximal muscles. This invariably indicates damage to the L4 

spinal nerve because this nerve innervates many proximal muscles of the hindlimb. 

Because most behavioral tests for neuropathic pain are based on foot withdrawal response 

to external stimuli, rats with a damaged L4 nerve may not show neuropathic pain 

behaviors due, in part, to their inability to withdraw the foot. Although these animals may 

show some improvement of motor function over several days, neuropathic pain behaviors 

may not necessarily be restored, presumably due to permanent damage to some sensory 

fibers in the L4 nerve. Therefore, any animal with motor deficits is discarded based on 

the post-operation baseline test.  

2.3.1. Mechanical Allodynia 

The assessment of tactile hypersensitivity (i.e. decreased threshold to paw 

withdrawal following probing with non-noxious mechanical stimuli) consisted of 

measuring the withdrawal threshold of the left paw in response to probing with a series of 

eight calibrated Von Frey filaments (Stoelting, Wooddale, IL) in logarithmically spaced 

increments ranging from 0.41 to 15 g (4-150 N). Each filament was applied 

perpendicularly to the plantar surface of the left paw of rats kept in suspended wire-mesh 

cages. Measurements were taken both before and after administration of drug or vehicle. 
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Withdrawal threshold was determined by sequentially increasing and decreasing the 

stimulus strength (‘up and down’ method), analyzed using a Dixon non-parametric test 

(Chaplan et al., 1994) and expressed as the mean withdrawal threshold. These data were 

expressed as mean withdrawal threshold ± SEM.  

2.3.2. Thermal Hyperalgesia 

Response thresholds to noxious thermal stimuli were evaluated by the 

determination of paw withdrawal from a focused beam of radiant heat through the method 

of Hargreave and colleagues (Hargreave et al., 1988). Rats were allowed to acclimate 

within Plexiglas enclosures on a clear glass plate maintained at 30oC, and a radiant heat 

source was directed onto the plantar surface of the hindpaw. Paw-withdrawal latency was 

determined by a motion detector. The latency to withdrawal of the paw from the radiant 

heat source was determined both before and after drug or vehicle administration. A 

maximal cutoff of 40 sec was used to prevent tissue damage. Paw withdrawal latencies 

were determined to the nearest 0.1 sec. These data were expressed as mean withdrawal 

threshold ± SEM.  

2.3.3. 49oC water immersion test 

To evaluate recovery of threshold to noxious heat stimulation, paw withdrawal 

latency was measured as previously described (Ramer, et al., 2000). The ipsilateral 

forepaws of sham or root-crushed rats were immersed in a 49oC water-bath until the rats 

withdrew their paw or until the cut-off time of 20 seconds was reached.  This procedure 

was repeated twice more with a resting period of at least 30 minutes between 

immersions.  The results for each rat were recorded and averaged. 
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2.3.4. Randall-Selitto test 

As described previously (Ramer et al., 2000), a paw pressure analgesia instrument 

(Randall-Selitto noxious pinch device (UGO)) was used to apply increasing pressure on 

the ipsilateral forepaw until the rats withdrew their paws from the instrument or the cut-

off of 250g was reached.  This procedure was repeated twice more with a resting period 

of at least 30 minutes between tests.  The results for each rat were recorded and 

averaged.   

2.3.5. Contact-mediated grasping 

Rats were lowered head first toward a wire cage lid which intact animals 

instinctively grasp upon contact with their forepaws. The number of successful grasps of 

five trials was counted (Ramer et al., 2002). 

2.3.6. Beam walking 

Beam walking was tested by the method described previously (Ramer et al., 

2002). A walking score along a beam (1.5m in length by 3 cm wide) was assigned one of 

the following values: 0 = no attempt at using the limb; 1 = walking motion/cycling but no 

weight bearing; 2= attempted weight bearing, but incorrect targeting (missing the beam) 

and placement (dorsal aspect down); 3 = weight bearing but incorrect placement and 

frequent mistargeting; 4 = full weight bearing but slight deficits in placement and 

infrequent mistargeting; 5 = normal walking, no deficits.  

2.3.7. Horizontal ladder 

Rats walked across a horizontal ladder, with 8-cm-long rungs spaced 6 cm apart. 

Foot-slips were counted for ipsilateral forepaws. In this test, rats walked toward a 
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darkened “home box” to which they had become accustomed prior to testing (Ramer et 

al., 2002). 

2.3.8. Stabilization placement 

A rat was held on a bench-top facing away from the experimenter, with one 

forepaw drawn back against its side. It was then nudged forward. Rats normally brace 

themselves (extent the forepaws rostrally with palms flat against the bench-top, toes 

spread) against forward displacement. Successful bracing was counted over five trials 

(Ramer et al., 2002). 

2.3.9. Analysis of Significance 

Significant changes from baseline control values were detected by ANOVA 

followed by the post hoc least significance test. Significance was set at p ≤ 0.05. Pairwise 

comparisons between treatments were detected using Student's t test. Significance was 

determined at p ≤ 0.05.  

2.4. Histological studies 

2.4.1. Perfusion/tissue fixation 

After behavioral tests, selected rats were deeply anesthetized with ketamine/HCl. 

Heparin was applied 30 min. prior to anesthesia (i.p. 0.5 ml/kg).  The heart was surgically 

exposed and transcardially perfused with 0.01M sodium phosphate-buffered saline (PBS, 

pH 7.4) until exudates ran clear, then perfused for approximately 15 min with 10% 

buffered formalin (Fisher brand), or with 4% paraformaldehyde (PFA) and 0.003% 

glutaraldehyde in 0.1 M sodium phosphate buffer (PB, pH 7.4).  Selected tissues 

including spinal cord, bilateral DRGs and brain stem were collected.  All harvested 
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tissues were post-fixed in 10% buffered formalin or in 4% PFA of 0.1 M PB without 

glutaraldehyde until preparing for histology, histochemistry and immunohistochemistry.   

2.4.2. Immunofluorescence 

 The post-fixed spinal cord segments and DRGs were transferred to 30% sucrose 

in 0.1M PBS until the tissue sank to the bottom of containers, then embedded in O.C.T. 

compound and sliced with a Cryostat at –20oC.  Sections of DRGs were cut at a thickness 

of 10 µm serially on the slides so that each slide contained an ordered series of sections 

throughout the ganglia.  The spinal cord was cut in 20 µm, every five sections through the 

region of spinal cord were saved free-floating in an individual well in 0.1M PBS.  

Sections were then processed for immunostaining. After completely washing the O.C.T. 

compound away, the sections were incubated in 10% normal goat serum for 1 hr, 

followed by 24-72 hrs in the primary reagents (which included diluted primary antibody, 

2.5% normal goat serum, 0.02% NaAZide and 0.1% X-100 triton in 0.1 M PBS, pH=7.4). 

After three washes in PBS, the sections were then incubated in reagents with secondary 

antibody conjugated with fluorescent compound for 2-3 hrs, then rinsed in PBS, mounted 

with fluorescent mounting medium (Vector labs), and covered by glass cover slips 

(Fisher Brand).    

  2.4.3. Double-labeling 

Analyses of colocalization of two neuromarkers in DRG or spinal cord were 

performed using dual-labeling immunofluorescence.  After being processed immuno-

fluorescent staining of one neuromarker as described above, then repeating the same 

procedures for the other neuromarker. The primary antibodies of both neuromarkers are 
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raised in different species of host animals, and the secondary antibodies were conjugated 

with either red or green fluorescent compounds.   

2.4.4. Histochemistry for lectin binding  

DRG sections mounted on slides or free-floating spinal sections were rinsed in 

0.1M PBS, then directly incubated in FITC-conjugated lectin IB4 (1:1,000, Vector Labs) 

for 3 hrs in 0.1M PBS (pH = 7.4).   

2.4.5. Image analysis 

To calculate the percentage of the labeled neuromarkers in DRG sections, six 

sections were randomly selected for each marker for each DRG in each animal.  In each 

section, the number of positively stained cells was counted directly under fluorescent 

microscopy, then the section was incubated in ethidium bromide (5µg/ml) for 30 s to 

visualize all neuronal cells (Guo et al., 1999).  Following the PBS wash, the total number 

of neuronal cells on each section was counted. The percentage for each animal was 

calculated by the number of positively stained cells over the total cell number counted 

within ipsilateral DRG sections.  For image analysis of neuromarker staining within the 

dorsal horn, 6 sections of spinal cord that represented the proper spinal segment were 

randomly selected from each animal. Images were acquired directly from the microscopy, 

then the threshold applied to a set level to reveal the staining using the MetaMorph 

imaging system 5.5 (Universal Imaging Corp., West Chester, PA).  The integrating 

density of the staining on each side of spinal dorsal horn for each section was recorded 

and logged in Microsoft Excel for statistical analysis. All values are expressed as the ratio 

of the density of the ipsilateral side over the contralateral side.  Ratios were calculated for 
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each section and then a mean ratio was determined for each rat.  The results from the 

ganglia and spinal cord were averaged and expressed as mean ± SEM. Significant 

differences between the percentage of neuronal profiles in DRG and ratios of staining 

intensity of ipsilateral side over contralateral side for each marker were determined by 

ANOVA followed by the post-hoc least significant difference test.  Pairwise comparisons 

were performed by Student’s t-test.  Significance was set at p ≤ 0.05.  The images shown 

in this dissertation were acquired directly from a Nikon E800 fluorescent microscope 

with a Hamamatsu C5810 color CCD camera and its proprietary Image Processor 

software (Hamatsu Photonic System, Bridgewater, NJ) edited in Adobe Photoshop 6.0 

(Abode System Inc., San Jose, CA).  

2.5. Transganglionic tracing 

These experiments were performed using root-crushed rats which received 

artemin or vehicle treatments with a modified method of Shehab et al. (2003) and Herzog 

and Kummel (2000). Briefly, animals were anesthetized with 2% halothane in O2 at 2 

l/min. and maintained with 0.5% halothane in O2 and placed on a surgical platform. 

Under sterile conditions, a longitudinal incision (about 5 cm in length from the internal 

side of forelimb) was made to expose the median nerves from brachial plexus which 

innervate the forepaw. Five µl of 0.5% CTB was pressure injected to the nerves (distal to 

the DRG) with multiple injection sites within each rat.  After the injections, the wounds 

were carefully sutured and the rats treated with antibiotics. After a survival time of 7 

days, the rats were perfused, and C4-T2 spinal cord and DRG and brain stem were 

harvested for IHC as described above. 
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2.6. Nociceptive reaction and c-FOS expression in formalin injected rats 

The experiments were performed in awake, freely moving rats as described previously 

(Presley et al., 1990). The plantar surface of the ipsilateral forepaw of the rat, after dorsal 

root crush and artemin/vehicle treatment, was injected with 100 µl of 10% formalin 

subcutaneously and the nociceptive reactions shown by licking injection sites were 

recorded.  Three hours after the injections, the rats were perfused, and C4-T2 spinal cord 

was harvested for IHC to examine formalin induced c-FOS expression in spinal dorsal 

horn. The control rats received similar injections of saline. 

2.7. NK1 receptor internalization in carrageenan-induced inflammatory model  

2.7.1. The carrageen model 

Injection of λ–carrageenan (Winter et al., 1962) in the rat hindpaw produces an 

acute, restricted inflammation associated with thermal and mechanical hyperalgesia and 

allodynia which peaks 3 hrs after carrageenan injection (Hargreaves et al., 1988; Kayser 

et al., 1991). In the present study, rats that received dorsal root crush with artemin/vehicle 

treatment were given carrageenan injections (2%, pH 6.8, in saline, 100 µl, s.c. Sigma) in 

the plantar surface of the forepaw, and to held for 3 hrs to allow inflammation to develop.  

Control rats were injected with the same amount of saline. 

2.7.2. Mechanical stimulation 

The testing was performed by a method modified from Honore et al. (1999). 

Carrageenan and saline injected rats were stimulated with a non-noxious mechanical 

stimulus, that is, light stroking of the dorsal forepaw for 5 minutes using the wooden 

handle of a brush applying a pressure approximately equivalent to 3.6g. For noxious 
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stimulation, a noxious pressure was applied for 30 seconds with a hemostat placed on the 

distal part of the forepaw between the footpads. Rats were perfused 15 minutes after the 

end of the mechanical stimulation for IHC to examine the NK1 receptor internalization in 

the ipsilateral spinal dorsal horn.  

2.8. Experimental reagents 

2.8.1. Basic chemical reagents 

0.1 M PB, normal goat serum (Sigma, St. Louis, MO), NaAzide (Fisher brand), 

Triton-X 100 (Fisher brand), buffered 10% formalin (Sigma), fluorescent mounting 

medium (Vector Laboratories, Burlingame, CA), and Cholera Toxin B subunit (CTB, 

List Labs) were purchased commercially.    

2.8.2. Antibodies 

Primary antisera from commercial sources were rabbit anti-CGRP (1:20,000, 

Peninsula Laboratories, San Carlos, CA), rabbit (guinea pig) anti-P2X3, MOR, TRPV1, 

prodynorphin (1:5,000, Neuromics, Minneapolis, MN), rabbit anti-ATF3 (or GFAP, or c-

jun) (1:5,000, Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-Nav1.3 (Alomone 

Labs) or anti-Nav1.8 (Roche Bioscience), rabbit anti-galanin (1:10,000, Peninsula 

Laboratories, San Carlos, CA.) and rabbit anti-NPY (1:10,000, Peninsula Laboratories, 

San Carlos, CA), rabbit (or guinea pig) anti-CGRP (or SP) (1:10,000, Peninsula 

Laboratories), rabbit anti-GFRα3 or RET (Biogen), rabbit anti-c-FOS (Chemicon),  goat 

anti-CTB (List Labs), mouse monoclonal N52 (Sigma, St. Louis, MO), mouse 

monoclonal ED1 (Serotec), FITC-conjugated IB4 (Griffonia Simplicifolia Lectin I, 

Isolectin B4; Vector, Burlingame, CA).  
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Secondary antisera were Cy3-conjugated goat anti-rabbit IgG (1:1,000, Jackson 

Laboratories, West Grove, PA), Alexflour 488 or Alexflour 694 conjagated goat anti-

rabbit, and goat anti-mouse and goat anti-guinea pig IgG or donkey anti-goat IgG 

(1:1,000; Molecular Probes).  

2.8.3. Pharmacological compounds and their administrations 

GDNF was generously provided by Dr. James Treanor, Amgen (Thousand Oaks, 

CA). Following SNL, rats immediately received a 15 µl bonus injection of either a 

control solution (saline with rat serum albumin, 1 mg/ml) or this vehicle plus 

recombinant human GDNF (rhGDNF, 1µg/µl in vehicle; Amgen, Thousand Oaks) 

intrathecally. Intrathecal tubing was attached to a Alzet mini-osmotic pump (model 2002; 

Alzet, Alza Corporation, Palo Alto, CA) delivering at a rate of 0.5 µl/hr.  Control rats 

underwent the same operation and handling, and received vehicle only. 

Artemin was generous provided by Drs. Dinah Sah and Anthony Rossomondo, 

BiogenIdec (Cambrige, MA).  Rat artemin (113 amino acids) was refolded from 

Escherichia coli inclusion bodies and purified to > 98% homogeneity. Artemin (1 mg/kg) 

was injected subcutaneously on a Monday, Wednesday and Friday schedule for total six 

injections, unless otherwise indicated. Dorsal root crush to C4-T2 was done according to 

the procedure of Ramer et al., 2000. Sham surgery was identical to dorsal root crush but 

without nerve injury. 
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CHAPTER 3 

CHARACTERIZATION OF SNL-INDUCED NEUROPATHIC PAIN 
AND NEUROCHEMICAL CHANGES 

 
3.1. Introduction 

Peripheral nerve injury elicits long lasting neuropathic pain, which is manifested 

by two behavioral hallmarks: thermal hypersensitivity and mechanical hypersensitivity.   

Mechanical hypersensitivity is encoded by mechanoreceptors that mediate touch and 

vibration of the skin via myelinated nerve fibers of the Aβ type with a diameter of 6-12 

µm and conduction velocities between 35-75 m/sec (Moller, 2003). Thermal 

hypersensitivity is mediated by nociceptors that respond to heat via Aδ type fibers with a 

diameter of 1-5 µm and conduction velocity of 5-30 m/sec while some polymodal 

nociceptors are innervated by unmyelinated c-fibers with a diameter of 0.2-1.5 µm and a 

conduction velocity of 0.5-2 m/sec (Moller, 2003). Recent studies also indicate that 

almost all spontaneously active axotomized Aβ fibers were particularly sensitive to 

mechanical stimulation of the nerve lesion site. Therefore it has been suggested that in 

these Aβ fibers, ongoing discharges are the expression of an extremely low threshold for 

mechanical excitation (Proske et al., 1995; Chen and Devor, 1998). This is very likely not 

the case in most C-fibers, as after skin nerve transection, only a minority of fibers with 

ongoing activity is detected. However, most spontaneously firing C fibers are also 

thermosensitive (Michaelis et al., 1999) so that in these C fibers, spontaneous activity is 

more likely a consequence of low thermal threshold.  
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Two patterns of peripheral nerve injury-evoked discharge have been observed in 

electrophysiological studies. The temporal onset of ectopic mechanosensitivity following 

nerve transection differed in rat cutaneous A and C fiber axons, and almost no myelinated 

axons responded for eight hours after nerve lesion. The first mechanosensitive Aβ fiber 

firing appeared and their incidence rose to about 30% of all Aβ fibers 24 hrs after lesion 

(Michaelis et al., 1995; Chen and Devor, 1998). In contrast, 5-8% of C-fibers responded 

to the same mechanical stimuli only 30 mins after injury. Moreover, their prevalence did 

not exhibit a significant change with time (Michaelis et al., 1995). On the other hand, one 

recent systematic study on ectopic thermosensitivity in axotomized cutaneous afferents 

(Blenk et al., 1996) demonstrated that 4-24 hrs after sural nerve section in rats, some 10% 

of unmyelinated axons responded in a graded fashion to thermal stimulation of the lesion 

site, while all Aβ fibers were unresponsive (Blenk et al., 1996). Studies of ongoing 

activity originating from the DRG in rats revealed that after sciatic nerve lesion a 

maximum of 10% of all axotomized DRG with myelinated axons projecting into the 

sciatic nerve produce ongoing activity (Burchiel, 1984; Wall and Devor, 1983; Devor and 

Wall, 1990; Michaelis et al., 1996). Ongoing activity in DRG neurons with unmyelinated 

axons was only rarely found after sciatic nerve lesion, and was totally absent after spinal 

nerve lesion (Liu et al., 2000a, Liu et al., 2000b).   

The area of the receptive field that responds to mechanical stimuli has been also 

found to respond to heat stimuli (Treede et al., 1990). However, the transducer elements 

that account for mechanosensitivity are likely to differ from those responsible for heat. 

Antinociception to heat but not mechanical stimuli was observed following the 
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application of capsaicin to the skin of humans (Simone and Ochoa, 1991, Davis et al., 

1995). Similarly, when capsaicin was administrated to C-fiber polymodal nociceptors in 

the cornea, their response to heat and chemical stimuli was eliminated, but they still 

responded to mechanical stimuli (Belmonate et al., 1991). All together, the previous 

studies suggest that the mechanical and heat transducer mechanisms of neuropathic pain 

are different. 

Neuropathic pain sensations arise from alterations in the activity and phenotype of 

three classes of sensory afferents: myelinated Aδ and Aβ fibers which appear largely 

responsible for the observed mechanical allodynia, and the unmyelinated C-fibers which 

contribute to the hyperalgesic state. Biochemically and anatomically it is now recognized 

that two major classes of fibers exist, those which are responsive to nerve growth factor 

(NGF) and express calcitonin gene related peptide (CGRP) and substance P (SP), and 

those which are responsive to glial cell line-derived neurotrophic factor (GDNF) and 

express a cell surface α-galactosyl epitope that can be labeled by the lectin IB4 (Molliver 

et., 1997). Further investigations have demonstrated that sciatic nerve transection results 

in marked decrease of substance P (Jessell et al., 1979), CGRP (Noguchi et al., 1990) and 

pituitary adenylate cyclase activating peptide (PACAP) expression (Jongsma et al., 1999) 

in C fibers and Aδ fiber subpopulations of DRG neurons. In contrast, a dramatic 

upregulation of vasoactive intestinal peptide (VIP)(Villar et al., 1989), galanin (Villar et 

al., 1989), neuropeptide Y (Wakisaka et al., 1991), cholecystokinin (CCK, Verge et al., 

1992) and CGRP (Ma and Bisby, 1998) are observed in Aβ fibers of the same ganglia. 

Thus, these events, together with the changes in the injured nerve and corresponding 



 

42

regions of the spinal cord, may contribute to the repair processes and neuropathic pain 

states following peripheral nerve injury. 

In summary, anatomically, mechanical hypersensitivity is likely to be mediated 

via peripheral Aβ fibers, while thermal hypersensitivity is mediated through Aδ and C 

fibers. Functionally, Aβ fibers are mechanosensitive with extremely low thresholds for 

mechanical excitation and high conduction velocities, while Aδ and C fibers are 

thermosensitive with low thermal threshold and low conduction velocities, indicating that 

the processes of thermal hypersensitivity and mechanical hypersensitivity may be 

different from each other following the peripheral nerve injury. For these reasons, the 

hypothesis that thermal hypersensitivity differing from mechanical hypersensitivity after 

nerve injury was tested. Further, the possibility that differences may correlate to certain 

neurochemical changes was also explored. 

3.2. Experimental design 

3.2.1. Long-lasting behavioral observation 

Sprague-Dawley rats (275-350g, Harlan, Indianapolis, IN) received SNL surgery, 

and thermal and mechanical threshold were monitored daily for the first two weeks 

following SNL, then twice each week for 200 days, then once each month until at day 

600 after SNL.   

3.2.2. Neurochemical changes in three phases of neuropathic pain 

Rats (275-350g) that underwent SNL or sham operation and demonstrated well-

developed neuropathic pain were perfused at day 2, day 14 and day 60, the time 

represented the developing phases of neuropathic pain. After perfusion, the bilateral L4-6 
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DRG and lumbar spinal cord were removed and processed for immunohistochemistry as 

described in Chapter II. 

3.3. Results 

3.3.1. Multiple phases of neuropathic pain following SNL 

The sham-operated rats had a paw withdrawal response to probing with von Frey 

filaments of approximately 15 g throughout the entire observation period. The paw 

withdrawal threshold of SNL rats was 15 g before surgery (i.e., baseline) and was 5.2±1.4 

g at day 2 after surgery, indicative of tactile hypersensitivity (p < 0.05). The withdrawal 

thresholds then remained within the range of 2.6±1.0 g to 2.3±0.7 g throughout the 

testing period from day 3 to day 60 post SNL. After day 60 following the SNL, the paw 

withdrawal thresholds did not show significant change, though they shifted up slightly for 

the remaining experimental observations (Fig. 3.1A). These data indicate that peripheral 

nerve injury elicited mechanical hypersensitivity soon at day 2 following SNL, and 

maintained at a low threshold until day 60 when thresholds shifted towards baseline 

values, suggesting that day 2 and day 60 after SNL may be a transition point of 

mechanical hypersensitivity.    

 The mean baseline paw withdrawal latency to radiant noxious thermal stimuli to 

the ipsilateral hind paw of sham-operated rats was around 20 s (Fig. 3.1B) and was 

maintained around 20 s for the entire observation period. The paw withdrawal latency 

was significantly decreased to 12.7±0.8 s at day 2 in SNL rats from the baseline of 

approximately 20 s (p < 0.05), indicative of thermal hypersensitivity in these nerve-

injured rats. The paw withdrawal latency was then maintained between 12±1.0 s and 



 

44

13.1±1.0 s during the day 2 to 35 observation period (Fig. 3.1B). However, paw 

withdrawal latency to radiant noxious thermal stimuli shifted up gradually from 15±1.6 s 

at day 35 after SNL to 19.8±0.9 s, with values near the baseline (20±2.0 s) at day 60 

following SNL. This value was not significantly different from that observed in sham 

groups (Fig. 3.1B; p > 0.05). After day 60 following the SNL, paw withdrawal latency to 

radiant noxious thermal stimuli was maintained at a level near that observed in the 

control group for the rest period of experimental observations.  These data suggest that 

SNL induced thermal hypersensitivity shifts with the time course of nerve injury through 

the processes of development and reversal.  

In order to interpret these data, the behavioral expressions of neuropathic pain by 

SNL were arbitrarily divided into 3 phases in the present studies, according to the critical 

features of responses to thermal and mechanical stimuli. Phase I featured initiation of 

experimental neuropathic pain. Rats developed hypersensitivities to thermal and 

mechanical stimuli following SNL. This phase lasts about 3-5 days from the beginning of 

SNL to day 3-5 post SNL when the thermal hypersensitivity and mechanical 

hypersensitivity had been well established (Fig. 3.2). Phase II represented the 

maintenance of neuropathic pain. At this phase, SNL-induced both thermal 

hypersensitivity and mechanical hypersensitivity were maintained following the nerve 

injury, and animals demonstrate responses to low threshold thermal stimuli and 

innocuous mechanical touch (under normal conditions). At the end part of this period, we 

can see the reversal of thermal hypersensitivity to values near the control group level 

(Fig. 3.2). This phase persists for approximately 8 weeks from day 5 to day 60 following 
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SNL. At this point, thermal hypersensitivity approached baseline value, and mechanical 

hypersensitivity was partially reversed (Fig. 3.2). Phase III described the period featured 

by the reversal of thermal hypersensitivity. In this phase, thermal hypersensitivity 

reverted to levels expressed by the control group, while mechanical hypersensitivity 

remained at a hypersensitive level, though less than that seen in phase II (Fig. 3.2). This 

phase persisted the longest, extending from day 60 after SNL to the end of experimental 

observations at day 600 following SNL (Fig. 3.2). 

3.3.2. Activation of nuclear factors ATF3, c-jun and c-FOS after SNL 

ATF3, c-jun and c-FOS have served as early genes and their activations may elicit 

dynamic cascades of biological pathways which lead to the external expression of 

biological effects. Normally ATF3 does not express in DRG neurons (Fig. 3.3A). 

However, in the present study, we found that SNL activated the expression of ATF3 at 

nerve-injured DRG neurons as early as  day 2 post nerve injury and maintained high 

expression at day 14 (Fig. 3.3B,C). Even at day 60 post nerve injury, ATF3 is still 

expressed in certain DRG neurons (Fig. 3.3D). Cell count data showed that more than 90 

percent of nerve-injured DRG neurons expressed ATF3 post SNL at day 2 and day 14, 

and approximately 25 percent of injured DRG neurons expressed ATF3 at day 60 post 

SNL (Fig. 3.8). Double-labeling showed that certain nerve-injured neurons expressing 

ATF3 at day 60 after SNL colocalized with N52 (Fig. 3.7X), a neuronal marker for 

myelinated afferent fibers. However, at day 2 and day 14 post SNL, ATF3 appeared in 

both N52 positive and N52 negative DRG neurons after nerve injury (Fig. 3.7V, W). 

There were no marked changes of ATF3 in sham operated rats (data not show).   
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Similar to ATF3, there was almost no activation of c-jun in normal DRG neurons 

(Fig. 3.3E). However, spinal nerve ligation caused the phosphorylation of c-jun in nerve- 

injured DRG neurons at day 2 and day 14 (Fig. 3.3F, G) and the activation of c-jun was 

still observed at day 60 post SNL though the number was diminished (Fig. 3.3H). Cell 

count data showed that 95 and 93 percent of nerve-injured DRG neurons expressed 

phosphorylated c-jun post SNL at day 2 and day 14, and approximately 15 percent of 

injured DRG neurons had activated c-jun at day 60 post SNL (Fig. 3.8). There were no 

marked changes of phosphorylated c-jun in sham operated rats (data not show).   

Interestingly, the upregulation of c-FOS was also observed at day 2 post SNL, 

greatly diminished at day 14 post SNL, and recovered to the baseline in the spinal cord at 

day 60 post surgery (Fig. 3.6Q, R, S, T). Image analysis data showed that, at day 2 post-

SNL, the increase of c-FOS was 75 percent in ipsilateral dorsal horn compared to the 

contralateral side, at day 14 post SNL, the number of cells showing an increase was 

around 50 percent (Fig. 3.9). There were no marked changes of c-FOS in the ipsilateral 

dorsal horn of sham operated rats (data not shown).        

3.3.3. Long-lasting down-regulation of neuronal biomarkers in small and 

medium size cells of nerve-injured DRG neurons and/or their central terminals 

Lectin IB4 has long been used as a biomarker to label certain subgroups of 

primary sensory neurons that do not normally demonstrate significant expression of 

neuropeptides. In the present study, we found that IB4 labeled DRG neurons were small 

to median sizes (Fig. 3.3M), comprising around 60% of total DRG population (Fig. 3.8).  

At 48 hrs after SNL, the density of IB4 labeling in DRG was greatly diminished (Fig. 
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3.3N) though IB4 positive labeling still remained as high as approximately 40% of the 

total DRG population (Fig. 3.8). At day 14 after SNL, IB4 labeling was almost 

completely lost in nerve-injured DRG (Fig. 3.3O) with that only 8% of total DRG 

population (Fig. 3.8) was IB4 positive. However, at day 60 after SNL, there was a small 

increase of IB4 labeling in nerve-injured DRG (Fig. 3.3P, Fig. 3.8).  Double-labeling data 

showed that IB4 labeling was highly colocalized with P2X3 (Fig. 3.7E), but not the 

neuropeptide CGRP (Fig. 3.7A), in normal lumbar DRG with similar observations at day 

2 after SNL (Fig. 3.7B, F). At day 60 after SNL, most reversed IB4 labeling expressed 

P2X3 (Fig. 3.7H), but not CGRP (Fig. 3.7D), in nerve-injured DRG. 

Paralleling the changes in the DRG, the shifts of IB4 labeling were also observed 

in the spinal dorsal horn of correlated segments receiving central projections of IB4 

neurons. In normal conditions, IB4 labeling was seen in lamina II of the ipsilateral spinal 

dorsal horn (Fig.3.5A). At day 2 after SNL, IB4 labeling was markedly reduced (Fig. 

3.5B) to 70% of normal level (Fig. 3.9). At day 14 after nerve injury, only about 6% of 

IB4 labeling was maintained (Fig. 3.5C; Fig. 3.9) compared to control. At day 60 after 

SNL, there was a small increase in IB4 labeling (Fig. 3.5D) from day 14 after SNL (Fig. 

3.5C) approximately 20% of naïve control (Fig. 3.9). 

There were no marked changes of IB4 labeling in both DRG and spinal cord of 

sham operated rats (data not shown), compared to normal conditions.   

P2X3 and TRPV1 are ligand-gated ion channels that regulate mechanical and 

thermal sensation in primary afferents. Identification of possible changes in their 

expression following SNL may help in understanding the thermal hypersensitivity caused 
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by peripheral nerve injury. In the present study, we found that SNL caused a mild 

downregulation of P2X3 in nerve-injured DRG (Fig. 3.3I, J, K, L) and in inner lamina II 

of the ipsilateral spinal dorsal horn (Fig. 3.5E, F, G, H). Cell count data showed that there 

was not a marked change at day 2 after SNL, but there were significant decreases at day 

14 and 60 after SNL to around 60% and 70% of the normal level of P2X3 labeling in 

normal DRG (Fig. 3.8). Parallel changes of P2X3 in DRG after SNL appeared in the 

spinal cord. At day 14 and day 60 after SNL, the P2X3 densities in ipsilateral dorsal horn 

were 40% and 50%, respectively, compared to the normal level (Fig. 3.9).   

Similar to the P2X3, TRPV1 was also downregulated by SNL in both DRG (Fig. 

3.4I, J, K, L) and spinal cord (Fig. 3.6Q, V, W, X). TRPV1 positive cell number 

decreased 60% and 70% in nerve-injured DRG on day 14 and day 60 after SNL (Fig. 3.8) 

when compared to the normal condition. Imaging analysis showed that TRPV1 labeling 

was reduced by around 45% and 50% in ipsilateral spinal cord at day 14 and day 60 after 

SNL (Fig. 3.9). 

 MOR, a G-protein coupled receptor, is very important in pain management. We 

found here that MOR was expressed in small diameter DRG sensory neurons under 

normal conditions (Fig. 3.4M), and SNL did not cause its marked changes at day 2 

following the nerve injury (Fig. 3.4N). However, SNL caused a significant decrease of 

MOR in the injured DRG at day 14 (Fig. 3.4O) and day 60 (Fig. 3.4P) post-SNL, which 

were 20% and 25% of total DRG cell population, respectively, compared to 48% and 

50% of total DRG cell population at normal condition and at day 2 after SNL (Fig. 3.8). 

A similar downregulation of MOR also occurred in the ipsilateral dorsal horn (Fig. 3.6A, 
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B, C, D) of 48% at day 14 and 43% at day 60 after SNL from normal level with no 

significant change in day 2 after SNL (Fig. 3.9). 

Excitatory neurotransmitters CGRP and SP appear in primary sensory neurons. In 

normal conditions, most SP containing neurons in DRG were small diameter neurons 

(Fig. 3.1Q), totally about 20% of lumbar DRG neurons (Fig. 3.8). After SNL, a 

significant decrease of SP-labeled cell number in nerve-injured DRG at day 14 post 

surgery (Fig. 3.3S; Fig. 3.8) was maintained at a low level through day 60 post surgery 

(Fig. 3.3T; Fig. 3.8), although no marked changes were observed at day 2 post surgery 

(Fig. 3.3R; Fig. 3.8). A similar downregulation of SP after SNL was also observed in the 

lumbar spinal cord as in DRG. There was a significant reduction of SP in day 14 and day 

60 post surgery (Fig. 3.5I, J, K, L).  At day 2 after SNL, the ipsilateral SP level was 2% 

less than the normal level, but droped to 60% and 50% at day 14 and day 60 post surgery, 

respectively (Fig. 3.9).  Interestingly, in contrast to the downregulation of SP in both 

DRG and spinal cord following nerve injury, there were no significant changes of NK1 

receptors (Fig. 3.6I, J, K, L; Fig. 3.9).     

In the lumbar DRG of naïve rats, approximately 50% of the total population of 

DRG neurons expressed CGRP (Fig. 3.8). The central terminals of these CGRP positive 

neurons project to superficial dorsal horn (Fig. 3.5M). Two days after SNL, no significant 

changes of CGRP labeling were observed in both nerve-injured DRG and spinal cord 

(Fig. 3.3V, N; Fig. 3.8; Fig. 3.9) from baseline. However, 14 days after SNL, CGRP 

labeling was significantly decreased in DRG (Fig. 3.3W) and spinal dorsal horn (Fig. 

3.5O). In the DRG, the percentage of CGRP-ir neurons to total DRG neurons was 27%, 
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which was around 40% less than the normal level (Fig. 3.8). In the spinal dorsal horn, the 

labeling density of CGRP was reduced to the 40% of normal level (Fig. 3.9).  Similarly, 

the downregulation of CGRP was maintained to day 60 after SNL without significant 

recovery.  In the DRG, the percentage of CGRP-ir neurons to total DRG neurons was 

around 60% or about 40% less than the normal level (Fig. 3.3X; Fig. 3.8). In the spinal 

dorsal horn, the labeling density of CGRP was reduced to 50% of normal level (Fig. 3.5P; 

Fig. 3.9).     

3.3.4. Recovery of prodynorphin and galanin from up-regulation to normal 

level in SNL rats  

SNL induced a significant increase of prodynorphin in spinal dorsal horn at day 

14 post surgery (Fig. 3.6G) approximately 100% above the baseline (Fig. 3.9), while this 

increase of prodynorphin recovered to baseline by day 60 post surgery (Fig. 3.6H, Fig. 

3.9). However, no significant change was observed in the spinal cord at day 2 post-SNL 

(Fig. 3.6F, Fig. 3.9), compared to baseline (Fig. 3.6E, Fig. 3.9).  

SNL caused a 30% galanin increase in both large and small DRG neurons at day 2 

post surgery (Fig. 3.4B) from the baseline (Fig. 3.8) with a few galanin labeled small 

DRG neurons (Fig. 3.4A). However, only a slight increase of galanin was seen in the 

spinal dorsal horn at day 2 post SNL (Fig. 3.5R) compared to control (Fig. 3.5Q, Fig. 

3.9). At day 14 after SNL, an increase in galanin was observed in both DRG and spinal 

cord. In the DRG, both small and large diameter neurons were labeled by galanin-ir (Fig. 

3.4C) at levels around 35% more than baseline level (Fig. 3.8). In the spinal cord, a 60% 

increase of galanin was not only seen in lamina I and II, but also observed in lamina III, 



 

51

which is the location where the Aβ fibers terminate (Fig. 3.5S, Fig. 3.9). Similar to spinal 

prodynorphin, the increased galanin was reversed to initial levels at day 60 post SNL in 

both DRG (Fig. 3.4D) and spinal dorsal horn (Fig. 3.5T; Fig. 3.8 and 3.9). 

3.3.5. Long-lasting up-regulation of neuronal biomarkers in nerve-injured 

large DRG neurons and glial cells 

 Physiologically, NPY did not appear in the DRG neurons (Ossipov et al., 2002, 

Fig. 3.4E), but SNL caused the expression of NPY in DRG neurons (Fig. 3.4F) at day 2 

post surgery, which overlapped with N52 (Fig. 3.7R).  The ratio of NPY-ir neurons to 

total DRG neurons was about 1:4 (Fig. 3.8).  However, there was no significant change 

was observed in the cross sections of the spinal cord at day 2 post SNL (Fig. 3.5 V) 

compared to sham group (Fig. 3.5U, Fig. 3.9). At day 14 post SNL, the labeling of NPY 

in DRG was much brighter (Fig. 3.4G) than that at day 2 (Fig. 3.5V) though only a slight 

increase of NPY-ir cell numbers in DRG appeared between day 2 and day 14 post 

surgery (Fig. 3.8). In the spinal dorsal horn, NPY labeling was also much brighter (Fig. 

3.5W) at day 14 post SNL. NPY labeling appeared predominately in lamina I and II of 

the spinal dorsal horn of sham rats. NPY labeling was also occurred very bright in lamina 

III and IV at day 14 post surgery (Fig. 3.5U, 3.3V, 3.3W). The data from the image 

analysis showed more than 95% increase of NPY labeling in the spinal dorsal horn at day 

14 post surgery, compared to the level in sham rats (Fig. 3.9). At day 60 post SNL, NPY 

labeling had a slight recovery in both DRG (Fig. 3.4H) and spinal dorsal horn (Fig. 

3.5X), compared to day 14 post SNL. However, compared to the baseline, NPY labeling 

was still high at day 60 post SNL (Fig. 3.9). Double labeling data showed that NPY 
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positive neurons were also labeled by N52 (Fig. 3.7.Q, R, S, T), but not labeled by IB4 

(Fig. 3.7I, J, K, L). 

 Interestingly, SNL also induced the upregulation of GFAP in glial cells of the 

ipsilateral dorsal horn. The greatest increase was seen 14 days post SNL (Fig. 3.6O), 

which was 70% more (Fig. 3.9) than the baseline level (Fig. 3.6M), and the upregulation 

was still maintained at day 60 post SNL, which was about 55% more than the baseline 

(Fig. 3.9). However, significant changes of GFAP were observed in ipsilateral spinal 

dorsal horn at day 2 post SNL (Fig. 3.6N, Fig. 3.9). 

3.3.6. Dynamic changes of sodium channels in injured DRG neurons of SNL 

rats 

 Nav1.8 was expressed mainly in small diameter DRG neurons of sham rats (Fig. 

3.4Q), which represented 60% of total population of DRG neurons. However, SNL 

induced the downregulation of Nav1.8 in nerve-injured DRG at day 2 (Fig. 3.4R) and at 

day 14 (Fig. 3.4S), which were 10% and 25% less than the sham level (Fig. 3.8), 

respectively.  In contrast to day 14 post-SNL, there was partial reversal of Nav1.8 levels 

at day 60 post SNL (Fig. 3.4T), which was 5% less than that of sham-operated rats, and 

20% more than that at day 14 post SNL (Fig. 3.8). 

 Normally, Nav1.3 was not expressed in DRG neurons (Fig. 3.4U). At day 2 post 

SNL, Nav1.3 appeared in mutiple types of DRG neurons (Fig. 3.4W), which represented 

50% of total population of DRG neurons (Fig. 3.8).  The peak of SNL-induced 

expression of Nav1.3 in DRG was observed at day 14 post SNL (Fig. 3.4W), which 

represented 65% of total population of DRG neurons (Fig. 3.8). The upregulation of 
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Nav1.3 was still elevated 60 days post SNL (Fig. 3.4X), which represented 60% of total 

population of DRG neurons (Fig. 3.8).   

3.4. Discussion 

Ligation of the spinal nerves in experimental animals has been employed to 

mimic aspects of human neuropathic pain conditions resulting from injury or disease of 

primary afferent nerves. L5 and L6 spinal nerve ligation (SNL) elicits hypersensitivity to 

thermal and mechanical stimuli (Kim and Chung, 1992) in experimental rats, two features 

commonly observed in human neuroperation (Rowbotham, 1995). A significant finding 

of the present investigation is that thermal hypersensitivity was completely recovered 

with time course following SNL, while tactile allodynia in the L5/L6 ligated rats was not 

reversed throughout the entire course of the experiment. Vanilloid receptor 1 (TRPV1) 

and P2X3, which encode noxious thermal-stimuli, are mainly distributed in peripheral C-

fibers (Davis et al., 2000; Souslova, et al., 2000), while the neurotramsmitter NPY, which 

was reported to be a critical factor in tactile allodynia (Ossipov et al., 2002), is 

specifically expressed in peripheral Aβ fibers. Thus, the differing shifts of thermal 

hypersensitivity and tactile allodynia in the present study strongly support the hypothesis 

that tactile allodynia and thermal hyperalgesia are mediated through different neuronal 

pathways.  

It has been suggested, based on previous observations, that tactile allodynia is 

likely to be mediated through the activation of large-diameter myelinated Aβ afferent 

fibers, since this population of afferent nerves is unlikely to conduct nociceptive thermal 

stimuli (Light and Perl, 1979; Sugiura et al., 1986; Maxwell and Rethelyi, 1987) and is 
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not sensitive to desensitization by capsaicin (an agonist of TRPV1) (Szolcsanyi et al., 

1990). These fibers process sensory transduction through ascending pathway-spinal 

dorsal column to the higher CNS. In the normal state, these fibers do not contain 

detectable NPY, however, after SNL, these fibers start making NPY, and this peptide is 

transported to central terminals in the gracilis nucleus, presumably to activate 

postsynaptic cells (Ossipov et al., 2002). Consistent with our observation of long-lasting 

tactile allodynia in SNL rats, we found that SNL-induced NPY expression in large-

diameter fibers lasted for an extended period of time after nerve injury. At day 60 after 

SNL, NPY was specifically expressed in large diameter neurons that contain 

neurofilament 200, a biomarker for large-diameter myelinated afferents. More 

interestingly, ipsilateral dorsal column lesion at thoracic 8 on day 60 after SNL blocked 

the transmission of tactile allodynia in these rats. In addition, SNL resulted in the 

activation of the nuclear factor ATF3 in almost all types of nerve-injured DRG neurons. 

At day 60 after SNL, some of these neurons were still ATF3-positive, but all of them 

contained N52 (neurofilament 200), indicating ongoing injury in these neurons. All the 

findings of current study add strong evidence to the hypothesis.  

Unlike tactile allodynia, thermal hypersensitivity is most likely mediated through 

slow-conducting, unmyelinated C-fibers, which contain the thermosensitive receptors 

TRPV1 and P2X3 (Davis et al., 2000; Souslova, et al., 2000). Although the underlying 

mechanism is not clear, certain observations may contribute to understanding the reversal 

of thermal hypersensitivity after a long time course of SNL. The major excitatory 

neurotransmitters in C-fibers, CGRP and SP were downregulated after SNL, and the 
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neurotransmitter levels did not return to baseline even at day 60 after SNL. The 

thermosensitive receptors in C-fibers, TRPV1 and P2X3 were also downregulated after 

SNL, and the neurotransmitter levels did not return to normal even at day 60 after SNL. 

However, SNL-induced upregulation of galanin returned to normal levels at day 60 after 

nerve injury. In addition, SNL-induced activation of ATF3 in small diameter 

unmyelinated DRG neurons was recovered at day 60 after SNL. Moreover, nerve injury 

resulted in delayed loss of sensory neurons, an effect which was greater for C-fiber than 

for A-fiber neurons (Coggeshall et al., 1997). All these biochemical and morphological 

changes in C-fibers after SNL parallel the shifts of thermal hypersensitivity in SNL rats, 

indicating the role of the C-fibers for the processing of thermal hypersensitivity. It has 

been reported that SNL-induced upregulation of spinal dynorphin plays a critical role in 

the maintenance of neuropathic pain. However, at day 60 after SNL as SNL-induced 

thermal hypersensitivity returned to normal levels, spinal prodynorphin also returned to 

normal levels, suggesting that thermal hypersensitivity may also be processed in the 

spinal level. 

Differences between thermal hyperalgesia and tactile allodynia can also be 

demonstrated pharmacologically. Morphine administrated spinally, for example, does not 

alter tactile responses to probing with von Frey filaments in rats with L5/L6 nerve 

ligation injury, even at doses considered to be supramaximal against endpoints (i.e. 100 

µg) (Bian et al., 1995; Lee et al., 1995). Morphine is not completely ineffective since the 

supraspinal or systemic injection of morphine does produce a dose-dependent 

antiallodynic effect. On the other hand, spinal morphine is effective against noxious 
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thermal stimuli, though at somewhat reduced potency, and produces effective 

antihyperalgesic actions (Wegert et al., 1997). Likewise, earlier studies also reported on 

the efficacy of systemic (i.v.) morphine in rats with CCI and suggested the possibility of 

a peripheral effect of morphine against signs of neuropathic pain (Lee et al., 1995; Kayser 

et al., 1995). It is clear that different manifestations of abnormal pain may be due to 

different and unique pathophysiological mechanisms. The present study, in concert with 

recent observations, suggests that treatment of hyperalgesia or other C-fiber related 

manifestations might be amenable to resolution in the early phase of neuropathic pain, the 

treatment of tactile allodynia, or other Aβ fiber related manifestations might be applicable 

within all phases of neuropathic pain. This study offers viable implications that 

neuropathic symptoms should be treated individually following the time course of 

neuropathic pain development.  
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Figure 3.1 Long-lasting mechanical hypersensitivity in SNL rats. (A) SNL induced 

thermal hypersensitivity in rats. The paw withdrawal latency dropped to around 12 

seconds at day 3 following the nerve injury compared to the baseline of paw withdrawal 

latency of approximately 20 seconds. However, the thermal hypersensitivity recovered to 

near control group levels about 60 days following the nerve injury, then maintained that 

nearly 600 days after SNL.  (B)  SNL caused mechanical hypersensitivity in rats. The 

paw withdrawal threshold dropped to about 3 grams at day 3 after nerve injury from the 

level of baseline 15 grams, then the hypersensitivity was maintained for the rest of 

observation period.  
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Figure 3.2 Multiple phases of behavioral expressions in SNL rats. Top graph (A) 

demonstrates that the process of thermal hypersensitivity induced by SNL underwent 

three major phases. The period from surgery to day 5 was the initiation period of 

hypersensitivity termed phase I. The period from day 5 to day 60 was the maintanence 

and recovery period of hypersensitivity termed phase II. After day 60 following SNL, a 

reversal of thermal hypersensitivity occurred termed phase III.  The bottom graph (B) 

demonstrates that the process of mechanical hypersensitivity induced by SNL underwent 

three major phases. From surgery to day 5 is phase I, the initiation phase. From day 5 to 

day 60 after SNL is phase II, the maintaining phase. After day 60 following SNL is phase 

III, the mechanical hypersensitivity was partially recovered. 
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Figure 3.3 Changes of neurobiomarkers in primary sensory neurons post SNL (1).  SNL 
induced ATF3 expression in nerve-injured DRG neurons at day 2 post surgery (B), 
peaked at day 14 (C), and remained high until day 60 (D), compared to the normal level 
(A). The similar results were also observed for c-jun phosphorylation (E, F, G, H). P2X3 
normally expressed in small to middle size DRG neurons (I). Two days post SNL, a 
decrease of P2X3 was seen (J), and the lowest labeling was seen at day 14 post SNL (K), 
though there was a slight reversal at day 60 post SNL (L). Similar results also occurred in 
IB4 labeling (M, N, O, P). Consistent with IB4 labeling, downregulation of SP and 
CGRP was also found at day 2 after SNL (R, V), peak of downregulation was seen at day 
14 post nerve injury (S, W), and downregulation was still maintained at day 60 post SNL 
(T, X), compared to the normal conditions (Q, U). 
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Figure 3.4 Changes of neurobiomarkers in primary sensory neurons post SNL (2). SNL 
induced upregulation of galanin at day 2 and day 14 post nerve injury (B, C), but levels 
reversed to nearly normal at day 60 post SNL (D), compared to the control (A). NPY 
appeared at day 2 (F), peaked at day 14 (G) and remained high at day 60 (H) post SNL, 
but none was observed in the control (E). In contrast to NPY, downregulation of TRPV1 
and MOR was observed at day 2 post SNL (J, N) maintained at day 14 (K, O) and day 60 
after SNL (L, P), compared to the baseline (I, M). Compared to the control (Q), Nav1.8 
was also downregulated at day 2 (R) and day 14 (S) post SNL, but Nav1.8 showed a 
partial reversal at day 60 after SNL (T). Compared to the control (U), Nav1.3 was 
expressed in nerve-injured DRGs at day 2 (V), day 14 (W) and day 60 (X) after SNL. 
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Figure 3.5 Changes of neurobiomarkers in spinal dorsal horn after SNL (1).  Compared 
to the baseline (A), SNL caused a slight downregulation of IB4 labeling in spinal cord at 
day 2 post nerve injury (B), the peak decrease occurred at day 14 after SNL (C), and a 
slight reversal of IB4 labeling was seen at day 60 (D), compared to the lowest level of 
downregulation (C). SNL induced downregulation of P2X3, SP and CGRP was clearly 
observed at day 14 post nerve injury (G, K, O), and the downregulation was maintained 
to day 60 post nerve injury (H, L, P), but no marked changes were observed at day 2 post 
SNL (F, J, N), compared to the control condition (E, I, M). However, SNL induced the 
upregulation  of galanin in spinal dorsal horn, a slight increase was seen at day 2 (R), 
peak increase appeared at day 14, and even extended to spinal lamina III and IV (S), 
returning to the baseline at day 60 (T) after SNL. The similar observations of galanin 
were also happened to NPY, but NPY was still maintained at high level in lamina III and 
partial lamina IV at day 60 post SNL (U, V, W, X).    
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Figure 3.6 Changes of neurobiomarkers in spinal dorsal horn after SNL (2).  For MOR 
labeling in spinal dorsal horn, no marked differences were observed between control (A) 
and day 2 (B) post SNL rats. Decreases were clearly observed at day 14 (C) and day 60 
(D) post SNL. Nerve injury caused the upregulation of prodynorphin at day 2 post SNL 
(F). Peak increase was observed at day 14 post SNL (G) and the reversal was seen at day 
60 post SNL (H), compared to control level (E). There were no marked differences 
between naïve and day 2, 14 or 60 SNL rats (I, J, K, L). SNL induced the upregulation of 
GFAP in ipsilateral spinal cord at day 2 (N), which peaked at day 14 (O) and remained 
high at day 60 (P), compared to the control level (M). In addition, SNL also caused the 
downregulation of TRPV1 in spinal dorsal horn at day 14 and day 60 after SNL, 
compared to control level (U) and the level at day 2 post SNL (V).  
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Figure 3.7 Double-labeling of neurobiomarkers in DRG neurons after SNL. CGRP and 
IB4 labeling had neither overlap in control condition (A) or SNL conditions (B, C, D). 
However, P2X3 and IB4 had high colocalization in both normal (E) and SNL (F, G, H) 
rats.  There was no colocalization of NPY with IB4 under any conditions (I, J, K, L).  
ATF3 did not express in IB4 positive neurons at day 60 after SNL (P), though ATF3 was 
seen in IB4 positive neurons at day 2 post SNL (N). After SNL, almost all NPY 
expressing neurons are N52 positive neurons (R, S, T). In addition, ATF3 appeared in 
both N52 positive and negative neurons at day 2 and day 14 post SNL (V, W), but ATF3 
only occurred in N52 positive neurons at day 60 post SNL (X).    
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Figure 3.8 Percentage changes of neurobiomarker-labeled DRG neurons after SNL.  

SNL induced above 90% DRG neurons expressing ATF3 at day 2 and day 14 post nerve 

injury, and approximately 25% at day 60 post nerve injury.  Results similar to ATF3 were 

seen in the phosphorylation of c-jun. Two days after surgery, SNL caused more than 20% 

DRG neurons expressing NPY, and at day 14 post SNL, increased to approximately 30 

%. SNL caused galanin increases at day 2 and day 14 post SNL, but reversed to control 

level at day 60 post SNL. SNL caused the downregulation of SP and CGRP at day 14 

post SNL, and without reversal at day 60 post SNL. SNL induced a slight downregulation 

of Nav1.8, and caused great upregulation of Nav1.3 after SNL. In addition, SNL also 

caused the significant downregulation of P2X3, TRPV1, MOR and IB4 at day 14 and day 

60 post SNL, compared to the baseline.  

 

 



 

65

 

NPY GFAP GAL pDYN CGRP SP P2X3 VR1 MOR C-fos NK1R IB4
0

50

100

150

200 Naive
Day2 SNL
Day14 SNL
Day60 SNL

 

 

 

 

 

 

 

 

 

Figure 3.9 Staining intensity of neurobiomarkers in spinal dorsal horn after SNL.  SNL 

caused the upregulation of NPY and GFAP in spinal dorsal horn at day 2 post SNL, 

which did not reversed at day 60 post SNL, however, the upregulation of galanin and 

prodynorphin at day 2 was reversed to the normal level at day 60.  SNL also induced the 

downregulation of CGRP, SP, P2X3, TRPV1 and MOR in ipsilateral dorsal horn at day 

14 post SNL, and the downregulation maintained without reversal up to day 60 post SNL. 

SNL also caused a slight change of spinal c-FOS, but return of normal level at day 60 

post SNL. There was not significant change occurred for NK1 receptor. Moreover, SNL 

also induced a downregulation of IB4 labeling, starting at day 2 post SNL, the lowest 

level was day 14 post SNL. There was a slight increase of IB4 labeling at day 60 post 

SNL, compared the lowest level at day 14, though the level of IB4 labeling was still low 

compared to the normal level.   
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CHAPTER 4 
 

GDNF NORMALIZES NEUROCHEMICAL CHANGES IN INJURED 
DORSAL ROOT GANGLION NEURONS AND PREVENTS THE 

EXPRESSION OF EXPERIMENTAL NEUROPATHIC PAIN 
 

4.1. Introduction 

Peripheral nerve injury elicits morphological, metabolic, and biochemical changes 

in affected neurons and their surrounding glial cells (Lieberman, 1971), where these 

changes could ultimately depend on the alteration in gene expression (Hokfelt et al., 

1994). A marker used for nerve-injured neurons (Tsuzuki et al., 2001) is activating 

transcription factor 3 (ATF3), which is the member of ATF/CREB family of transcription 

factors (Hai et al., 1989; Ziff, 1990; Brindle and Montminy, 1992). Though its role is not 

fully elucidated, ATF3 has many characteristics of immediate-early genes (Wolfgang et 

al., 1997).  Many immediate-early genes have been shown to encode transcription factors 

that have been proposed to control specific target genes whose products would in turn 

serve specific effector functions in the neuronal response (Sheng and Greenberg, 1990).  

Parallel to the appearance of ATF3 after nerve injury, the dynamic phenotypic changes 

were also observed in nerve-injured sensory neurons and affected segments of spinal 

cord, including downregulation of IB4 labeling and P2X3-ir staining in a subgroup of 

small to medium DRG cells (Bennett et al., 1998; Bradbury et al., 1998), upregulation of 

galanin and neuropeptide Y (NPY) in large diameter sensory neurons (Villar et al., 1989; 

Ohara et al., 1994; Ossipov et al., 2003), increase of spinal dynorphin (Malan et al., 

2000), and changes in expression of sodium channels Nav 1.3, Nav1.8 ( Waxman et al., 

1994; Porreca et al., 1999; Lai et al., 2002).  It has been suggested that these dynamic 



 

67

phenotypic changes induced by peripheral nerve injury may underlie some mechanisms 

of chronic neuropathic pain states, including thermal and tactile hypersensitivity, in 

conditions of peripheral nerve damage.  However, such painful states are usually intense, 

persistent, and resistant to currently existing therapeutic agents.  

 Glial cell line-derived neurotrophic factor (GDNF), a member of the transforming 

growth factor-ß superfamily (Lin et al., 1993), is expressed in a wide variety of tissues in 

development, retrogradely transported to the peripheral neural cells, and plays trophic 

role (Buj-Bello et al., 1995; Trupp et al., 1995; Leitner et al., 1999).  During the late 

embryonic and postnatal period, the survival of a subpopulation of DRG cells is 

supported by this factor in vitro (Buj-bello et al., 1995; Matheson et al., 1997) and those 

neurons that are supported are IB4 positve (Molliver et al., 1997).  The physiological 

relevance of the in vitro effects of GDNF on the survival of peripheral nervous system 

neurons has been substantiated by the finding of an appreciable reduction in the number 

of sensory, motor, sympathetic, and enteric neurons in GDNF-/- mice (Moore et al., 1996; 

Pichel et al., 1996; Sanchez et al., 1996).  In vivo studies show that GDNF prevents the 

death of axotomized developing sensory neurons (Matheson et al., 1997) and rescues the 

changes of conduction velocity in injured DRG cells of adult rat (Munson and McMahon, 

1997). GDNF also plays a role in the regulation of sensory neuroproperties and 

regeneration during adulthood (Ramer et al., 2000).  The receptor localization data show 

that a large proportion of the neurotrophin-independent population of small diameter 

DRG cells expresses receptor components for GDNF (Bennett et. al., 1998). Markers 

used to define this population include binding of IB4 and thiamine monophosphatase 
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(TMP). After sciatic nerve axotomy, intrathecal delivery of GDNF greatly restores IB4 

binding and TMP staining within both the DRG and dorsal horn of the spinal cord 

(Bennett et al., 1998).  Recently, it has been demonstrated that GDNF also restores 

sodium channel Nav1.3 mRNA levels induced by nerve injury in sensory neurons 

(Leffler et al., 2002) and exerts potent analgesic effects on nerve injury-induced abnormal 

pain (Boucher et al., 2000). The restitution of IB4 binding and TMP activity, and the 

block of Nav 1.3 expression by GDNF after peripheral nerve injury may indicate a 

general beneficial action of GDNF in normalizing the properties of damaged sensory 

neurons, which otherwise may contribute to the neuropathic pain. 

 In the present study, the ability of intrathecal GDNF to protect nerve-injured DRG 

cells and to prevent the development of thermal and tactile hypersensitivity was 

examined in SNL rats. GDNF, but not vehicle, protectes most nerve-injured DRG 

neurons, and blocks the development of neuropathic pain. Our data establish that GDNF 

is a crucial trophic factor that normalizes the properties of damaged sensory neurons, and 

a candidate agent in therapy for neuropathic pain.  

4.2. Materials and Methods  

4.2.1. Animals 

Male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing 250±25g at the 

time of surgery were housed three to a cage in a temperature-controlled room on a 12-h 

light/dark cycle for at least 6 days.  Food and water were available ad libitum.  While 

under halothane anesthesia all of the rats were implanted with intrathecal catheters (PE-

10, 8 cm) as described previously (Lopachin et al., 1981) for GDNF administration into 
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the subarachnoid space of lumbar spinal cord.  Following 5 days recovery, spinal nerve 

ligation (SNL) injury was performed using the procedure of Kim and Chung (Kim and 

Chung, 1992). Briefly, anesthesia was induced with 2% halothane in O2 at 2 l/min. and 

maintained with 0.5% halothane in O2.  After surgical preparation of the rats and 

exposure of the dorsal vertebral column, the unilateral L5 and L6 spinal nerves were 

exposed and tightly ligated distal to the dorsal root ganglia using 4-0 silk suture, and the 

incisions were closed.  Following SNL, the rat immediately received a 15 µl bonus 

injection of either a control solution (saline with rat serum albumin, 1 mg/ml) or this 

vehicle plus recombinant human GDNF (rhGDNF, 1 µg/µl in vehicle; Amgen) 

intrathecally, then intrathecal tubing was attached to a Alzet mini-osmotic pump (model 

2002; Alzet, Alza Corporation, Palo Alto, CA) delivering GDNF at a rate of 0.5 µl/hr.  

Sham control rats underwent the same operation and handling as the experimental 

animals, but without nerve ligation.  9 SNL and 6 sham animals received intrathecal 

rhGDNF (12 µg/day); 7 SNL and 6 sham rats received intrathecal vehicle.  

Postoperatively, rats were individually housed under the same conditions. All procedures 

were approved by the Animal Care and Use Committee of the University of Arizona, 

USA.  

4.2.2. Tactile and thermal hypersensitivity testing 

Experimental rats were tested for tactile and thermal hypersensitivity daily 

(starting 48 hrs after SNL) as described previously (Ossipov et al., 1999).  Briefly, tactile 

hypersensitivity was determined by measuring the paw withdrawal threshold in response 

to probing with von Frey filaments.  Calibrated filaments were applied to the plantar 
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surface of the hindpaws of rats held in suspended cages with a wire-mesh floor.  The paw 

withdrawal threshold was determined by applying Dixon’s nonparametric test.  The 

method of Hargreaves was employed to assess thermal hypersensitivity.  Rats were 

allowed to acclimate within Plexiglas enclosures on a clear glass plate maintained at 

30oC.  A radiant heat source was activated with a timer and focused on the plantar surface 

of the affected paw of nerve-injured or sham-operated rats.  Paw withdrawal exposed a 

photocell that halted both lamp and timer.  Significant differences among paw withdrawal 

thresholds and among paw withdrawal latencies at each time point were determined by 

ANOVA followed by the post-hoc least significant difference test.  Pairwise comparisons 

were performed by Student’s t-test.  Significance was set at p ≤ 0.05.  

4.2.3. Immunohistochemistry 

 At day 10 post SNL, rats were deeply anesthetized with ketamine HCl/Xylazine. 

Heparin was injected 30 min. prior to anesthesia (i.p. 0.5 ml/kg).  The heart was 

surgically exposed and transcardially perfused with 0.01M sodium phosphate-buffered 

saline (PBS, pH 7.4) until exudates ran clear, then for approximately 15 min. with 10% 

buffered formalin (Fisherbrand).  Lumbar spinal cord and bilateral L4 , L5, L6 and S1 

DRGs were dissected out.  All harvested tissues were post-fixed in 10% buffered 

formalin until preparation for immunohistochemistry.   

 The post-fixed spinal cord segments and DRGs were transferred to a 30% sucrose 

in 0.1M PBS solution until the tissue sank to the bottom of the containers, then sliced at a 

thickness of 20 mm for spinal cord, and 10 µm for DRG, with a cryostat at –20oC.  

Sections of DRGs were cut serially onto slides so that each slide contained an ordered 
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series of sections throughout the ganglia.  As the spinal cord was sliced, every five 

sections were saved free-floating in individual wells of cell culture plate in 0.1M PBS.  

Every five sections therefore had a series of sections of the L3 to S2 region of spinal 

cord.  Sections were then processed for immunohistochemistry.  For immunostaining, 

incubations consisted of 1 hr in 10% normal goat serum in PBS at room temperature, 

followed by 24 hr in primary reagents (2% normal goat serum and 0.3% triton X-100 in 

PBS with primary antibody) at 4oC, then extensive rinses in PBS, and 2 hr in a secondary 

antiserum solution at room temperature.  Primary antisera were rabbit anti-CGRP 

(1:20,000, Peninsula Laboratories, San Carlos, CA), rabbit anti-P2X3 (1:5,000, 

Neuromics, Minneapolis, MN), rabbit anti-ATF3 (1:5,000, Santa Cruz Biotechnology, 

Santa Cruz, CA), rabbit anti-galanin (1:10,000, Peninsula Laboratories, San Carlos, CA.) 

and rabbit anti-NPY (1:10,000, Peninsula Laboratories, San Carlos, CA).  Secondary 

antiserum was Cy3-conjugated goat anti-rabbit IgG (1:1,000, Jackson Laboratories, West 

Grove, PA).  For Griffonia Simplicifolia Lectin I, Isolectin B4 (IB4) binding 

histochemistry, DRG sections mounted on slides or free-floating spinal sections were 

rinsed in 0.1M PBS, then directly incubated in FITC-conjugated lectin IB4  (1:1,000, 

Vector Laboratories, Burlingame, CA) in PBS 2 hr at room temperature.  Analyses of 

colocalization of IB4-positive binding with other DRG products were performed using 

dual-labeling immunofluorescence.  After immunofluorescent staining of P2X3 and 

ATF3, DRG sections were incubated 2 hr in FITC-conjugated IB4 in PBS.  Following the 

PBS washes, the sections were mounted and sealed with fluorescent mounting medium 

(Vector Laboratories, Burlingame, CA). 
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4.2.4. Image analysis 

 For counts of the percentage of neurons that express P2X3, ATF3, galanin, NPY, 

CGRP and IB4 binding, two sections were randomly selected for each marker for each 

ipsilateral L5 and L6 DRG in each animal.  In each section, the number of positively 

stained cell was counted directly under a fluorescent microscope, then the section was 

incubated in ethidium bromide (5µg/ml) for 30 s to visualize all neuronal cells (Guo et 

al., 1999).  Following the PBS wash, the total number of neuronal cells on each section 

was counted. The percentage for each animal was calculated using the number of 

positively stained cells over the total cell number counted within both ipsilateral L5 and 

L6 DRG sections. A total of 6 animals in each group were used for cell counting.  For 

image analysis of IB4, P2X3, NPY, galanin, CGRP and P2X3 staining intensity within 

dorsal horn, 4 sections of L5/6 spinal cord were used from each animal.  Two caudal L5 

and 2 sections were selected from roster L6 to ensure that the analysis was not biased 

toward on region of nerve injury affected lumbar segments.  Images were acquired 

directly from the microscope, then thresholded to a set level to reveal the staining using 

the MetaMorph imaging system 5.5 (Universal Imageing Corp., West Chester, PA).  The 

integrating density of the staining on each side of spinal dorsal horn for each section was 

recorded and logged in Microsoft Excell to perform the statistical analysis. All the values 

are expressed as the ratio of the density of the ipsilateral side to the contralateral side.  

Ratios were calculated for each section and a mean ratio was determined for each rat.  

The results from the ganglia and spinal cord of each group were averaged and expressed 

as mean ± SEM. Significant differences among the percentage of neuronal profiles in 
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DRG, and among ratios of staining intensity by ipsilateral side over contralateral side for 

each marker were determined by ANOVA followed by the post-hoc least significant 

difference test.  Pairwise comparisons were performed by Student’s t-test.  Significance 

was set at p = 0.05.  The images shown here were acquired directly from a Nikon E800 

fluorescent microscope with a Hamamatsu C5810 color CCD camera and its proprietary 

Image Processor software (Hamatsu Photonic System, Bridgewater, NJ), edited in Adobe 

Photoshop 6.0 (Abode System Inc., San Jose, CA), and printed on a Fuji Photograph 

3000 color printer at a resolution of 267 pixel/inch. 

4.3. Results  

             4.3.1. GDNF preserved IB4 labeling in nerve-injured DRG neurons and their 

central terminals within spinal dorsal horn 

 IB4 binding DRG neurons switch from NGF to GDNF dependence in early 

postnatal life of rats (Molliver et al., 1997) and maintain expression of GDNF family 

receptor components, GFRα1 and RET, in adulthood  (Bennett et al., 1998), indicating 

neuroprotection of GDNF to this subgroup of sensory neurons.  To test the ability of 

GDNF to maintain the phenotype of IB4 binding in damaged DRG cells, intrathecal 

administration of GDNF was followed by histochemistry of IB4 binding.  We present 

here that, in vehicle treated rats, IB4 labeling was depleted in L5 and L6 DRG cells 

ipsilateral to the spinal nerve injury (Fig. 4.1B, C), but was maintained ipsilaterally in 

intact  L4  and S1 DRG cells (Fig. 4.1A, D).  In contrast to vehicle treated rats, IB4 

labeling was preserved in ipsilateral L5 and L6 DRG neurons in GDNF treated rats (Fig. 

4.1F, G) with no marked changes in ipsilateral  L4  and S1 DRG neurons (Fig. 4.1E, H).  
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Consistent with observations in DRG cells, IB4 labeling was also lost in L5 and L6, 

partially lost in  L4  and S1 spinal segments ipsilateral to SNL in vehicle treated animals 

(Fig. 4.2A), but preserved in the ipsilateral dorsal horn of GDNF treated rats (Fig. 4.2B).  

No marked changes of IB4 labeling were observed in  L4-L6 DRGs, and lumbar spinal 

dorsal horn of either vehicle or GDNF treated sham rats (data not show), as well as in 

contralateral  L4-L6 DRGs and lumbar cord of either vehicle or GDNF treated SNL rats 

(data not show). These data agree with previous reports that GDNF restores the loss of 

IB4 binding in neuropathic DRG cells (Bennett et al., 1998; Akkina et al., 2001).   As for 

changes mainly happening in affected lumbar DRGs and spinal cord, and as for the 

similar alterations between L5 and L6 DRGs, we will only focus on the phenotypic 

changes of affected L5 DRGs and spinal cord in the following illustrations and text.  To 

quantify the loss of IB4 binding induced by SNL and the preservation of IB4 binding 

supported by GDNF in SNL rats, we performed cell counting in DRG and staining 

intensity analysis in spinal dorsal horn.  Cell counting quantification (table 1) showed that 

62.80±2.10% (total 5882 cells counted) and 64.13±1.49% (total 4975 cells counted) of 

ipsilateral L5/L6 DRG cells were IB4 positive in vehicle and GDNF treated sham rats 

respectively, however only approximately 8.6% of ipsilateral L5/L6 DRG cells were 

labeled by IB4 binding in SNL rats of the spinal vehicle group, significantly lower than 

sham groups (p < 0.001).  Following GDNF administration, approximately 58% of 

ipsilateral L5/L6 DRG cells preserved IB4 binding in SNL rats, significantly grater than 

that of vehicle treated SNL rats (p < 0.001).  Staining intensity analysis in the spinal 

dorsal horn (Table 2) showed that more than 90% of IB4 labeling was lost in the 
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ipsilateral spinal dorsal horn of SNL rats, significantly greater than sham rats, in vehicle 

treated groups (p < 0.001).  However, the IB4 labeling was significantly preserved 

(88.91±2.63% of contralateral side) in ipsilateral dorsal horn of GDNF treated SNL rats 

compared to that of contralateral side in vehicle treated SNL rats (p < 0.001). 

4.3.2. GDNF protected nerve-injured P2X3 neurons that were also IB4 positive 

            P2X3 has a high colocalization with IB4 binding in a subpopulation of DRG cells 

(Vulchanova et al., 1998) and is downregulated in SNL rats (Wang and Porreca, 

unpublished data). It is also reported that GDNF rescues P2X3 expression in axon-injured 

DRG cells (Bradbury et al., 1998).  Based on the above observations, GDNF may also 

preserve the phenotype of P2X3 expression in SNL rats.  As we expected, SNL induced 

downregulation of P2X3 in both ipsilateral L5 DRG (Fig. 4.3B) and ipsilateral spinal 

dorsal horn (Fig. 4.3C), and had no marked effects on the contralateral side (Fig. 4.3A, C) 

in the spinal vehicle group of rats.  However, P2X3-ir was largely maintained in both L5 

DRG (Fig. 4.3E) and lumbar spinal dorsal horn (Fig. 4.3F) ipsilateral to nerve injury, in 

SNL rats of spinal GDNF group with no changes on the contralateral side (Fig. 4.3D, F).  

No marked changes of P2X3-ir were found in DRG and lumbar spinal dorsal horn of 

either vehicle or GDNF treated sham rats (data not show).  Double-labeling of P2X3 and 

IB4 showed that spinal administration of GDNF, but not vehicle, maintained P2X3-ir and 

IB4 labeling, and most P2X3-ir colocalized with IB4 labeling in ipsilateral L5 DRG 

neurons (Fig. 4.4A, B.).  Cell count data (Table 1) showed that P2X3-ir labeled 

approximately 25% of L5/L6 DRG cells in vehicle treated SNL rats, significantly less 

than the approximately 42% and 45% of L5/L6 DRG cells in sham groups (p < 0.01). 



 

76

GDNF maintained approximately 43% of L5/L6 DRG cells positive for P2X3 (p < 0.01).  

Similar results for the labeling of P2X3-ir were also observed in the ipsilateral dorsal 

horn of the spinal cord.   

          4.3.3. GDNF suppressed nerve injury-induced expression of ATF3 in both IB4 

positive and negative sensory neurons 

 Previous studies have shown that GDNF has extensive positive effects on the 

survival of DRG cells in neonatal and adult animals (Matheson et al., 1997; Munson and 

McMahon, 1997), implying that GDNF may also prorect some IB4 negative DRG cells 

following SNL. We demonstrated here that ATF3, a specific marker for injured DRG 

cells, did not appear in contralateral intact L5 DRG cells (Fig. 4.5A), however, ATF3 

occurred in almost all ipsilateral L5 DRG cells (Fig. 4.5B; Table 2) in SNL rats receiving 

spinal vehicle.  ATF3 was also expressed in motor neurons of spinal ventral horn which 

correlated to the nerve ligation (Fig. 4.5C).  In contrast to the expression of ATF3 in 

nerve-injured neurons in spinal vehicle rats, ATF3 expression was suppressed in most of 

nerve-injured sensory neurons in ipsilateral L5 DRGs (Fig. 4.5E). It was also suppressed 

in nerve-injured motor neurons in the ventral horn of the lumbar spinal cord (Fig. 4.5F), 

and no ATF3 appeared in contralateral L5 DRG cells (Fig. 4.5D) in SNL rats treated with 

GDNF.  There is a significant difference in ATF3 labeling in L5/L6 DRGs between 

vehicle and GDNF treated SNL animals (p < 0.001).  Following SNL, more than 97% of 

L5 DRG cells were labeled by ATF3-ir in the vehicle treated group, significant higher 

than in GDNF treated group (Table 1).  To identify what types of sensory neurons were 

protected by GDNF, a double-labeling of IB4 and ATF3 was processed in nerve-injured 
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L5 DRG.  The data showed that SNL induced the loss of IB4 binding and the occurrence 

of ATF3 in axon-damaged DRG neurons (Fig. 4.4C) in vehicle treated rats while loss of 

IB4 was not observed. ATF3 was suppressed in GDNF treated SNL rats though some 

ATF3-ir negative neurons were IB4 negative, including small and large diameter neurons 

(Fig. 4.4D).  These data indicated that GDNF protected both IB4 positive and IB4 

negative sensory neurons in conditions of nerve damage.   

 4.3.4. GDNF blocked upregulation of galanin and NPY in nerve-injured large 

diameter DRG cells 

 Observing GDNF suppression of ATF3 expression in IB4 negative neurons, some 

of which are large diameter DRG cells, we hypothesize that GDNF also normalizes 

phenotypes of some damaged large diameter DRG neurons.  Galanin and NPY, two 

neuropeptides which may be critical factors mediating neuropathic pain, are not 

expressed in normal large diameter DRG cells (Villar et al., 1989; Ossipov et al., 2003).  

However, galanin and NPY labeles increase dramatically in large diameter DRG cells 

following peripheral nerve injury (Ossipov et al., 2003; Villar et al., 1989).  Thus we use 

galanin and NPY as phenotypic markers to test the ability of GDNF to normalize 

phenotypes of injured large diameter neurons.  As we expected, in SNL rats after 

administration of vehicle, only a few small diameter galanin positive neurons were 

located in contralateral L5 DRG (Fig. 4.6A), however, most large diameter neurons in L5 

DRG were dramatically upregulated with galanin (Fig. 4.6B) ipsilateral to nerve ligation.  

Such upregulation of galanin was also seen in ipsilateral dorsal horn lamina I-IV (Fig. 

4.6C).  In SNL rats treated with GDNF, the upregulation of galanin was inhibited 
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ipsilaterally in both L5 DRG and spinal dorsal horn (Fig. 4.6E, F), but no marked 

changes were found in contralateral DRG and spinal cord (Fig. 4.6D, F).  Labeling for 

galanin-ir in cell count data (Table 1) showed that SNL induced expression of galanin in 

approximately 41% of L5/L6 DRG cells in the vehicle treated group, significantly higher 

than the approximately 6% of L5/L6 DRG cells expressing galanin in sham groups (p < 

0.001). In the GDNF treated SNL group, approximately 13% of L5 DRG cells expressed 

galanin, significant less than vehicle treated SNL rats (p < 0.001).  Labeling for galanin-ir 

intensity analysis in spinal dorsal horn (Table 2) showed that nerve injury caused 80% 

increase of galanin in ipsilateral side compared to the contralateral side, which was 

significant different than sham groups (p < 0.01) and GDNF treated SNL rats (p < 0.01).   

As observed with galanin, NPY was also dramatically upregulated ipsilaterally in both 

large diameter L5 DRG cells (Fig. 4.7A) and spinal dorsal horn (Fig. 4.7B) in SNL rats 

by spinal administration of vehicle, and such upregulation was greatly suppressed by 

spinal administration of GDNF (Fig. 4.7C, D).  NPY is usually not expressed or 

expressed at very low levels in normal DRG cells, so we only counted NPY-ir neurons in 

L5/L6 DRG of SNL groups.  In the vehicle treated group, approximately 30% L5/L6 

DRG cells were labeled for NPY-ir, however the number of NPY-ir labeled DRG cells 

significantly decreased to approximately 14% in GDNF treated rats (Table 1, p < 0.05).  

The 88% increase of NPY in ipsilateral dorsal horn of SNL rats that received spinal 

vehicle is significantly different than the approximately 35% increase in GDNF treated 

SNL rats (Table 2, p < 0.05).  No marked changes of galanin-ir and NPY-ir were found in 
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both DRG and lumbar spinal dorsal horn of either vehicle or GDNF treated sham rats 

(data not show). 

 4.3.5. GDNF prevented the development of nerve injury-induced thermal and 

tactile hypersensitivity 

 As we expected, the sham-operated rats did not show significant changes in paw 

withdrawal response to probing with a von Frey filaments up to the maximal cut-off of 

15g in either vehicle or GDNF treated sham group throughout the entire observational 

time course (Fig. 4.8A).  The paw withdrawal threshold of vehicle treated SNL rats was 

5.24±1.38 grams at day 2 after surgery which was significantly less than sham-operated 

rats, indicating the presence of tactile hypersensitivity (Fig. 4.8A, p < 0.05).  The 

withdrawal thresholds remained within the range of 2.58±0.98 grams to 2.25±0.67 grams 

during entire time course observation.  In contrast to vehicle treated SNL rats, the 

development of tactile hypersensitivity was blocked in GDNF treated SNL rats.  The paw 

withdrawal thresholds ranged from 14.77±0.15 grams at baseline to 12.16±1.19 grams at 

day 2, which was not significantly different from sham groups (Fig. 4.8A, p > 0.05). The 

mean baseline paw withdrawal latency to radiant noxious thermal stimuli to the hindpaws 

of sham-operated rats which received spinal vehicle or GDNF was around 20 seconds 

(Fig. 4.8B).  The paw withdrawal threshold of 12.74±0.83 seconds at day 2 in SNL rats 

receiving spinal vehicle was significantly less than sham operated groups (p < 0.05), 

indicating the presence of thermal hypersensitivity in these rats.  These paw withdrawal 

thresholds were maintained between 12.01±0.99 seconds and 13.09±0.95 seconds during 

the entire observation period (Fig. 4.8B).  However, paw withdrawal latency to radiant 
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noxious thermal stimuli was maintained around a baseline level in GDNF treated SNL 

rats which showed no significant difference from sham groups (Fig. 4.8B, p > 0.05). 

4.4. Discussion 

4.4.1. Neuroprotection of GDNF on adult sensory neurons and underlying 

mechanisms 

 Our data demonstrated that intrathecal GDNF normalized neurochemical 

properties in both small and large diameter sensory neurons of adult rat DRG post 

peripheral nerve injury, indicating that GDNF exerts extensive neuroprotective effects on 

adult damaged sensory neurons as well as supporting virtually all damaged sensory 

neuron survival in neonatal  rats (Matheson et al. 1997). 

 GDNF signals through a receptor complex that consists of RET, a tyrosine kinase 

receptor encoded by c-RET proto-oncogene which acts as a signaling receptor, and a 

member of the GFR family of GPI (glycosyl phosphatidyl-inositol)-linked cell surface 

proteins (GFRα1 or GFRα2) which act as ligand binding domains (Durbec et al., 1996; 

Jing et al. 1996; Treanor et al. 1996; Trupp et al., 1996; Sanicola et al. 1997). Its 

downstream signaling through activating PI3-K/Akt, RAS/MAPK, RAS/ ERK pathways 

leads to the differentiation, maintenance and neuronal survival (Soler et al., 1999; 

Hayashi et al., 2000; Tansey et al., 2000; Coulpier et al., 2002).  It has been reported that 

IB4 positive sensory neurons selectively express such a receptor complex (RET, GFRα1, 

and GFRα2) for GDNF signaling, and axotomy-induced downregulation of IB4 binding 

is restored by intrathecal GDNF (Bennett et al. 1998) in vivo.  We found that GDNF, but 

not vehicle, preserved IB4 labeling in both nerve-injured DRG cells and the ipsilateral 
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dorsal horn of SNL rats (Fig.4.1, 4.2).  These observations implicate that GDNF 

maintains certain sensory neurons after damage.  Furthermore, we showed that P2X3 was 

also normalized by intrathecal GDNF in damaged sensory neurons of SNL rats.  Double-

labeling data showed that IB4 labeling colocalized with P2X3 in the nerve-injured 

sensory neurons which received spinal GDNF.  Present data and the known overlap 

between the two markers (Guo et al., 1998) probably accounts for the neuroprotective 

effect of GDNF on P2X3.  

 RET and GFRα1expression patterns, although similar, exhibit differences in DRG 

cells and the central nervous system (Trupp et al., 1997; Golden et al., 1999; Kokaia et 

al., 1999), some cells express GFRα1 without RET, while some other cells express RET 

without GFRα1, suggesting that GDNF may have other signaling pathways.  Indeed, a 

recent study shows that GFRα1 can evoke GDNF-induced intracellular signaling in the 

absence of RET (Trupp et al., 1999) through SRC family tyrosine kinases (Poteryaev et 

al. 1999), indicating that GDNF may also have neuroprotective effects on damaged DRG 

cells that express GFRα1without RET, rather than only on those expressing both GFRα1 

and RET.  Based on the implications above, we employed ATF3, which is expressed in 

all nerve-injured, but not control, DRG cells as a marker and performed 

immunohistochemistry to test the ability of GDNF to protect nerve-injured DRG cells.  

Surprisingly to us, GDNF blocked ATF3 expression in approximately 77% of nerve-

injured DRG cells, implying that GDNF has extensive neuroprotective effects on 

damaged DRG cells.  Double-labeling of ATF3 and IB4 in damaged DRG cells receiving 

spinal GDNF showed that GDNF protected both IB4 positive and IB4 negative DRG 
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neurons, some of which were large diameter DRG neurons.  Further study showed that 

GDNF also blocked the upregulation of galanin and NPY in large diameter DRG cells 

after peripheral nerve injury.  Although the underlying mechanisms of such extensive 

neuroprotection that GDNF offered damaged DRG cells in vivo remain unclear, several 

previous studies can explain this finding.  RET and GFRα1 proteins are expressed in 60% 

and 42% of sciatic afferents respectively, and are expressed by DRG neurons of both 

small and large diameter cells in normal tissue (Bennett et al. 2000).  This is correlated to 

the retrograde transport study in which radio-labeled GDNF was transported to cell 

bodies via internalization, which consisted of both small and large DRG neurons (Leitner 

et al., 1999; Matheson et al., 1997).  Moreover, the expression of RET and GFRα1 

increased markedly from control level to 72% and 66% of sciatic afferents after 

sectioning sciatic nerve. Such increased expression occurred principally in large diameter 

DRG cells, which shifted the proportion of sciatic afferents that express both N52 (a 

marker for large diameter DRG cells) and GFRα1 from 43% in normal animals to 80% in 

axotomized animals (Bennett et al., 2000).  The increased expression of GFRα1 after 

axotomy therefore implies that the proportion of GDNF-sensitive sensory neurons will 

increase after nerve injury.  In particular, large-diameter DRG cells are likely to become 

more GDNF sensitive (Bennett et al., 2000).  On the other hand, at pharmacological 

doses, GDNF apparently can interact with either GFRα1 or GFRα2.  GDNF can signal 

via GFRα2 in vitro (Balloh et al., 1997) and in GFRα1gene depletion experiments during 

development (Cacalano et al., 1998; Enomoto et al., 1998).  GDNF can also bind to 

GFRα3 in vitro though with somewhat lower affinity than GFRα1 or GFRα2 (Trupp et 
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al., 1998).  An additional possibility is that lesion of the sciatic nerve leads to a 

significant upregulation of GDNF and GFRα1 in Schwann cells and also stimulates the 

release of GFRα1 by neural cells, Schwann cells to extracellular space (Paratcha et al., 

2001), for instance, to cerebrospinal fluid in the spinal subarachnoid space.  The soluble 

GFRα1 can capture exogenous GDNF from the extracellular space and then present these 

factors to afferent c-RET-expressing cells (Trupp et al., 1997; Yu et al., 1998), finally 

activating RET-dependent signaling pathways to support neuronal survival following 

nerve injury (Paratcha et al., 2001).  This could be true for the effects of intrathecal 

GDNF on SNL rats, for lumbar DRGs were partly bathed by cerebrospinal fluid.   

 4.4.2. Effects of GDNF on specific neurochemical markers and their 

implications for neuropathic pain 

 There is a large upregulation of GDNF within the damaged nerves after nerve 

injury (Trupp et al., 1995; Henderson et al., 1994; Hoke et al., 2000).  As retrograde 

transport of trophic factors is impaired, this upregulation of GDNF expression in 

damaged nerves is not sufficient to prevent nerve injury-induced changes (Bennett et al., 

1998).  Recent studies have demonstrated that GFRα1 receptor expression dramatically 

increases following sciatic nerve lesion, suggesting that GFRα1 levels may compensate 

for deficiencies in peripheral GDNF support (Kashiba et al., 1998; Bennett et al., 2000).  

Our data have shown that intrathecally exogenous GDNF preserves the phenotypes of 

injured small and large diameter DRG cells, mirroring distributions of GDNF family 

receptor components elucidated in previous studies (Molliver et al., 1997; Bennett et al., 

1998; Bennett et al., 2000).  Parallel to this neuroprotection is the critical 
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pharmacological effect of GDNF on SNL rats where GDNF prevented the development 

of thermal and tactile hypersensitivity.  

 As exogenous GDNF had no marked effects on phenotypes of sham-operated 

DRG cells or pain-related behaviors, the pharmacological benefits of GDNF may include 

preventing neuroplasticity such as preservation of some phenotypes and prevention of 

some gene expression in damaged DRG cells.  Our present data and previous findings 

that GDNF selectively protected a subpopulation of small DRG cells labeled by IB4 

binding (Bennett et al., 1998; Molliver et al., 1997; Zwick et al., 2002) and P2X3-ir (Fig. 

4.3) placed new emphasis on the role of GDNF, particularly consisting of  pain signaling.  

IB4-binding neurons form one of two groups of small-diameter, unmyelinated C-fiber 

neurons (Silver and Kruger, 1990; Kitchener et al., 1993).  Many of these cells express 

the RET receptor (Pachnis et al., 1993.; Molliver et al., 1997; Bennett et al., 1998), the 

purinergic receptor P2X3 (Vulchanova et al., 1997), and project to lamina II of spinal 

cord, suggesting a role in nociception (Snider and McMahon 1998).  In a recent study, 

GDNF treatment also appeared to stimulate P2X3-positive axon regeneration into the 

dorsal horn following dorsal root avulsion; importantly, the regrowth of damaged C-

fibers correlated with recovered sensitivity to noxious heat and pressure, suggesting that 

GDNF treatment stimulates functional regeneration of damaged nociceptive afferents 

(Ramer et al., 2000).  In addition, GDNF rescues somatostatin expression after nerve 

injury and produces electrically evoked release of somatostatin in normal spinal dorsal 

horn (Issa et al., 2001), indicating GDNF can regulate central synaptic function in some 

sensory neurons, in particular, through its effects on somatostatin playing a role in the 
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modulation of perception and/or registration of noxious stimulation at the level of the 

spinal cord. It also partially prevented conduction velocity slowing after axotomy in 

distinct populations of C-fibers (Bennett et al., 1998), supporting the role of GDNF in 

this subgroup of DRG cells.   Plasticity of sodium channels Nav1.9, Nav1.3 and Nav1.8 

has been postulated to be critical factor in the development and maintenance of nerve 

injury-induced neuropathic pain states (Cummins and Waxman, 1997; Dib-Hajj et al., 

1999; Porreca et al., 1999; Lai et al., 2002; Waxman et al., 1994).  GDNF reverses the 

nerve-injured-induced downregulation of Nav1.9, Nav1.8 and the upregulation of Nav1.3 

in their mRNA, protein contents as well as their mediated currents on damaged afferents 

(Boucher et al., 2000; Cummins et al., 2000; Leffler et al., 2002), suggesting the role of 

these sodium channels in neuropathic pain states.  Selective depletion of capsaicin-

sensitive c-fibers induced tactile, but not thermal, hypersensitivity (Ossipov et al., 1999), 

and selective lesions of myelinated afferent reduced tactile hypersensitivity (Bian et al., 

1998), supporting a pivotal role for damaged myelinated afferents in the generation of 

tactile hypersensitivity.   Our present data first demonstrated that GDNF regulated the 

phenotypic properties of myelinated DRG cells, in that it suppressed the upregulation of 

galanin and NPY in large diameter DRG cells after nerve injury.  The nociceptive action 

of both galanin and NPY has been well documented (Hokfelt et al., 1998; Xu et al., 

2000). In particular, NPY selectively mediates nerve injury-induced tactile 

hypersensitivity (Ossipov et al., 2002).  Indeed, GDNF has been shown previously to 

partially reverse the conduction velocity slowing that occurs in large-diameter DRG cells 

after axotomy (Munson and McMahon, 1997), and to suppress A-fiber sprouting in 



 

86

affected spinal dorsal horn (Bennett et al., 1998).  This A-fiber sprouting has been 

implicated in the generation of some aspects of neuropathic pain.  Furthermore, GDNF 

also normalized SNL-induced upregulation of spinal prodynorphin (Wang and Porreca, 

unpublished observation). Its derived peptides play a crucial role in the maintenance of 

neuropathic pain (Malan et al., 2000). Based on previous and current observations, we 

propose that the pharmalogical effect of GDNF in the treatment of neuropathic pain 

comes from normalizing neuroproperties of GDNF on damaged DRG cells.  

 By virtue of its extensive effects in normalizing plasticity of damaged DRG cells 

and its efficacy in preventing the development of thermal and tactile hypersensitivity 

induced by peripheral nerve injury, GDNF is a powerful therapeutic candidate for the 

treatment of neuropathic pain. 
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Figure 4.1 IB4 labeling in ipsilateral  L4 -S1 DRG of SNL male Sprague-Dawley rats 

received vehicle (A-D) or GDNF (E-H) intrathecally via mini-osmotic pump.  In vehicle 

treated SNL animals, IB4 was well-labeled in intact  L4  DRG (A) and S1 DRG (D), but 

was depleted in L5 DRG (B) and L6 DRG (C), which received SNL distal to DRG.  

However, such depletion of IB4 binding was also observed in L5 DRG (F) and L6 DRG 

(G) of GDNF treated SNL rats.  GDNF had no marked effects on IB4 labeling in intact  

L4  DRG (E) and S1 DRG (H) of  SNL rats.  Scale Bar, 50 µm. 
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Figure 4.2 Labeling for IB4 at the level of L3-S2 lumbar spinal cord of SNL animals 

with intrathecal vehicle (A) or GDNF (B).  SNL caused an almost complete loss of IB4 

binding in the ipsilateral dorsal horn at  L5 and L6 level, and a  marked loss at adjacent 

levels of L4 and S1 (A.).  GDNF treatment effectively prevented  such loss of IB4 

binding in SNL-affected ipsilateral dorsal horn of spinal cord (B).  Scale bar, 400 µm    
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Figure 4.3 P2X3 immunoreactivity in L5 DRG and spinal cord of SNL animals receiving 

spinal vehicle (A-C) or GDNF (D-F).  In vehicle treated SNL rats, contralateral normal 

L5 DRG was reactive for P2X3 (A), whereas contralateral L5 DRG showed a marked 

decrease for P2X3 staining. A similar downregulation of P2X3 staining was also 

observed in the ipsilateral dorsal horn of L5 spinal cord, but not in the contralateral side 

(C).  In GDNF treated SNL rats, no difference was seen for P2X3 staining between 

contralateral normal L5 DRG (D) and ipsilateral injured L5 DRG (E), as well as in L5 

spinal cord (F).  Scale bar, A, B, D, E, 50 µm; C, F, 400 µm. 
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Figure 4.4 Double-labeling of IB4 with P2X3 (A, B) and IB4 with ATF3 (C, D) in 

ipsilateral injured L5 DRG of SNL animals treated with vehicle (A, C) or GDNF (B, D).  

SNL induced a loss of IB4 binding and the downregulation of P2X3 in ipsilateral L5 

DRG of rats receiving spinal vehicle (A), whereas such changes in ipsilateral L5 DRG 

were prevented by spinal GDNF. Most of IB4 binding neurons also expressed P2X3 (B).  

SNL caused a loss of IB4 binding and occurrence of ATF3 within virtually all injured 

neurons in ipsilateral L5 DRG of rats treated with vehicle (C).  However, IB4 binding 

was greatly protected, and ATF3 expression was suppressed in ipsilateral L5 DRG of rats 

treated with GDNF (D).  The effect of GDNF is clearly demonstrated on both IB4 

positive and IB4 negative DRG cells, including large diameter neurons (*), though a few 

weak ATF3 signals were seen within IB4 positive (arrow) and IB4 negative neurons 

(arrow head).  Scale bar, 100 µm. 
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Figure 4.5 Immunoreactivity for ATF3 in L5 DRG and ipsilateral L5 ventral horn of 

SNL animals treated with intrathecal vehicle (A, B, C) or GDNF (D, E, F).  No ATF3 

labeling was observed in contralateral L5 DRG of SNL rats given vehicle (A) or GDNF 

(D). ATF3 expression occurred within neurons with axon damage in ipsilateral L5 DRG 

(B) and lumbar ventral horn of spinal cord (C).  However, such expression of ATF3 in 

ipsilateral L5 DRG (E) and ventral horn (F) was greatly suppressed by spinally 

administration of GDNF.  Scale bar, A, B, D, E, 50 µm; C, F, 100 µm.  
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Figure 4.6 Immunofluorescent labeling with rabbit anti-galanin polyclonal antibody for 

L5 DRG and spinal cord of SNL animals given spinal vehicle (A, B, C) or GDNF (D, E, 

F).  A few small diameter DRG neurons labeled for galanin were found in contralateral 

L5 DRG of SNL rats given spinal vehicle (A) or GDNF (D). A large number of DRG 

cells, particular large diameter neurons, labeled for galanin were seen in ipsilateral 

injured L5 DRG (B), and a large increase was seen in ipsilateral, but not contralateral, 

dorsal horn (particularly in laminae III and IV) of L5 spinal cord in rats given intrathecal 

vehicle.  However, intrathecal administration with GDNF normalized nerve injury-

induced upregulation of galanin in ipsilateral L5 DRG (E) and spinal dorsal horn (F). 

Scale bar, A, B, D, E, 50 µm; C, F, 400 µm. 
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Figure 4.7 Immunofluorescent staining for NPY in ipsilateral L5 DRG and spinal cord of 

SNL rats treated intrathecally with vehicle (A, B) or GDNF.  NPY usually is not 

expressed in normal DRG cells or is expressed at very low level.  However, a surge of 

NPY was elicited in large diameter cells of L5 DRG, ipsilateral to injury, of SNL rats 

treated with vehicle, as well as in ipsilateral, but not contralateral, dorsal horn (B).  In 

contrast, such nerve injury-induced upregulation of NPY expression was greatly 

suppressed by intrathecal GDNF in ipsilateral L5 DRG (C) and spinal dorsal horn (D).  

Scale bar, A, C, 100 µm; B, D, 400 µm.  
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Figure 4.8 Male S-D rats received intrathecally implanted catheters and were allowed 5 
days recovery, then baselined and grouped.  Grouped rats were subjected to either SNL or 
sham surgery, and received intrathecally either vehicle or GDNF (12 µg/day) 
immediately following the surgery.  After surgery, the animals were tested daily for their 
response to normally non-noxious mechanical (A) or noxious thermal (B) stimuli applied 
to the paw ipsilateral to the sham or SNL procedure over a 10 day period.  SNL rats that 
received intrathecal vehicle maintained increased sensitivity to normally non-noxious 
mechanical and noxious thermal stimuli during the entire observation period, as indicated 
by significantly reduced behavioral response thresholds compared to SNL rats that  
received intrathecal GDNF, and sham rats that received intrathecal vehicle or GDNF (p < 
0.05; ANOVA).  During the observations, however, there were no significant differences 
in both mechanical (A) and thermal (B) thresholds among SNL rats that  received 
intrathecal GDNF, and sham rats that received intrathecal either vehicle or GDNF (p > 
0.05, ANOVA).  N = 6-9 rats/group. 
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Table 1. The percentage of neurons stained for IB4, P2X3, ATF3, galanin and NPY in ipsilateral 
L5/L6 DRG of sham and SNL rats treated with either GDNF (12 µg/day) or vehicle.   

Animal IB4 P2X3 ATF3 Galanin NPY

sham/vehicle 62.8±2.1 (5882) 42.2±1.2 (5178)   6.4±1.6 (4836) 
sham/GDNF 64.1±1.5 (4975) 45.6±1.5 (5297)   5.9±0.5 (5140) 
SNL/vehicle   8.6±0.9 (5401) 24.9±0.8 (5482) 97.0±0.6 (5345) 41.5±2.1 (4642) 30.8±2.1 (4691)
SNL/GDNF 58.1±2.5 (5917) 43.5±0.9 (5666) 23.3±1.3 (5155) 13.2±1.2 (5674) 13.1±1.7 (4890)

The numbers in parentheses represent the total neurons counted; n = 6 rats/group 

 

 Table 2.  The percentage of staining intensity  
(ipsilateral side/contralateral side) for IB4, P2X3,
galanin and NPY in L5/L6 spinal dorsal horn of 
sham and SNL rats treated with either GDNF  
(12 µg/day) or vehicle. 
Animal IB4 P2X3 Galanin NPY

sham/vehicle   100±1.3 99.4±1.7  100±1.6   99.7±1.9
sham/GDNF  99.3±2.3 99.8±2.3  100±2.3   99.6±1.3
SNL/vehicle    8.3±0.9 30.2±5.8   179.8±6.6 188.7±13.7
SNL/GDNF   88.9±2.6 92.1±3.0   118.2±7.9 128.4±6.3
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CHAPTER 5  

 
MULTIPLE ACTIONS OF SYSTEMIC ARTEMIN AGAINST 

NEUROCHEMICAL CHANGES IN EXPERIMENTAL 
NEUROPATHIC PAIN 

 
5.1. Introduction 

Members of the nerve growth factor (NGF) and glial cell line-derived 

neurotrophic factor (GDNF) family are crucial for the development and maintenance of 

distinct sets of central and peripheral neurons (Airaksinen and Saarma, 2002). GDNF was 

originally purified from a rat glia cell-line supernatant a trophic factor for embryonic 

midbrain neurons that contain the dopamine, and was later found to have pronounced 

effects on other neuronal subpopulations, predicting to be a potential therapeutic agent in 

the treatment of neurodegenerative diseases (Lin et al., 1993; Henderson et al., 1994). In 

addition, GDNF has also important roles outside the nervous system, such as that it acts 

as a morphogen in kidney development and regulates the differentiation of spermtogonia.  

Consisting of four members so far --- GDNF (Lin et al., 1993), neurturin 

(Kotzbauer et al., 1996), artemin (Baloh et al., 1998) and persephin (PSP, Milbrandt et 

al., 1998), the GDNF family of ligands comprise a subfamily of ligands with the TGF-β 

superfamily of signaling molecules that have neurotrophic properties. GDNF and 

neurturin were first purified biochemically by virtue of their biological activity. 

Thereafter, artemin and persephin were isolated by a database search and homology 

cloning (Baloh et al., 2000). Despite low amino-acid sequence homology, GDNF and 

other structurally characterized members of the TGF-β superfamily have similar 
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conformations with a cysteine knot structure (Ibanez, 1998).  The GDNF ligands 

influence a broad spectrum of neuronal populations in both central and peripheral 

nervous system. GDNF and neurturin both support the survival of many peripheral 

neurons in culture, including sympathetic, parasympathetic, sensory and enteric neurons 

(Bul-bello et al., 1995; Ebendal et al., 1995; Trupp et al., 1995; Kotzbauer et al., 1996; 

Heucheroth et al., 1998). In contrast, PSP does not share any of these peripheral activities 

but does support the survival of dopaminergic midbrain neurons and motor neurons 

(Milbrandt et al., 1998) as GDNF does (Lin et al., 1993; Henderson et al., 1994). 

Artemin, another member of GDNF family, is expressed during embryogenesis and in 

adult tissues, and peripheral nerve injury caused artemin upregulation in adult Schwann 

cells (Baloh et al., 1998). Further study showed that artemin supported a larger number of 

peripheral sensory neurons than GDNF and neurturin (Baloh et al., 1998).  

All GFLs signal through the RET receptor tyrosine kinase, which was first found 

discovered as a proto-oncogene (Takahashi et al., 2002), it is activated only if the GFL is 

first bound to an noval class of proteins, known as GDNF family receptor-α receptors, 

which are linked to the plasma membrane by a glycosyl phosphatidylinostol (GPI) 

anchor. Four different GFRα receptors have been characterized (GFRα1–4), which 

determine the ligand specificity of the GFRα–RET complex. GDNF binds to GFRα1, 

then forms a complex with RET. neurturin binds to GFRα2, artemin to GFRα3, and 

persephin activates RET by binding to GFRα4. neurturin and artemin might crosstalk 

weakly with GFRα1, and GDNF with GFRα2 and GFRα3. However, in mammals at 

least, persephin can bind only to GFRα4 (Airaksinen et al., 1999; Baloh et al., 2000; 
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Lindahl et al., 2001; Takahashi, 2001). GFRα receptors are usually bound to the plasma 

membrane, but cleavage by an unknown phospholipase or protease can produce soluble 

forms of these co-receptors (Paratcha et al., 2001). Alternative splicing can also produce 

soluble forms, at least of GFRα4 (Lindahl et al., 2001).  

Recently, GDNF was shown to activate intracellular signaling pathways 

independently of RET, through GFRα1. In RET-deficient cell lines and primary neurons, 

GDNF triggers SFK activation and subsequent phosphorylation of MAPK, PLC-γ, cAMP 

response element-binding protein (CREB), as well as the induction of c-FOS (Poteryaev 

et al., 1999; Trupp et al., 1999). By contrast, it has been claimed that Neurturin–GFRα2 

cannot signal in the absence of RET (Pezishki et al., 2001). The mechanism of RET-

independent signal transduction is unclear, because GPI-anchored GFRα1 should not be 

able to interact directly with SFKs and other intracellular signaling effectors. So, non-

RET signaling predicts the existence of a new transmembrane receptor or linker protein 

for GDNF–GFRα1. As there is no direct evidence for GDNF signaling in mice that lack 

RET, the physiological relevance of RET-independent signaling in vivo remains to be 

shown. Also, the new receptors might act postnatally or under pathological conditions; 

for example, in lesions or cancer. 

Like GDNF, artemin induced tyrosine phosphorylation of RET in sensory neurons 

and in the neuroblastoma cell lines, and this activation was effective in eliciting 

downstream signaling, as measured by activation of the mitogen-activated protein (MAP) 

kinase pathway (Baloh et al., 1998). Furthermore, pretreatment of the neuroblastoma cell 

lines, with the enzyme PI-PLC, which specifically cleaves GPI-anchored proteins from 

http://www.ncbi.nlm.nih.gov/LocusLink/LocRpt.cgi?l=1385
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the cell surface, abrogated artemin’s ability to activate RET and downstream MAP kinase 

signaling. Therefore, these data indicate that like the other members of the GDNF family, 

artemin signals through the RET receptor tyrosine kinase and requires a GPI-anchored 

coreceptor to do so (Baloh et al., 1998). The binding data suggest that GFRα3–RET is the 

functional receptor for artemin. Interestingly, artemin was also able to activate RET in 

cells expressing GFRα1–RET, although to a lesser degree than GDNF (Baloh et al., 

1998).  

Expression analysis of artemin in adult human tissues indicated that it is found at 

low levels in many peripheral tissues. Little expression was observed in the CNS, and in 

situ hybridization analysis of developing rat embryos at E14 indicated that by far, the 

highest level of expression corresponded to regions that are likely to influence the 

development of peripheral neurons. Furthermore, artemin is expressed by cultured 

Schwann cells and is upregulated after nerve injury, suggesting that glia are a major 

source of peripheral artemin expression (Baloh et al., 1998). This general expression 

pattern is strikingly complementary to that observed for GFRα3, which is expressed at 

high levels only in the developing and adult sensory and sympathetic ganglia of the PNS 

(Baloh et al., 1998A; Naveilhan et al., 1998; Widenfalk et al., 1998 and Worby et al., 

1998). Given the complementary expression patterns, the demonstration that artemin is 

the only ligand for GFRα3–RET, and the ability of artemin to support a larger number of 

peripheral sensory neurons than GDNF and neurturin (Baloh et al., 1998) in culture, we 

believe that the artemin/GFRα3–RET system represents an important neurotrophic 

influence in the protection of peripheral nerve degeneration.                                                                        
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As we already have known previously, SNL causes neuropathic pain. Related to 

the peripheral nerve injury, SNL also causes multiple neurochemical changes in lumbar 

DRG and spinal cord, which may underlies the mechanism of neuropathic pain. The 

trophic effect of artemin on sensory neurons and the restricted expression of GFRα3 to 

nociceptive sensory neurons suggest that artemin might selectively impact the 

pathophysiologic mechanisms that promote pain, potentially normalizing morphological 

and biochemical changes produced by nerve injury. Here we show that intermittent, 

systemic artemin reverses the morphological and biochemical changes produced by nerve 

injury. Our findings point to the potential application of artemin as a treatment for 

multiple facets of human neuropathic pain.

5.2. Experimental Design 

5.2.1. Animal surgery and artemin administration 

Adult male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing 200±25g at 

the time of surgery were used.  Nerve injury was induced using the procedures of Kim 

and Chung (Kim and Chung, 1991).  Briefly, anesthesia was induced with 2% halothane 

in O2 at 2 1/min and maintained with 0.5% halothane in O2.  After surgical preparation of 

the rats and exposure of the dorsal vertebral column, the unilateral L5 and L6 spinal 

nerves were exposed and tightly ligated distal to the dorsal root ganglia using 4-0 silk 

suture.  The incisions were closed and the animals were allowed recover. Sham control 

rats underwent the same operation and handling as the experimental animals, but without 

nerve ligation. On day 3 after surgery, the rats received artemin (1mg/kg, s.c.).  

Subsequent injections of artemin will be given each Wednesday, Friday and Monday for 
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2 weeks for a total of 6 injections (Injections on days 3, 5, 7, 10, 12, and 14 post SNL); 

the control rats receive only vehicle with the same procedure as artemin-treated group. 

All procedures were approved by the Animal Care and Use Committee of the University 

of Arizona, USA. 

5.2.2. Tissue fixation and immunohistochemistry 

On day 14 and day 21 (1 week after artemin discontinuation), SNL and Sham-

operated rats (either receiving artemin treatment or saline treatment) were deeply 

anesthetized (ketamine 80mg/kg).  The heart was surgically exposed and transcardially 

perfused with 0.01 M sodium phosphate-buffered saline (PBS, pH 7.4) until the exudates 

ran clear, then for approximately 15 min with 4% paraformaldehyde (PFA) and 0.03% 

glutaraldehyde in 0.1 M sodium phosphate buffer, pH 8.0.  Lumbar-sacral spinal cord and 

bilateral L4, L5 and L6 dorsal root ganglia (DRGs) were removed.  All harvested tissues 

were post-fixed in 4% PFA in 0.1 M sodium phosphate buffer without glutaraldehyde till 

preparing for immunohistochemistry. 

After post-fixation, spinal cord segments (a small cut was made in the 

contralateral side as marker) and DRGs were transferred to 30% sucrose in phosphate-

buffered saline until the tissue sank to the bottom of containers, then transferred to tissue 

slicing processing. Frozen tissue sections (10 µm for DRG, 20 µm for spinal cord) were 

incubated with rabbit antibodies to CGRP (1:10,000; Bachem/Peninsula), NPY 

(1:10,000; Bachem/Peninsula), GFRα3 R11 (2 µg/ml; Orozco et al., 2001), Na 1.8 

(1:1,000; Lai et al., 2002; gift from S. Novakovic, Roche Biosciences), NPY (1:10,000; 

Bachem/Peninsula), P2X3 (1:5,000; Neuromics), RET 1429 (2 

v

µg/ml; Ehrenfels et al., 
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1999) or substance P (1:10,000; Bachem/Peninsula), or guinea-pig antibody to 

prodynorphin (1:10,000; Neuromics). Secondary antibodies were Cy3-conjugated goat 

antibody to rabbit IgG (1:1,000; Jackson ImmunoResearch Laboratories), rhodamine red 

X−conjugated donkey antibody to rabbit IgG (1:200; Jackson ImmunoResearch 

Laboratories) or Alexa Fluor 594−conjugated goat antibody to guinea-pig IgG (1:1,000; 

Molecular Probes). For IB4 histochemistry, the sections were directly incubated in FITC-

conjugated lectin IB4 (1:1,000; Vector Labs). Stained cells and total cells (visualized 

with DAPI or ethidium bromide; Guo et al., 1999) were counted on randomly selected 

DRG sections.

 

  

Image analysis in spinal cord was done through the MetaMorph imaging system 

4.0.  Images were captured directly from the microscope using a digital camera with 

integrating frame-storage.  The image was then thresholded to a set level to reveal the 

labeling using the MetaMorph imaging system 4.0, and the integrating density of the 

staining was recorded and logged to the Microsoft Excel to perform the statistical 

analysis. Statistical comparisons between treatment groups were done using ANOVA 

followed by Fisher Least Significant Difference test. Pairwise comparisons were made 

with Student t-test. Significance was set at p ≤ 0.05.  

5.3. Results 

5.3.1. Systemic artemin partially reversed SNL-induced the doregulation of IB4, 

P2X3, CGRP and SP  

In sham-operated rats, no marked difference of IB4 labeling was observed in 

ipsilaeral L5 DRG between the groups that received vehicle and artemin (Fig.5.1). As we 
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have known, SNL induced great loss of IB4 binding in the ipsilateral L5 DRG 14 day 

after SNL (Fig. 5.1).  However, systemic artemin starting from day 3 post SNL through 

day 14 greatly restored IB4 positive cell numbers in ipsilateral L5 DRG, although the 

density of IB4 labeling was still weaker, compared to the sham-operated rats (Fig. 5.1). 

Cell counting data showed that approximately 62% of DRG neurons bound IB4 in sham-

operated rats that received vehicle, and 63% of DRG neurons bound IB4 in sham-

operated rats that received artemin, indicating that artemin may not produce significant 

effects on IB4 binding under physilogical circumstances (Fig. 5.3).  However, SNL 

caused the number of binding IB4 cells to around 5% at day 14 after SNL, and artemin 

treatment to SNL (starting from day 3 through day 14) greatly reversed the number to 

about 46%, which was significant higher than SNL group that received vehicle (Fig. 5.3). 

The similar changes of IB4 labeling induced by SNL were also found in the ipsilateral 

spinal dorsal horn. There was not any marked difference of IB4 labeling between the rats 

that received vehicle and the rats that received artemin at day 14 after sham-operation 

(Fig. 5.4). SNL induced the loss of IB4 labeling in the ipsilateral L5 spinal dorsal horn at 

day 14 post surgery, and artemin treatment starting from day 3 post SNL through day 14 

greatly restored the IB4 labeling in ipsilateral dorsal horn (Fig. 5.4). Image analysis data 

showed that approximately 100% of IB4 labeling (compared to the contralateral side) was 

maintained in ipsilateral spinal dorsal horn of sham-operated rats that received vehicle or 

that received artemin, indicating that artemin may not produce significant effects on IB4 

binding in spinal dorsal horn under certain circumstances (Fig. 5.5).  However, on day 14 

after SNL, the percentage of IB4 labeling (compared to the contralateral side) was 
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reduced to 8% in ipsilateral dorsal horn, and artemin treatment to SNL greatly reversed 

the number to about 38%, which was significant higher than SNL group that received 

vehicle (Fig. 5.5). Interestingly, the effects of artemin on IB4 labeling after SNL was 

returned to the level of SNL rats 7 days after artemin discontinuation, that is, at day 21 

post surgery, both in DRG (Fig. 5.6) and in spinal dorsal horn (Fig. 5.7).    

The similarity to IB4 labeling, artemin did not produce significant impacts, either, 

on P2X3 labeling in both ipsilateral L5 DRG and spinal dorsal horn of sham-operated 

rats, compared to the vehicle (Fig. 5.1, 5.3, 5.4, 5.5). SNL induced the downregulation of 

P2X3 labeling in both ipsilateral L5 DRG and spinal dorsal horn at day 14 post surgery, 

and artemin treatment to SNL greatly reversed the downregulation of P2X3 labeling, 

which was significant higher than SNL group that received vehicle (Fig. 5.7). 

For CGRP labeling, there was no marked difference observed in ipsilaeral L5 

DRG between the groups that received vehicle and artemin at day 14 after sham-

operation (Fig.5.1). As we have known, SNL induced downregulation of CGRP 

expression in the ipsilateral L5 DRG 14 day after SNL (Fig. 5.1).  However, systemic 

artemin starting from day 3 post SNL through day 14 greatly restored CGRP positive cell 

numbers in ipsilateral L5 DRG, although the density of CGRP labeling was still weaker, 

compared to the sham-operated rats (Fig. 5.1). Cell counting data showed that 

approximately 49% of DRG neurons expressed CGRP in sham-operated rats that 

received vehicle, and 48% of DRG neurons expressed CGRP in sham-operated rats that 

received artemin, indicating that artemin may not produce significant effects on CGRP 

expression under certain physiological circumstances (Fig. 5.3).  However, SNL caused 
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the number of expressing CGRP cells to around 27% at day 14 after SNL, and artemin 

treatment to SNL reversed the number to about 37%, which was significant higher than 

SNL group that received vehicle (Fig. 5.3). The similar changes of CGRP labeling 

induced by SNL were also found in the ipsilateral spinal dorsal horn. There was not any 

marked difference of CGRP labeling between the rats that received vehicle and the rats 

that received artemin at day 14 after sham-operation (Fig. 5.4). SNL induced the loss of 

CGRP labeling in the ipsilateral L5 spinal dorsal horn at day 14 post surgery, and artemin 

treatment restored the CGRP labeling in ipsilateral dorsal horn (Fig. 5.4). Image analysis 

data showed that approximately 100% of CGRP labeling (compared to the contralateral 

side) was maintained in ipsilateral spinal dorsal horn of sham-operated rats that received 

vehicle or that received artemin, indicating that artemin may not produce significant 

effects on CGRP expression in spinal dorsal horn under certain circumstances (Fig. 5.5).  

However, on day 14 after SNL, the percentage of CGRP labeling (compared to the 

contralateral side) was reduced to 30% in ipsilateral dorsal horn, and artemin treatment to 

SNL reversed the number to about 55%, which was significant higher than SNL group 

that received vehicle (Fig. 5.5). Interestingly, the effects of artemin on CGRP labeling 

after SNL was returned to the level of SNL rats 7 days after artemin discontinuation (Fig. 

5.7).    

In line with CGRP labeling, artemin did not produce significant impacts, either, 

on SP labeling in both ipsilateral L5 DRG and spinal dorsal horn of sham-operated rats, 

compared to the vehicle (Fig. 5.1, 5.3, 5.4, 5.5). SNL induced the downregulation of SP 

labeling in both ipsilateral L5 DRG and spinal dorsal horn at day 14 post surgery, and 
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artemin treatment to SNL reversed the downregulation of SP labeling, which was 

significant higher than SNL group that received vehicle (Fig. 5.7). 

5.3.2. Systemic artemin partially normalized SNL-induced the upregulation of 

galanin, NPY and spinal prodynorphin.  

SNL is known to induce the upregulation of galanin, NPY and spinal dynorphin 

that were thought to be very important in the maintenance of neuropathic pain. To 

determine whether systemic artemin could normalize these changes, we processed IHC 

within 4 groups of animals: sham-operation/vehicle; sham-operation/artemin; 

SNL/vehicle; SNL/artemin at day 14 post surgery, and started vehicle/artemin injections 

from day 3 post surgery through day 14. . For galanin labeling, there was no marked 

difference observed in sham-operated rats of ipsilaeral L5 DRG between the groups that 

received vehicle and artemin (Fig. 5.2). SNL induced upregulation of galanin expression 

in the ipsilateral L5 DRG (Fig. 5.2).  However, systemic artemin starting from day 3 post 

SNL through day 14 greatly reversed galanin positive cell numbers in ipsilateral L5 

DRG, compared to the sham-operated rats (Fig. 5.2). Cell counting data showed that 

approximately 7% of DRG neurons expressed galanin in sham-operated rats that received 

vehicle, and 5% of DRG neurons expressed galanin in sham-operated rats that received 

artemin, indicating that artemin may not produce significant effects on galanin expression 

under certain circumstances (Fig. 5.3).  However, SNL caused the number of expressing 

galanin cells to around 42% at day 14 after SNL, and artemin treatment to SNL restored 

the number to about 17%, which was significant lower than SNL group that received 

vehicle (Fig. 5.3). The similar changes of galanin labeling induced by SNL were also 
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found in the ipsilateral spinal dorsal horn. There was not any marked difference of 

galanin labeling between the rats that received vehicle and the rats that received artemin 

at day 14 after sham-operation (Fig. 5.4). SNL induced the upregulation of galanin 

labeling in the ipsilateral L5 spinal dorsal horn at day 14 post surgery, and artemin 

treatment reversed the galanin labeling in ipsilateral dorsal horn (Fig. 5.4). Image 

analysis data showed that, on day 14 after SNL, the percentage of galanin labeling 

(compared to the contralateral side) was increased to 175% in ipsilateral dorsal horn, and 

artemin treatment to SNL greatly reversed the number to about 125%, which was 

significant lower than SNL group that received vehicle (Fig. 5.5). Interestingly, the 

effects of artemin on galanin labeling after SNL was returned to the level of SNL rats 

without receiving artemin 7 days after artemin discontinuation, that is (Fig. 5.7).    

It has reported that SNL-induced upregulation of NPY is a critical factor for 

peripheral nerve injury-induced neuropathic pain (Ossipov et al., 2002). Here we found 

that SNL induced upregulation of NPY expression in the ipsilateral L5 DRG (Fig. 5.2).  

However, systemic artemin reversed NPY positive cell numbers in ipsilateral L5 DRG 

(Fig. 5.2). Cell counting data showed that almost no DRG neurons expressed NPY in 

sham-operated rats (Fig. 5.3).  However, SNL caused the number of expressing NPY 

cells to around 32% at day 14 after SNL, and artemin treatment reversed the number to 

about 17%, which was significant lower than SNL group that received vehicle (Fig. 5.3). 

The similar changes of NPY were also found in the ipsilateral spinal dorsal horn. SNL 

induced the upregulation of NPY labeling in the ipsilateral L5 spinal dorsal horn at day 

14 post surgery, and artemin treatment reversed the NPY labeling in ipsilateral dorsal 
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horn (Fig. 5.4). Image analysis data showed that, on day 14 after SNL, the percentage of 

NPY labeling was increased to 200% in ipsilateral dorsal horn, and artemin treatment 

reversed the number to about 135% (Fig. 5.5). The effects of artemin on NPY labeling 

after SNL was returned after artemin discontinuation (Fig. 5.7).    

Previous studies have shown that SNL-induced spinal dynorphin increase is 

critical in the maintenance of neuropathic pain. In the present study, we observed that, 

like previous finding, SNL induced the increase of spinal prodynorphin (Fig. 5.4) two 

folds more (Fig. 5.5) at day 14 post surgery. Artemin treatment completely normalized 

spinal prodynorphin changes (Fig. 5.4, 5.5). Seven days after artemin discontinuation (at 

day 21 post surgery), the level of prodynorphin in ipsilateral dorsal horn was returned to 

the level of prodynorphin in SNL rats that received vehicle (Fig. 5.7).     

5.3.3. Systemic artemin partially normalized SNL-induced alteration of Nav1.8 

Changes in the expression and distribution of sodium channels such as Nav1.8 in 

the injured peripheral nerve may contribute to neuropathic pain (Porreca et al., 1998). 

The possibility that artemin might normalize Nav1.8 migration to the injury site was 

explored by examining Nav1.8 immunoreactivity in the ipsilateral L5 DRG and sciatic 

nerve on day 14 after SNL. Artemin reduced both the decrease in Nav1.8-

immunoreactivity in the DRG and the increase in Nav1.8 immunoreactivity in the sciatic 

nerve (Fig. 5.2, 5.3). Seven days after artemin discontinuation, the normalization to the 

redistribution of Nav1.8 by artemin in SNL rats was back to level in SNL rats that 

received vehicle (Fig. 5.6). 
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5.3.4. Systemic artemin partially reversed SNL-induced the changes of GFRα3 

and RET  

As a member of GDNF family, artemin has the similar biological effects on 

protecting peripheral sensory neurons. In the present study, we demonstrated here that 

artemin protects a broad spectrum of adult sensory neurons in nerve-injured DRG after 

SNL, including those that contained artemin signaling receptor components GFRα3 and 

RET. We found here that SNL induced the increase of both cell number expressing 

GFRα3 and labeling intensity in the ipsilateral L5 DRG 14 day after SNL, and systemic 

artemin treatment did not change much of GFRα3 upregulation by SNL (Fig. 5.1). 

Artemin did not yield significant impact to GFRα3 in sham-operated rats, compared to 

the vehicle receivers (Fig. 5.1). Cell counting data show that approximately 29% of DRG 

neurons expressed GFRα3 in sham-operated rats that received vehicle, and 27% of DRG 

neurons expressed GFRα3 in sham-operated rats that received artemin, indicating that 

artemin may not produce significant effects on GFRα3 under control contions (Fig. 5.3).  

However, SNL increased the number of expressing GFRα3 cells to around 60% at day 14 

after SNL, and artemin treatment to SNL slightly reversed the number to about 50%, 

which was significant higher than sham-operated group (Fig. 5.3). Interestingly, the 

effects of artemin on GFRα3 after SNL were returned to the level of SNL rats 7 days 

after artemin discontinuation (Fig. 5.6).    

Similar to the effects of artemin on GFRα3 in sham-operated rats, it seems like 

that artemin did not produce significant impacts on RET in sham-operated rats, either, 

compared to the vehicle receiving rats (Fig. 5.1, 5.3). Two weeks after SNL, the density 
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of RET labeling was greatly decreased, but the percentage of RET positive cell number 

did not significantly affected, compared to the sham-operated rats, the loss of RET 

labeling density in L5 DRG was partially reversed in the rats received artemin treatment 

(Fig. 5.1). Moreover, seven days after artemin discontinuation at day 21 post surgery, 

RET was back to the level of the control (data not shown).     

To further define the broader subpopulation of DRG neurons that were GFRα3-

immunoreactive after SNL, DRG sections were double-labeled for GFRα3 and either IB4 

binding or substance P, CGRP or P2X3 immunoreactivity. GFRα3 sensory neurons in 

normal adult rat DRG (Orozco et al., 2001) are small, correspond to the unmyelinated 

subpopulation, express RET and comprise the TrkA-immunoreactive, IB4-negative 

sensory neurons, as well as the small, previously described (Bennett et al., 1998; Bennett 

et al., 2000) population of TrkA-immunoreactive, IB4-binding sensory neurons. 

Although cells that express TrkA and cells that express RET are mostly distinct subsets 

of sensory neurons, a significant percentage of cells express both RET and TrkA (Bennett 

et al., 1998), and it is this subset of sensory neurons that expresses GFRα3 (Orozco et al., 

2001) in the normal adult rat. After SNL and vehicle treatment, in contrast to the normal 

adult rat, only a small fraction of these GFRα3-immunoreactive neurons were substance 

P-immunoreactive or bound IB4, and less than half of GFRα3-immunoreactive neurons 

were CGRP- or P2X3-immunoreactive (Fig. 5.8, 5.9; the data of the colocalization of 

GFRα3 with IB4 and SP was not shown here). Artemin treatment of SNL rats restored 

IB4 binding to most GFRα3-immunoreactive neurons and P2X3 expression to 

approximately half of GFRα3-immunoreactive neurons, and partially restored substance 
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P and CGRP expression to GFRα3-immunoreactive neurons (Fig. 5.8, 5.9; the data of the 

colocalization of GFRα3 with IB4 and SP was not shown here). Similarly, SNL led to a 

substantial decline in substance P, CGRP and P2X3 immunoreactivity and IB4 binding in 

RET-immunoreactive neurons; artemin treatment fully restored CGRP and P2X3 

immunoreactivity and partially restored IB4 binding and substance P immunoreactivity in 

those neurons (Fig. 5.10, 5.11; the data of the colocalization of  RET with IB4 and SP 

was not shown here).

5.4. Discussion 

This study is the first demonstration of a systemically administered growth factor 

used to reverse and normalize experimental neuropathic pain, exerting multiple actions 

on biochemical and morphological features associated with peripheral nerve injury. 

The broad effects of systemic artemin administration on multiple 

immunohistochemical markers (IB4 binding and P2X3, CGRP, substance P, NPY, NPY 

and Nav1.8 expression) in DRG neurons, on distribution of Nav1.8 in peripheral nerves 

and on spinal prodynorphin show that artemin treatment results in both peripheral and 

central normalization of the neuropathic pain state. The primary site of artemin action is 

the GFRα3 subset of sensory neurons. SNL upregulated GFRα3 expression, leading to 

that the majority of DRG neurons became GFRα3-immunoreactive. In contrast, DRG 

RET expression did not change, similar to previous observations with sciatic axotomy 

(Bennett et al., 1998). Although technical limitations prevented double-labeling for 

GFRα3 and RET, many of the GFRα3-immunoreactive and RET-immunoreactive DRG 

neurons were of smaller size after SNL, suggesting a substantial overlap of the receptor 
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components for artemin in many injured small DRG neurons. This suggests that multiple 

functional classes of injured sensory neurons may respond directly to and mediate the 

effects of artemin on neuropathic pain. Although we cannot exclude the possibility that 

large neurons expressed low levels of GFRα3 after SNL, SNL most likely upregulated 

GFRα3-immunoreactivity in small neurons that concomitantly lost IB4 binding and 

substance P, CGRP and P2X3 immunoreactivity, which were in part restored by artemin 

treatment. After SNL and artemin treatment, GFRα3 expression remained upregulated. 

Intrathecal GDNF partly reversed axotomy-induced upregulation of DRG GFRα1 and 

GFRα3 (Bennett et al., 2000). Spinal nerve ligation permanently separates injured 

neurons from their distal target tissues, which are a source of multiple neurotrophic 

factors. Exogenous supply of one factor may not fully compensate for this, resulting in 

continued overexpression of neurotrophic factor receptors. Alternatively, higher artemin 

doses may be required for normalization of GFRα3 expression. 

We found that artemin treatment partially reversed SNL-induced NPY 

upregulation in DRG neurons, and that NPY is upregulated exclusively in medium- to 

large-diameter sensory neurons after SNL (Ossipov et al., 2002). This observation is 

consistent with an indirect effect of artemin on large sensory neurons, possibly through 

paracrine effects within the DRG (Acheson and Lindsay, 1996) or through central 

polysynaptic circuits. 

Our observations are consistent with a crucial role for small GFRα3-expressing 

sensory neurons in maintaining tactile hyperalgesia. Intrathecal substance P-SAP 

(saporin), which destroys neurokinin (NK)-1-positive cells in lamina I, could block SNL-
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induced tactile hypersensitivity (Nichols et al., 1999), showing that small fiber input is 

crucial. In addition, selective 'knockdown' of Nav1.8 with antisense 

oligodeoxynucleotides reversed established SNL-induced tactile allodynia, again 

suggesting a crucial role for small sensory fibers (Lai et al., 2002; Porreca et al., 1999). 

Although technical limitations prevented double-labeling studies for CGRP and GFRα3, 

but it seems likely that there is significant overlap between the GFRα3-, RET- and 

CGRP-immunoreactive subpopulations of DRG neurons after SNL, as the majority of 

these immunoreactive neurons were of small size. Thus, artemin treatment may directly 

affect injured CGRP-containing neurons to modulate induced peptide release. In addition, 

adjacent segments (such as L4 sensory afferents) are likely to contribute to induced 

release. The normalization of spinal prodynorphin by systemic artemin administration is 

also notable because upregulation of spinal prodynorphin has been consistently linked to 

the maintenance of neuropathic pain (Malan et al., 2000; Burgess et al., 2002; Wang et 

al., 2001). Substance P-SAP destruction of NK1-expressing cells in lamina I (a 

predominantly spinoparabrachial projection) disrupts descending excitatory pathway(s) to 

the spinal dorsal horn, normalizing neuropathic pain (Suzuki et al., 2002). As SNL-

induced upregulation of spinal dynorphin depends on descending facilitation from the 

rostral ventromedial medulla (Burgess et al., 2002), it seems likely that artemin-induced 

normalization of spinal prodynorphin may be an indirect effect arising from actions on 

small primary afferent fibers that innervate NK1-expressing cells in the spinal dorsal 

horn. The fact that central changes associated with the neuropathic pain state are 

normalized by artemin suggests that these pathological changes in the central nervous 
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system (Porreca et al., 2002) are secondary to pathophysiological changes in first-order 

sensory neurons, and require altered afferent input (Liu et al., 2000) for their 

maintenance. 

Our findings show that artemin normalizes multiple pathophysiological changes 

associated with the neuropathic pain state. Such a mechanism contrasts greatly with other 

systemically administered agents such as gabapentin, which produces only symptomatic 

relief, probably through calcium channel modulation and with a duration measured in 

hours (Vollmer et al., 1986). Artemin's effects are consistent with the finding that 

continuous intrathecal GDNF reverses the behavioral consequences of experimental 

neuropathic pain with a time course similar to that seen here (Boucher et al., 2000), 

decreases nerve injury−induced ectopic discharge in large myelinated afferents and 

normalizes sodium channel expression in DRG after injury. However, it is not clear 

whether dysregulation of sodium channels underlies neuropathic pain behavior, or 

whether other changes in gene transcription, translation or post-translational modification 

may contribute. Ectopic firing in small, unmyelinated C fibers might also contribute 

substantially to the neuropathic pain state (Wu et al., 2001) and it remains to be 

determined how artemin or GDNF might regulate the injury-induced spontaneous 

discharges in C fibers (Boucher et al., 2000). Nevertheless, we observed that artemin 

partially corrected the altered expression and distribution of Nav1.8 in sensory neurons, 

representing a potential mechanism of action. A similar effect was observed with 

antisense knockdown of Nav1.8, which prevented neuropathic behaviors and SNL-
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induced redistribution of this channel in the sciatic nerve (Lai et al., 2002; Porreca et al., 

1999). 

Currently, few pharmacological agents are systemically effective against 

neuropathic pain. Opioids provide some relief but are limited by tolerance and 

unacceptable side effects (McQuay et al., 1992; Portenoy et al., 1990; Rowbotham et al., 

1991). Gabapentin is only effective in approximately half the patient population, provides 

modest pain relief and is limited by side effects including somnolence, dizziness and 

fatigue (Rose et al., 2002). The robust effect of artemin on multiple facets of 

experimental neuropathic pain suggests that artemin can broadly normalize cellular 

pathology without impacting normal sensory and motor functions. Prolonged artemin 

treatment also resulted in persistent normalization of neuropathic pain behavior, which 

may translate to clinical benefit with chronic dosing. In clinical settings, drug treatment 

typically is not initiated until well after the onset of neuropathic pain, so the ability of a 

therapeutic to reverse established pain may translate to increased clinical utility. Finally, 

the restricted expression of the artemin receptor GFRα3 to sensory neurons in the adult 

(Baloh et al., 1998A; Baloh et al., 1998B; Trupp et al., 1998), makes it an attractive 

target, as it reduces the likelihood of potential side effects. Taken together, our results 

indicate that systemic artemin may represent a new approach effective treatment of 

clinical neuropathic pain. 
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Figure 5.1 Artemin reversed SNL-induced neurochemical changes in L5 DRG (1). The 

experiment was performed 2 weeks after SNL. In sham-operated rats, there were no 

marked differences of biomarkers in ipsilateral L5 DRG between vehicle and artemin 

treated groups (first left two columns). However, SNL induced downregulation of RET 

and upregulation of GFRα3 2 weeks after nerve injury.  SNL also caused the 

downregulation of IB4, P2X3, CGRP and SP in nerve-injured L5 DRG (third column 

from the left).  Interestingly, systemic artemin normalized SNL-induced certain 

neurochemical changes (right column). Scale bar = 100 µm.  
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Figure 5.2 Artemin reversed SNL-induced neurochemical changes in L5 DRG (2) and in 
Sciatic nerve. The experiment was performed 2 weeks after SNL.  In sham-operated rats, 
there were no marked differences of biomarkers in ipsilateral L5 DRG between vehicle 
and artemin treated groups (first left two columns, top three rows), as well as in 
ipsilateral L4 DRG(first left two columns, second row from bottom) and ipsilateral sciatic 
nerve (SN, first left two columns, bottom row). However, SNL induced upregulation of 
galanin and NPY in large diameter neurons of ipsilateral L5 DRG 2 weeks after nerve 
injury (third column from the left). SNL also caused the downregulation of Nav1.8 in 
nerve-injured L5 DRG, but no change in ipsilateral intact L4 DRG (third column from 
the left). Moreover, SNL also induced Nav1.8 to redistribute to sciatic nerve (third 
column from the left, bottom row).  Interestingly, systemic artemin normalized SNL-
induced certain neurochemical changes (right column). Scale bar = 100 µm (top two 
rows). Scale bar = 200 µm (third and forth rows from the top). Scale bar = 50 µm (bottom 
row). 
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Figure 5.3 Artemin reversed SNL-induced neurochemical changes in L5 DRG (3). The 

experiment was performed 2 weeks after SNL. In sham-operated rats, appropriate 30% of 

lumbar DRG neurons expressing GFRα3, 14 days after SNL, the number was increased 

to around 60%, and artemin treatment just lightly reversed the number to about 50%. 

There was not significant difference of RET labeling among 4 groups. However, SNL 

caused great downregulation of IB4 labeling from the normal level around 60% to the 

number of about 5%, and artemin treatment reversed the number to around 46%. In 

addition, SNL also induced the downregulation of P2X3, CGRP, SP, and Nav1.8 in 

nerve-injured DRG, and artemin partially normalized the changes. Moreover, artemin 

also partially reversed SNL-induced upregulation of galanin and NPY in injured DRG. 
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Figure 5.4 Artemin normalized neurochemical changes in spinal dorsal horn after SNL 

(1). The experiment was performed 2 weeks after SNL.  In sham-operated rats, there 

were no marked differences of biomarkers in ipsilateral L5 spinal dorsal horn between 

vehicle and artemin treated groups (first left two columns). However, SNL induced the 

downregulation of IB4, P2X3, CGRP and SP, and the upregulation of galanin, NPY and 

prodynorphin in ipsilateral spinal dorsal horn (from the left, third column).  Interestingly, 

systemic artemin normalized SNL-induced certain neurochemical changes (right 

column). Scale bar = 200 µm.  
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Figure 5.5 Artemin normalized neurochemical changes in spinal dorsal horn after SNL 

(2). The experiment was performed 2 weeks after SNL.  In sham-operated rats, the ratio 

of labeling intensity from ipsilateral dorsal horn over contralateral dorsal horn was 

around 100%, no significant difference was observed between artemin and vehicle 

treatment. However, 2 weeks after SNL, biomarkers IB4, P2X3, CGRP and SP were 

reduced to appropriate 8%, 32%, 36% and 26%, and biomarkers galanin, NPY and 

prodynorphin were increased to 171%, 189% and 201%,  respectively, compared to the 

sham groups. But the biomarkers in rats that received artemin treatment after SNL were 

increased to 38% of IB4, 72% of P2X3, 58% of CGRP, 48% of SP, and were decreased 

to 127% of galanin, 145% of NPY and 121% prodynorphin, respectively.     
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Figure 5.6 Artemin effects on neurobiomarkers in ipsilateral L5 DRG and sciatic nerve 

were reversed. The experiment was performed 3 weeks after SNL, 7 days after artemin 

discontinuation. There was not marked difference of biomarkers between vehicle-treated 

and artemin treated sham rats, and there was not great difference of biomarkers between 

vehicle-treated and artemin. The neurobiomarkers were GFRα3, IB4, CGRP, NPY and 

Nav1.8. 
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Figure 5.7 Reversible normalization by systemic artemin on neurobiomarkers in spinal 

dorsal horn after SNL. The experiment was performed 3 weeks after SNL, 7 days after 

artemin discontinuation. One week after artemin discontinuation, there was not any 

marked difference of neuromarkers in ipsilateral spinal dorsal horn between vehicle and 

artemin treated rats.  
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Figure 5.8 Evaluation of co-localization of GFRα3 with CGRP in ipsilateral L5 DRG. 

Immunofluorescent labeling was carried out 14 days after surgery in rats that received 

sham or SNL surgery, and intermittent treatment with vehicle or artemin starting on day 3 

through day 14 post surgery within four groups of rats, including Sham-operated/vehicle, 

sham-operated/artemin, SNL/vehicle and SNL/artemin.  GFRα3 colocalized with some of 

CGRP positive neurons in sham-operated groups, and artemin protected CGRP-positive 

neurons that expressed GFRα3. Scale bar = 200 µm. 
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Figure 5.9 Evaluation of co-localization of GFRα3 with P2X3 in ipsilateral L5 DRG. 

Immunofluorescent labeling was carried out 14 days after surgery in rats that received 

sham or SNL surgery, and intermittent treatment with vehicle or artemin starting on day 3 

through day 14 post surgery within four groups of rats, including Sham-operated/vehicle, 

sham-operated/artemin, SNL/vehicle and SNL/artemin.  GFRα3 colocalized with some of 

P2X3 positive neurons in sham-operated groups, and artemin protected P2X3-positive 

neurons that expressed GFRα3. Scale bar = 200 µm. 
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Figure 5.10 Evaluation of co-localization of RET with CGRP in ipsilateral L5 DRG. 

Immunofluorescent labeling was carried out 14 days after surgery in rats that received 

sham or SNL surgery, and intermittent treatment with vehicle or artemin starting on day 3 

through day 14 post surgery within four groups of rats, including Sham-operated/vehicle, 

sham-operated/artemin, SNL/vehicle and SNL/artemin.  RET colocalized with some of 

CGRP positive neurons in sham-operated groups, and artemin protected CGRP-positive 

neurons that expressed RET. Scale bar = 200 µm. 
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Figure 5.11 Evaluation of co-localization of RET with P2X3 in ipsilateral L5 DRG. 

Immunofluorescent labeling was carried out 14 days after surgery in rats that received 

sham or SNL surgery, and intermittent treatment with vehicle or artemin starting on day 3 

through day 14 post surgery within four groups of rats, including Sham-operated/vehicle, 

sham-operated/artemin, SNL/vehicle and SNL/artemin.  RET colocalized with some of 

P2X3 positive neurons in sham-operated groups, and artemin protected P2X3-positive 

neurons that expressed RET. Scale bar = 200 µm. 
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CHAPTER 6  
 

SYSTEMIC ARTEMIN RESCUES SENSORY FUNCTION FROM 
DORSAL ROOT INJURY  

 
6.1. Introduction  

 Injuries to the dorsal roots result in permanent and severe impairment of sensory 

function within the innervated field of adult mammals. The failure of functional recovery 

correlates with the observation that newly regenerating axons are halted at the peripheral 

nervous system-central nervous system interface, also referred to as the dorsal root entry 

zone (DREZ) (Carlstedt, 1983; Ramer et al., 2000). Growing evidence shows that the 

scar of reactive gliosis (Carlstedt, 1997; Fraher, 2000, McPhail et al., 2005), the 

inhibitory actions of extracellular matrix molecules (Pindzola et al., 1993; Zhang et al., 

2001), and the breakdown of myelin in damaged axons (Liu et al., 1998; Ramer et al., 

2001) in the DREZ contribute to the inhibitory barrier of the CNS (Ramer et al., 2001). 

Additionally, it has been hypothesized that insufficient neurite growth-promoting 

molecules (Oudega & Hagg, 1996) in the DRG may contribute to this result in the 

periphery (Oudega & Hagg, 1999).                                                                                                                

Over the past few decades, many efforts have been made to promote axonal 

regeneration and to restore sensory function from dorsal root injuries, but successful 

functional recovery and effective clinical treatment remains elusive. Modifications of the 

CNS environment in the DREZ through suppression of the glial cell response (Sims & 

Gilmore, 1994), introduction of peripheral nerve grafts (Carlstedt et al., 1993), and 

transplants of embryonic spinal cord tissue (Itoh et al., 1999), or olfactory ensheathing 
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cells (Ramon-Cueto et al., 1994; Li et al., 2004) have been used to enhance peripheral 

axonal regeneration into the spinal cord (Aldskogius and Kozlova, 2002). Transplants of 

embryonic DRG neurons to the adult DRG (Levinsson et al., 2000; McPhail et al., 2005) 

and conditioning lesions by damaging related peripheral nerve branches (Chong et al., 

1999) have also resulted in limited axonal regrowth into spinal cord following dorsal root 

injury. Chronic administration of neurotrophic factors NGF, NT-3 and GDNF selectively 

promotes a subgroup of sensory afferents penetrating DREZ into spinal cord with partial 

restoration of appropriate sensory function, respectively (Ramer 2000, 2002, Tang et al., 

2004). Although surgical implantation of the avulsed ventral root to spinal cord has been 

associated with limited functional recovery followed by a long-term recovery (Carlstedt 

et al., 1995), recovery of sensory function from dorsal root avulsion/injury has not yet 

been reported.  Thus, restoring sensory function by promoting dorsal root spinal ingrowth 

remains as a major unmet clinical challenge (Carlstedt, 1997; Golding et al., 1997).   

Artemin, a member of the GDNF family and the ligand of GFRα3, signals 

through RET (Baloh et al., 1998; Airaksinen et al., 1999; Sah et al., 2003) and supports 

neurite outgrowth (Yan et al., 2003; Andres et al., 2001) and survival of a larger number 

of sensory neurons in vitro than GDNF (Baloh et al., 1998). Systemic administration of 

artemin elicits broad actions on sensory neurons in the DRG by normalizing the changes 

of CGRP, P2X3, NPY, IB4 binding, and Nav1.8 under neuropathic conditions (Gardell et 

al., 2003). In addition, artemin is selective for the GFRα3 which is restricted in 

expression to peripheral sensory neurons (Baloh et al., 1998), and overlays with 

biomarkers CGRP, TRPV1 and IB4 in DRG cells (Orozco et al., 2001). These 
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observations suggest that artemin might have a highly selective action to drive the 

regeneration of a broad scope of subgroups of sensory fibers into spinal cord, and the 

restoration of sensory function from dorsal root injury. Here we show that systemic 

artemin successfully promotes the central regeneration of sensory fibers penetrating the 

DREZ into the spinal cord, and restores the sensory function apparently permanently in 

experimental dorsal root injury.  

6.2. Methods 

 6.2.1 Animal surgery, artemin administration and transganglionic tracing 

 All experiments were reviewed and approved by the Institutional Animal Care 

and Use Committee (IACUC) at the University of Arizona. Unilateral C4-T2 dorsal root 

crush (Ramer et al., 2000) was performed on male Sprague-Dawley rats (Harlan, 

Indianapolis, IN), weighing 175-250 gm. Sham surgery followed the same procedures 

without root injury. Rat artemin (Gardell et al., 2003), or vehicle,  was given 

subcutaneously on a Monday, Wednesday and Friday schedule immediately after surgery 

for total 6 injections, except delayed treatments that artemin was given beginning on day 

2, 4, or day 7 after root injury. For transganglionic tracing, the median nerve branch of 

the brachial plexus was exposed under sterile condition and 5 µl of 0.5% CTB (List) was 

pressure injected into the nerve at multiple injection sites 5-7 days before sacrifice.   

 6.2.2. Behavioral observations  

 Paw withdrawal latency to noxious thermal stimulation was measured by 

immersing forepaw ipsilateral to injury into a 49oC water-bath until the rat withdrew its 

paw or until the cut-off time of 20 seconds was reached. Ipsilateral forepaw withdrawal 
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to noxious mechanical stimulation was tested with a Randall-Selitto noxious pinch device 

(UGO) (Ramer et al., 2000). Cutoff was set at 250 g. Rat performances in contact-

mediated grasping, beam walking, horizontal ladder and stabilization placement were 

tested according to the procedures of Ramer et al. (2002). 

 6.2.3. Immunohistochemistry  

 Rats were transcardially perfused with 10% buffered formalin (Sigma). Cervical 

spinal cord, DRG and brainstems were removed, cryoprotected (in 20% sucrose), frozen, 

and sectioned (10 µm for DRG, 20 µm for spinal cord) on a cryostat. Sections were 

incubated with primary antibodies for CGRP (host rabbit/guinea pig, 1:10,000, 

Peninsula), P2X3 (host rabbit/guinea pig, 1:10,000, Neuromics), NF200 (host mouse, 

1:5,000, N52, Sigma), GFRα3 (R11, 2ug/ml, ref. Orozco et al., 2001), RET (2ug/ml, ref. 

ref. Orozco et al., 2001), GFAP (host mouse, 1:5,000, Sigma), ED1 (host mouse, 1:2,000, 

Serotec), c-FOS (host rabbit, 1:5,000, Calbiochem), NK1 receptor (Honore et al.,1999), 

CTB (host goat, 1:5,000, List). Secondary antibodies were Cy3-conjugated goat antibody 

to rabbit IgG (1:1,000, Jackson), Alexa fluor 488/594-conjugated goat antibodies to 

rabbit, mouse, or guinea pig IgG (1:1,000, Molecular Probes), and Alexa fluor 594-

conjugated donkey antibody to goat IgG (1:1,000, Molecular Probes). Immunoreactive 

cells and total cells visualized with DAPI or ethidium bromide (Guo et al., 1999) were 

counted on randomly selected sections. Quantitative analysis of axon density within the 

dorsal root along the central side of the DREZ, as well as the density of immunoreactivity 

within spinal dorsal horn, was carried out as previously described (Wang et al., 2003).     
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 6.2.4. Nociceptive reaction and c-FOS expression in formalin-induced 

inflammation  

 The experiments were performed as described previously (Presley et al., 1990). 

The plantar surface of the ipsilateral forepaw of the rat that had received dorsal root crush 

and artemin/vehicle treatment was injected with 100 µl of 10% formalin subcutaneously 

and the licking time at the injection site was recorded as described (Dubuisson & Dennis, 

1977; Abbadie et al., 1992). Three hours after the injections, the C4-T2 spinal cord was 

harvested for IHC to examine formalin induced c-FOS expression in the spinal dorsal 

horn. Control rats received the same volume of a saline injection. 

 6.2.5. Mechanical stimulation and NK1 receptor internalization in 

carrageenan-induced inflammation  

 The experiment was performed by the modified method of Honore et al. (1999). 

Carrageenan (2%, pH 6.8, in saline, 100 µl, s.c. Sigma) was injected ipsilaterally into the 

plantar surface of the forepaw, or saline for control. After 3 hr, rats were stimulated with 

a non-noxious mechanical stimulation (light stroking of the dorsal forepaw for 5 minutes) 

or a noxious mechanical stimulation (a noxious pressure was applied for 30 seconds). 

Rats were perfused 15 minutes after the end of the mechanical stimulation for IHC 

examining NK1 receptor internalization in ipsilateral spinal dorsal horn.  

 6.2.6. Significance  

 Statistical comparisons between treatment groups used ANOVA followed by 

Fisher Least Significant Difference test. Pairwise comparisons were made with Student’s 

t-test. Significance was set at p ≤ 0.05.  



 

132

6.3. Results 

 6.3.1. Artemin promotes axonal regeneration crossing DREZ into spinal cord 

Our previous study showed that artemin normalizes a broad scope of subgroups of 

sensory neurons in DRG after peripheral nerve injury (Gardell et al., 2003). Three 

neuromarkers, N52, CGRP and P2X3, have been used to identify large-diameter 

myelinated and small-diameter unmyelinated peptidergic and non-peptidergic fibers, 

respectively (Ramer et al., 2000).  These three markers specifically label nearly all DRG 

neurons (Bennett et al., 1998; Averill et al., 1995; Bradbury et al., 1998).  In animals 

without root injury, N52, CGRP and P2X3-labeled axons smoothly pass through the 

DREZ into the spinal cord (Fig. 6.1a). Two weeks after root crush with vehicle treatment, 

the labeling for the three markers was confined to the dorsal root while axon terminals 

were halted at the peripheral side of the DREZ. However, with immediate artemin 

treatment, all three types of sensory fibers successfully navigated the DREZ into the 

spinal cord (Fig. 6.1a). The labeling density showed that immediate artemin treatment 

significantly increased invasion of all three fibers into the DREZ, compared to vehicle 

treatment 14 days following root injury (Fig. 6.1b).  

Almost complete loss of CGRP and P2X3 labeling was seen in the spinal cord 

with vehicle treatment, but with immediate artemin treatment, CGRP-expressing axons 

grew back and terminals reoccupied appropriate lamina in the superficial dorsal horn, 

while some of P2X3-positive fibers terminated outside of their normal occupation area of 

outer lamina II (Fig. 6.1c). We employed the transganglionic tracer CTB to define the 

distribution of regenerated myelinated large-diameter fibers in the spinal cord. We found 
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that there was almost no CTB labeling in the dorsal root and DREZ of normal animals, 

but, of the root-damaged rats, high levels of CTB staining were observed in the dorsal 

root outside of the DREZ peripherally following vehicle treatment. In contrast, only a 

few CTB labeled fibers were halted in the DREZ following artemin treatment (Fig. 6.7). 

High labeling of CTB ipsilateral to injection was seen in laminae III-VI in normal 

animals, but no CTB labeling was seen in the spinal cord of root-injured rats with saline 

treatment. Low CTB labeling was located in laminae I-II, while high levels of labeling 

was seen in laminae III-VI in rats receiving root injury followed by immediate artemin 

treatment (Fig. 6.1c).  Compared to the staining in the sham-operated group, immediate 

treatment rescued around 58% of CTB labeling, 61% of CGRP occupation, and 49% 

P2X3 immunoreactivity, which was significantly higher than 7% for CTB, 6% for CGRP 

and 5% for P2X3 seen with vehicle treatment (Fig. 6.1d). Nevertheless, the levels of the 

three types of sensory fibers in spinal cord post artemin administration were still 

significantly lower than in normal spinal cord (Fig. 6.1d). No CTB labeling was found in 

nucleus cuneatus of brainstem in dorsal root-injured rats, but was found in sham-operated 

rats (Fig. 6.7).  

 6.3.2. Systemic artemin restores sensory function  

To determine the effects of systemic artemin on sensory function following dorsal 

root crush, four groups of rats underwent testing: two groups of sham-operated rats 

received either immediate artemin or vehicle treatment, while the other two groups of C4-

T2 dorsal root-crushed rats received either immediate artemin treatment or vehicle 

treatment.  
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We first evaluated the recovery of response to noxious mechanical and thermal 

stimuli in blinded experiments. Ipsilateral forepaw withdrawal latency to thermal 

stimulation was measured when the ipsilateral forepaw was immersed in a 49oC water 

bath (Fig. 6.2a) and withdrawal threshold to stimulation of noxious pressure was 

measured with a Randall-Selitto device (Fig. 6.2b).  In dorsal root-crushed rats with 

vehicle treatment, an almost compete absence of response to either noxious heat or 

pressure was observed throughout the six-week postoperative testing period. In rats with 

dorsal root injury and immediate artemin injection, there was a progressive recovery of 

the sensitivity to both thermal and mechanical noxious stimuli within a period of 7 days 

of post-operatively with maintenance of functional recovery for the rest of the 

observation period. The significant recovery of noxious thermal and mechanical response 

started at day 4, and reached maximal effects at day 7 post surgery with immediate 

artemin treatment (p ≤ 0.05). No significant difference was found between sham-operated 

groups.   

Subcutaneous injections of formalin into the forepaw of the rat induces intense 

licking of the injected site which are scored as “degree 3” and considered the most 

intense nociceptive manifestation (Dubuisson and Dennis, 1977). Two distinct behavioral 

responses are expessed as an early phase (0-10 min post-injection) and a late phase (15-

50 min post injection). In our present study, we counted total duration of licking in each 

phase as described by Abbadie et al. (1992).  Fourteen days post surgery, formalin 

injection produced mean duration of licking time of 5s for root-lesioned rats with vehicle 

in the early phase, which was significantly lower than the 22s average for root-injured 
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rats with artemin (Fig. 6.2g). The mean duration of licking time was 77 and 76s for sham-

operated rats with vehicle or artemin, respectively, which were significantly higher than 

root-lesioned groups in the early phase.  In the late phase, the mean duration of licking 

time was 185s for root-lesioned rats with artemin, which was significantly higher than 

24s for root-lesioned rats with vehicle, but still significantly less than 276s and 273s for 

sham-operated rats with vehicle and artemin, respectively (Fig. 6.2g). No significant 

difference was found between sham-operated groups.   

We next examined the recovery of sensory input-required proprioception 

following dorsal rhizotomy and immediate artemin treatment. Rats brace themselves 

when nudged forward in a stabilization maneuver (Ramer et al., 2002). In sham-operated 

rats treated with artemin or vehicle, this maneuver was normal, with forelimbs outstretch, 

palms flat against the bench top surface, and toes spread. After dorsal root crush, rats 

with vehicle treatment always failed to place their ipsilateral forepaws correctly (Fig. 

6.2c). In spite of the loss of correct placement temporally after dorsal root rhizotomy, rats 

with immediate artemin treatment eventually improved their placement significantly one 

week after root injury, and gradually coccrected placement within 6-week observation 

(Fig. 6.2c). Deficits of forelimb motion such as completed impaired, incorrect targeting, 

failure to bear weight, or failure to use the forepaw entirely were tested by having rats 

walk on a 3-cm beam as described previously (Ramer et al., 2002). Sham-operated rats 

displayed normal forelimb motion. Rats with root crush and vehicle treatment lost proper 

motion of their ipsilateral forelimbs throughout the testing period (Fig. 6.2d). In contrast, 

rats with root crush and artemin injections improved over time post lesion, and achieved 
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significant recovery by day 7 (Fig. 6.2d). In a similar task, rats traversed a horizontal 

ladder, and the number of slips between rungs was counted (Ramer et al., 2002). All rats 

with dorsal root injury, but not sham rats, showed significant deficits (Fig. 6.2e). Rats 

treated with artemin achieved significance over rats with vehicle by day 5 post lesion 

(Fig. 6.2e), though all rats showed a slight recovery over the test period.  

To test tactile stimuli in the rat forepaw, rats grasp the bars upon contact when 

lowered toward a cage lid (Ramer et al., 2002). With vehicle injections, C4-T2 dorsal 

root crush resulted in the complete loss of this touch-evoked grasping response (Fig. 

6.4f). With artemin treatment, most rats could spread their toes, and use their paws 

properly while walking on the lab bench, but they still failed to grasp the bars across the 

2-week observation period. This grasping function recovered gradually with 6 week 

observation (Fig. 6.4f). All sham-operated rats displayed normal grasping response.  

 6.3.3. Regenerated axons make functional connections with spinal neurons 

Subcutaneous formalin injection to the plantar surface of the rat paw elicits 

increased c-FOS expression in spinal neurons post-synaptically (Presley et al., 1990; 

Abbadie et al., 1992). To confirm synaptic function of regenerated nerves with spinal 

neurons, c-FOS was used as a post-synaptic marker of functional connections after dorsal 

root injury.  In control sham-operated or dorsal root injured rats with saline injection, c-

FOS expression was extremely low at day 14 after surgery. Following formalin injection, 

however, c-FOS expression was significantly increased in sham-operated rats treated 

with vehicle or artemin, and in root-injured rats with artemin, but not in rats with dorsal 
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root crush and vehicle (Fig. 6.3a, b). Formalin-induced c-FOS was located in the spinal 

neurons of the superficial dorsal horn and deeper lamina IV-VI (Fig. 6.3a).  

Mechanical stimulation results in the internalization of NK1 receptors within 

spinal neurons post-synaptically in the peripheral inflammatory animal model following 

subcutaneous injection of carrageenan (Honore et al., 1999).  With carrageenan injection 

and noxious mechanical stimulation, approximately 96% and 85% of NK1 receptor 

positive neurons showed internalization in lamina I/II of sham-operated rats and in dorsal 

root-injured rats with immediate artemin treatment, respectively. This result was 

significantly higher than the 15% internalization in root-injured rats with vehicle 

treatment (Fig. 6.3c, d).  With saline injection and noxious stimulation, about 7%, 6% and 

6% of NK1 receptor positive neurons showed internalization in lamina I/II of sham-

operated rats and dorsal root-injured rats which received immediate artemin or vehicle 

treatment, respectively, which was significantly less than those which received 

carrageenan injections (Fig. 6.3d). In deep lamina III-V, carrageenan injection and 

noxious mechanical stimulation caused a significant internalization in sham-operated rats 

and artemin-treated root-injured rats, but not in vehicle-treated root-injured rats, 

compared to the saline-injected rats (Fig. 6.3c, d). In addition, innocuous mechanical 

stimulation following carrageenan injection also caused significant NK1 receptor 

internalization of spinal neurons in lamina I/II of sham-operated and artemin-treated root-

injured rats, but not in vehicle-treated root-injured rats compared to those receiving saline 

injection (Fig. 6.8a, b).   
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 6.3.4. Permanent functional recovery from dorsal root injury by systemic 

artemin   

To determine if functional restoration by systemic artemin is permanent, we first 

examined the thermal and mechanical response 6 months after root injury. We found that 

rats with vehicle treatment still had a complete loss of sensitivity to mechanical 

stimulation and a great loss of sensitivity to thermal stimulation, but rats with immediate 

artemin treatment exhibited almost completely recovery of sensitivity to thermal and 

mechanical stimulation (Fig. 6.4a, b; p ≤ 0.05). No significant treatment effects were seen 

in sham-operated rats across the testing period (p ≥ 0.05).  

Six months after root injury, subcutaneous formalin injections produced no 

significant difference between sham-operated rats and root-injured rats with artemin in 

licking time in both early and late phases (Fig. 6.4g). In contrast, a significant reduction 

of licking time was still observed in root-injured rats with vehicle, compared to the other 

three groups of rats in both phases (Fig. 6.4g).  

Six months post dorsal root lesion, the recovery of sensory input-required 

forelimb motion in artemin-treated rats also reached the level of performance in sham-

operated rats. The correct foot placement of artemin-treated rats almost reached the level 

performed by sham-operated rats (Fig. 6.4c). The performance of beam walking and 

horizontal ladder walking in artemin-treated rats almost recovered to the scores 

demonstrated by sham-operated rats (Fig. 6.4d, e). Additionally, there was no significant 

difference between artemin-treated rats and sham-operated rats in the grasping response 
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at this six month time point. However, the performance of these sensory input-required 

forelimb motions was still very poor in vehicle treated rats (Fig. 6.4c-f).   

Supporting the concept of permanent functional recovery, systemic artemin also 

resulted in the sustained recovery of the CTB-labeled myelinated afferents, CGRP-

labeled peptidergic axons and P2X3-labeled non-peptidergic c-fibers terminating into 

spinal dorsal horn permanently and making functional connections with spinal neurons as 

demonstrated by spinal post-synaptic c-FOS expression (Fig. 6.9).  The terminal density 

of these three types of afferent fibers in the spinal dorsal horn of artemin-treated rats was 

about 60% or above that of sham-operated rats, but the number in vehicle-treated rats was 

around 24% or less (Fig. 6.9a, b). Interestingly, six months post dorsal root injury, we 

found CTB labeling in the cuneate nucleus of brainstem in dorsal root-injured rats (Fig. 

6.9a). The signals in the cuneate nucleus of vehicle-treated root-injured rats were much 

weaker than in artemin-treated DRC rats, though both were weak compared to the sham-

operated rats (Fig. 6.9a). Formalin-induced spinal c-FOS expression in artemin-treated, 

but not vehicle-treated, rats also reached the level of that in sham-operated rats (Fig. 6.9a, 

c). 

 6.3.5. Delayed artemin administration post root injury facilitates functional 

recovery 

Clinically, immediate treatment to the dorsal root injury is not always available in 

most cases. To mimic the clinical conditions and to examine the window of opportunity 

for artemin treatment of dorsal root injury, we administered artemin on a delayed time 

course. When given subcutaneously beginning two days post dorsal root injury, artemin 
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restored thermal and mechanical function almost completely (Fig. 6.5a), differing 

significantly from vehicle from day 4 post surgery for thermal and mechanical responses 

(p < 0.05). Maximum recovery was found at day 10 post injury, and remained at a similar 

level until the end of the experiment at day 28 post root injury.  When artemin was 

injected subcutaneously starting at day 4 post dorsal rhizotomy, thermal function 

recovered fully, but mechanical function recovered partially (Fig. 6.5b). However, 

artemin treatment still significantly restored the mechanical response at day 9 post 

surgery after 3 injections compared to the vehicle treatment (p < 0.05). Given day 7 post 

root injury, artemin still significantly restored response the response thermal stimuli (p < 

0.05), but not the response to mechanical stimuli (Fig. 6.5c) ( p > 0.05).  

Paralleling the shifts of functional recovery in delayed artemin treatment, the 

labeling of three types of afferents in spinal dorsal horn also changed with the timing 

artemin treatment. Dramatic changes were seen in CTB labeling, though CGRP and 

P2X3 labeling also showed minor changes (Fig. 6.10a). Artemin adminstration at day 2 

post root injury resulted in half of the spinal density of CTB labeling of normal level at 

day 28 post dorsal root injury. Waiting until day 4 post root injury, the number dropped 

to 25%. Treatment with artemin at day 7 post DRC dropped labeling to 5% (Fig. 6.10b). 

However, CGRP and P2X3 labeling remained 35% or above of the controll level at day 

28 post root injury for delayed artemin treatments (Fig. 6.10b).  Delayed vehicle 

treatment did not change the labeling density of three types of sensory axons in spinal 

dorsal horn. 
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 6.3.6. Multiple factors may contribute to the shifts of functional recovery in 

delayed artemin treatment 

Artemin protects sensory neurons (Baloh et al., 1998) and supports nerve growth 

(Yan et al., 2003) via its selective receptor GFRα3, and signaling protein RET (Sah et al., 

2003). Any density change of GFRα3 and RET in DRG following dorsal root crush will 

affect the axonal regeneration centrally.  Thus, we first investigated the expression of 

GFRα3 by immunofluorescence in ipsilateral cervical DRG. Compared to baseline, there 

was no significant change in GFRα3 expression in DRG at day 2 after root lesion, but a 

significant increase was seen at day 4 post surgery in root-injured rats, then maintained 

till day 14 (Fig. 6.6a). However, double-labeling studies showed that dorsal root injury 

decreased the overlay of GFRα3 with N52 significantly at day 4 post injury without 

artemin treatment and peaked at day 14 post injury (Fig. 6.6b). We next examined the 

changes of RET post root injury. There was a significant decrease of RET at day 4 post 

injury without artemin treatment and the decrease continued to be seen at day 7 and day 

14 post injury (Fig. 6.6c). Double-labeling showed that dorsal root injury caused a 

significant decrease of overlay of RET with N52 at day 7 post injury in both vehicle and 

artemin-treated rats (Fig. 6.6d). In sham-operated rats, GFRα3 was expressed in both 

N52-positive and N52-negative DRG neurons. Seven days post root injury, GFRα3 

expression shifted to N52-negative neurons which decreased the overlay of GFRα3 with 

N52. Immediate artemin treatment only partially normalized these changes (Fig. 6.6e). 

RET was expressed in both N52-positive and N52-negative DRG neurons in sham-

operated rats. Seven days post root injury, RET expression was downregulated in N52-
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positive neurons, and the overlay of GFRα3 with N52 was decreased. Immediate artemin 

treatment only partially normalized these changes (Fig. 6.6e).  

GFAP has been used to define the CNS and PNS in the dorsal root transitional 

zone (Ramer et al., 2000).  Post dorsal root rhizotomy, an active astrocytic scar in the 

interface of peripheral dorsal root and central root entry zone physically impedes 

regenerated axons penetrating the dorsal root entry zone (Fraher, 2000). These changes 

can be detected by immunohistochemical staining of GFAP in DREZ region.  To 

understand the role of astrocytes when systemic artemin was used to restore sensory 

function post root lesion, we examined GFAP changes 14 days after surgery.  GFAP 

immunoreactivities were very low in the DREZ of sham-operated rats, and as expected, 

GFAP immunoreactivities were greatly upregulated in DREZ region of lesioned rats 

receiving vehicle on day 4 post surgery, and peaked on day 7 post surgery. Artemin 

treatment did not change the hypertrophy of GFAP immunoreactivities in DREZ region 

(Fig. 6.11).   

ED-1 is expressed by activated phagocytes in the nervous system, which is not 

only associated with myelin breakdown, but also with an increase of in the expression of 

CSPGs (Fitc and Silver, 1997), an effect that may contribute to the nerve regeneration 

barrier. Under control conditions, ED-1 immunoreactivity was very low around DREZ 

during 2 week observation (Fig. 6.12). Under dorsal root rhizotomy, little ED-1 labeling 

was seen in the dorsal root on day 2 post surgery, while a great invasion of ED-1 positive 

labeling was observed in the dorsal root, but a little was seen in DREZ on day 4 post 

surgery. On day 7 post root injury, the ED-1 positive labeling invaded DREZ and spinal 
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dorsal horn. On day 14 post root injury, a massive invasion of ED-1 positive cells was 

found in dorsal root, DREZ, and spinal dorsal horn (Fig. 6.12).  

6.4. Discussion 

These results show the first report that the loss of sensory function in dorsal root 

injury was apparently permanently corrected by systemic artemin, including restoring 

response to noxious thermal and mechanical stimuli, nociceptive reaction to formalin 

injection, also including proprioception-like targeting, stabilization, and grasping. 

Because conditioned peripheral nerve lesion promoting central axonal regeneration into 

spinal cord (Chong et al., 1999) is not clinically applicable, a few studies have focused on 

neurotrophin agents that promote regeneration of sensory axons into spinal cord and these 

studies lack functional restoration data (Iwaya et al., 1999; Oudega et al., 1999; Zhang et 

al., 1998). Recent studies show that chronically intrathecal infusion of trophic factors 

NGF, NT3 and GDNF, or spinal injection of adenoviruses encoding NGF selectively 

promotes a subgroup of sensory afferents regenerating into spinal cord, which correlates 

to the partial restoration of appropriate sensory function (Ramer et al., 2000; 2002, 

Romero et al., 2001). Our study indicates that subcutaneous injection of artemin alone to 

dorsal root-injured rats restores and maintains all these sensory functions for six months 

without reversal. These observed effects of systemic artemin correspond to its broad 

actions on sensory neurons in DRG. Under neuropathic conditions, systemic artemin 

normalizes subgroups of DRG neurons expressing CGRP, SP, P2X3, NPY, galanin, 

Nav1.8, or labeled by IB4 (Gardell et al., 2003). Our study shows that artemin supports 

approximately half of P2X3-, CGRP- and N52-expressing afferents passing through the 
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DREZ into spinal cord, and making functional connections, promoting c-FOS expression 

and NK1 receptor internalization in postsynaptic spinal neurons during peripheral 

inflammation. These findings suggest that artemin is a potent drug in treating dorsal root 

injury-induced sensory loss in humans.  

One of our most important findings of this study is that systemic artemin leads to 

the eventual recovery of complicated proprioceptive functions such as grasping with 

force. While intrathecal infusion of NT-3 promotes myelinated afferents regenerating into 

appropriate spinal laminae with partially recovery of proprioception such as correct 

targeting and correct placement, but it has no effect on grasping after root lesion (Ramer 

et al., 2002). This may be due to the fact that artemin increase regeneration of myelinated 

afferents and supports around 50% of myelinated axons regenerating into spinal cord, and 

even reaching the cuneate nucleus in its broad actions on sensory neurons in DRG 

(Gardell et al., 2003). Our data show that artemin brings about proprioception like 

targeting and placement later than responses to noxious heat and mechanical pressure, 

and grasping recovery is even much later.While myelinated sensory Aβ fibers mediate 

their function via dorsal column ascending pathway, we did not find regenerated 

myelinated fibers in the cuneate nucleus at day 14 post dorsal root injury with artemin 

treatment, indicating the recovery of touch-evoked grasping requires a long–term central 

reorganization. Injuries to the cervical dorsal root in the adult monkey lead to the 

functional changes and substantial reorganization of somatosensory pathways (Darian-

Smith & Brown, 2000; Darian-Smith, 2004), though the myelinated sensory axons 

regenerate into cuneate nucleus. Basbaum and Wall (1976) recorded from the dorsal horn 
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and proposed that central reorganization was responsible for physiological changes 

observed in early studies of the effects of dorsal rhizotomy in the cat. P2X3 fibers 

regenerated by systemic artemin sprout to a wider region in superficial dorsal horn at day 

14 post dorsal root lesion, but are recruited to their previously occupied laminae six 

months post root lesion, supporting the concept that newly established synapses also 

undergo reorganization during long-term recovery. Clearly, higher levels of the CNS are 

involved in the proprioceptive reaction, essential to gasping, but how new synaptic 

reorganization and stabilization in spinal cord and cuneate nucleus leading to improved 

brain function remains to be investigated. There has been a growing awareness that such 

sensory deprivations have a great impact on the organization and functions of more 

central parts in brain stem, thalamus and brain cortex (Kaas, 2000). Thus, an 

understanding of central neuroplasticity that follows dorsal root injury and artemin 

treatment could lead to better ways of promoting reorganizations useful for functional 

recovery.   

Discovering the window of opportunity for curing diseases, restoring 

physiological function, and even saving life is essential in medicine practice. When 

infused to the proper spinal region immediately after dorsal root injury, NT-3 promotes 

myelinated axons functionally regenerating into spinal dorsal horn, while infused 7 days 

after root injury, NT-3 loses its ability to elicit axonal elongation into spinal cord (Ramer 

et al., 2002), indicating the benefits of early treatment on dorsal root injury with NT-3. 

As we have reported, immediate artemin treatment on dorsal root injury restores most of 

essential sensory function, and delayed artemin treatment on day 7 following dorsal root 
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injury only restores the nociceptive response to noxious heat stimulation, but not 

mechanical stimulation. These results indicate that earlier treatment of dorsal root injury 

by artemin elicits greater benefits. Considering that immediatly treating dorsal root injury 

is not always clinically possible, our further investigations show that delayed artemin 

treatment on day 2 post root rhizotomy efficiently recovers the nociceptive function to 

both noxious thermal and mechanical stimuli, while delayed artemin treatment on day 4 

post root lesion only partially recovers response to noxious mechanical stimulation, 

though it leads to full recovery of response to noxious thermal stimulation. These 

findings indicate that 48 hrs is good time range for artemin to treat dorsal root injury in a 

rat-based animal model. Our anatomical analysis also supports the effects of delayed 

artemin treatment on dorsal root injury. When given on day 7 post door root lesion, 

artemin promotes 37% of CGRP, 35% of P2X3 expressing afferents into spinal dorsal 

horn, but only 5% of CTB-labeled myelinated afferents into spinal cord. Nevertheless, 

our data here provides a basis for clinical application of artemin in treating dorsal root 

injury-related diseases. 

Peripheral nerve injuries shift the function of sensory neurons from 

neurotransmission to regeneration, which is associated with dramatic changes in gene 

expression (Bradbury et al., 2000). One of these changes is the upregulation of GFRα3 in 

small diameter DRG neurons (Bennett et al., 2000; Gardell et al., 2003). This is 

consistent with our present observation that dorsal root injury induced upregulation of 

GFRα3, which highly overlays with P2X3 and CGRP in DRG neurons. Thus, systemic 

artemin could “power” P2X3- and CGRP-expressing axons across the DREZ into the 
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spinal cord, even at day 7 post dorsal root lesion when the glial scar has been fully 

formed on PNS and CNS interface of DREZ (Ramer et al., 2001). In contrast, dorsal root 

injury induced quantitative loss of GFRα3 and RET particularly in N52-expressing 

neurons. This observation is consistent with the response to noxious mechanical 

stimulation in rats with delayed artemin treatment. Thus, the dorsal root injury-induced 

decrease of GFRα3 and RET in N52-expressing neurons might contribute to the failure 

of functional recovery to noxious mechanical stimulation in delayed artemin treatment.  

This may also be due to the myelin breakdown (Ramer et al., 2001) as we observed the 

invasion of ED-1 cells into the dorsal root, DREZ and spinal dorsal horn following dorsal 

root injury. Specific removal of myelin using complement and galactocerebroside 

antibodies results in the regeneration of some axons within spinal cord (Keirstead et al., 

1995; Dyer et al., 1998). In addition, hypertrophy of astrocytes appearing on the PNS-

CNS interface of DREZ post root lesion might generate a physical barrier for myelinated 

axons regenerating into spinal cord. These observations indicate that multiple factors are 

involved in the shifts of sensory functional recovery in delayed artemin treatment, 

suggesting that treatment for dorsal root injury should shift with timing-based 

neuroplasticities post dorsal root injury. For example, a combination of artemin with 

other approaches, such as nerve conduits, may achieve a better sensory recovery than 

artemin alone when delayed treatment to dorsal root injury can not be avoided clinically.                           

Taken together, systemic artemin successfully promotes multiple types of sensory 

afferents navigating from DREZ into spinal cord, and establishing new synapses with 

spinal neurons, and leading to the permanent recovery of sensory function. In addition, 
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our present study also elucidates important implications for the clinical application of 

artemin, particularly in timing-based treatment of dorsal root injury. Our study here 

indicates that systemic artemin may serve as a viable approach in treating dorsal root 

injury.  
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Figure 6.1 Systemic artemin promotes axonal growth across the dorsal root entry zone 

into spinal cord, two weeks post root injury. a, In sham-operated rats, labeled CGRP, 

P2X3 and N52-expressing central axons pass through entry zone smoothly. In root 

injured rats with vehicle treatment, regenerated axons are halted outside root entry zone, 

while with immediate artemin treatment, many axons expressing CGRP, P2X3 and N52 

can navigate entry zone. All asterisks are placed in center of root entry zone. b, 

Quantification of axonal density in dorsal root entry zone. Asterisks indicate significant 

differences from vehicle treatment. c, Dorsal root injury results in the loss of peripheral 

axonal fibers, while immediately administered subcutaneous artemin supports CGRP, 

P2X3-expressing and CTB-labeled axons regrowing into the ipsilateral dorsal horn (the 

left side of all cord sections). d, Quantification of axonal density in ipsilateral dorsal 

horn. Asterisks indicate significant differences from vehicle treatment. Key in b also 

applies to d. Scale bar, 100 µm in a, 400 µm in c.   
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Figure 6.2  Immediate subcutaneous artemin administration restores sensory responses to 

noxious thermal and mechanical stimulation (a, b), and sensory input-required 

proprioceptive functions, including placement stabilization, beam walking, horizontal 

walking, and grasping (c-f), and also restores formalin injection-induced nociceptive 

reactions (g; 2 weeks post root lesion). Arrow indicates each injection of artemin/vehicle. 

Asterisks indicate significant differences from vehicle treatment.  
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Figure 6.3 Artemin restores postsynaptic responses to peripheral stimulations in 

ipsilateral dorsal horn two weeks posbt root lesion. a, Three hours post subcutaneous 

formalin injection, increased postsynaptic c-FOS expression is observed in ipsilateral 

dorsal horn of sham-operated rats and root-injured rats with artemin treatment, but not 

with vehicle treatment. b, Quantification of c-FOS expression in ipsilateral dorsal horn. 

Asterisks indicate significant differences from saline treatment. c, Subcutaneous 

carrageenan injection with paired noxious mechanical stimulation results in the 

internalization of NK1 receptor post-synaptically in ipsilateral dorsal horn of sham-

operated rats and root-injured rats with artemin treatment, but not with vehicle treatment. 

d, Quantification of NK1 receptor internalization in ipsilateral dorsal horn. Asterisks 

indicate significant differences from saline treatment. Scale bar = 200 µm (20 µm for 

inserts).    
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Figure 6.4 Permanent functional recovery from dorsal root injury with immediate 

artemin treatment. Six months post root lesion, artemin-treated rats response to noxious 

thermal (a) and mechanical (b) stimulation normally, and perform placement stabilization 

(c), beam walking (d), horizontal walking (e), and grasping (f) in the scale of nearby 

normal level. Artemin-treated rats also response to formalin injection-induced 

nociceptive reactions (g) normally. However, certain functional recovery in vehicle-

treated rats is still very poor. Asterisks indicate significant differences from artemin 

treatment.  
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Figure 6.5 Observation of functional recovery post root injury in delayed artemin 
treatment. a, When given from day 2 post root lesion, artemin restores responses to both 
noxious thermal and noxious mechanical stimulation. b, When administered from day 4 
post root injury, artemin restitutes the response to noxious thermal stimulation, but only 
partially restores response to noxious mechanical stimulation. c, When injected from day 
7 post root damage, artemin still restores response to thermal stimulation, but loses its 
ability to restore response to noxious mechanical stimulation. Asterisks indicate 
significant differences from artemin treatment. Arrows indicate administration of  
artemin or vehicle.  
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Figure 6.6 Time-based neurochemical shifts in DRG neurons post dorsal root injury. 
Artemin/or vehicle is given immediately after surgery. Dorsal root injury results in the 
upregulation of GFRα3 expression in DRG neurons (a), but reduces the overlay of 
GFRα3 with N52 (b). Dorsal root lesion causes the downregulation of RET in DRG 
neurons (c), and decreases the overlay of RET with N52 (d). The neurochemical changes 
in DRG neurons at day 7 post surgery are demonstrated in (e). Asterisks indicate 
significant differences from sham-operated groups. Scale bar = 200 µm.   
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Figure 6.7 CTB labeling in dorsal root entry zone, spinal dorsal horn, spinal cord and 

cuneate nucleus of brainstem (the left side is ipsilateral to root injury in all spinal cord 

and brainstem sections). CTB is injected at day 7 post surgery, and animals are perfused 

on day 14 post surgery. In sham-operated rats, CTB-labeling is observed in deep lamina 

of the dorsal horn and cuneate nucleus (left column). In root-injured rats with vehicle 

treatment, CTB-labeled axons are halted at the interface of PNS and CNS, outside dorsal 

root entry zone, but little CTB labeling is found in the spinal dorsal horn and no CTB 

labeling in cuneate nucleus (central column). In root-injured rats with immediate artemin 

treatment, CTB-labeled axons pass through the entry zone and terminate in the dorsal 

horn, but there is a complete loss of CTB labeling in the cuneate nucleus (right column). 

Scale bar, 200 µm.  
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Figure 6.8 a, Innocuous mechanical stimulation to the ipsilateral forepaw 3 hrs post 

carrageenan-injection results in NK1 receptor internalization in lamina I/II of the dorsal 

horn of sham-operated rats and root-injured rats with artemin treatment, but not with 

vehicle treatment.  Scale bar, 20 µm (5 µm for inserts). b, Quantification of NK1 receptor 

internalization in lamina I/II of dorsal horn. Asterisks indicate significant differences 

from vehicle treatment. 
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Figure 6.9  Permanent functional regeneration of sensory axons in artemin-treated rats. a, 

six months post root injury with artemin treatment, CGRP- and P2X3-expressing and 

CTB-labeled afferents permanently terminate into the spinal dorsal horn, and make 

functional connections with spinal neurons as demonstrated by subcutaneous formalin 

injection inducing c-FOS expression post-synaptically in spinal dorsal horn. With vehicle 

treatment, the regenerated axonal fibers and formalin-induced c-FOS expression in dorsal 

horn are still very low. In addition, very weak CTB labeling is observed in cuneate 

nucleus six months post root injury. Scale bar = 100 µm. b, Quantification of axonal 

density in ipsilateral dorsal horn. c, Quantification of c-FOS expression in ipsilateral 

dorsal horn. Asterisks indicate significant differences between vehicle (c) and saline (d) 

treatment.   
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Figure 6.10 Evaluation of regenerated axonal density in spinal dorsal horn with delayed 
artemin treatment. a, Four weeks post root injury with vehicle treatment, a loss of CGRP, 
P2X3-expressing and CTB-labeled fibers is observed in ipsilateral dorsal horn. When 
given at day 2, 4 and 7 post root injury, artemin greatly supports CGRP and P2X3 fibers 
terminating into spinal dorsal horn at day 28 post root injury. Delayed artemin treatment 
at day 4 post lesion causes a great loss of CTB labeling in dorsal horn, compared to 
treatment at day 2, and almost a complete loss of CTB labeling is observed when artemin 
is administered starting at day 7 post root injury. This immunohistochemistry is 
processed from tissue harvested at day 28 post surgery. Scale bar, 200 µm. b, 
Quantification of axonal density in ipsilateral dorsal horn. Asterisks indicate significant 
differences from vehicle treatment. 
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Figure 6.11 Dorsal root injury induces hypertrophy of astrocytes in root entry zone. 

There is a very low level of GFAP in dorsal root entry zone of sham-operated rats (top 

row). At day 2 post root injury, a slight increase of GFAP, a marker for spinal astrocytes, 

is seen in the entry zone. At day 4 post lesion, fibers extending from astrocytes toward 

dorsal root are observed in the entry zone, and these fibers further elongate into root at 

day 7 post injury. The peak of GFAP labeling and astrocyte fiber elongation appears at 

day 14 post root injury (middle row). Interestingly, artemin treatment does not change 

root injury-induced hypertrophy of astrocytes in dorsal root entry zone (bottom row). 

Scale bar, 200 µm.    
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Figure 6.12 Dorsal root injury induces infiltration of ED-1 positive phagocytes.  There is 

a clear background of ED-1 labeling in sham-operated rats (top row). At day 2 post root 

injury, light ED-1 labeling is seen in injured dorsal root near the entry zone. At day 4 post 

lesion, the bright labeling of ED-1 was found in the dorsal root outside of entry zone. At 

day 7 post injury, ED-1 labeling invades into dorsal root entry zone. At day 14 post root 

injury, the ED-1 labeling was found in spinal dorsal column, and some in dorsal horn 

(middle row). Interestingly, artemin treatment does not change root injury-induced 

infiltration of ED-1 labeling. Scale bar, 200 µm.    
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CHAPTER 7 CONCLUSION 
 

Growing evidence has demonstrated that neurotrophic factors of the GDNF 

family maintain the structural and functional integrity of the adult nervous system, and 

regulate the plasticity of the injured or diseased adult nervous system.  The GDNF family 

belongs to the transforming growth factor-β superfamily. Its members GDNF and artemin 

bind to their selective receptors GFRα1 and GFRα3, respectively, which are widely 

expressed in peripheral sensory neurons, suggesting they be potential candidates of  

therapeutic agents for treating peripheral nerve injury and degeneration-based diseases. 

Our present study strongly supports this concept.  

In the current study, we demonstrated that experimental spinal nerve ligation 

elicits thermal hypersensitivity and mechanical hypersensitivity. Thermal hypersensitivity 

gradually recovers to normal physiological level with time post nerve injury, while 

mechanical hypersensitivity is permanent, indicating that the treatment of neuropathic 

pain symptoms should also shift with the time post peripheral nerve injury (chapter III). 

In addition, spinal nerve ligation causes massive neurochemical changes in affected DRG 

neurons and spinal cord which may underlie the mechanism of peripheral nerve injury-

induced neuropathic pain (Chapter III). Chronic intrathecal deliver of GDNF to the spinal 

cord region correlated to the peripheral nerve injury prevents nerve injury-induced 

expression of thermal hypersensitivity and mechanical hypersensitivity, and also 

normalizes nerve injury-induced neurochemical changes peripherally and centrally, 

demonstrating the therapeutic effects on experimental neuropathic pain (chapter IV). 

Subcutaneous injection of artemin also normalizes spinal nerve injury-induced 
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neurochemical shifts, and the withdrawal of artemin causes the reversal of the 

normalization of neurochemical activities (Chapter V). These findings may offer new 

approaches for clinically treating peripheral nerve injury- or degeneration-based 

neuropathic pain.  

 Injuries to the dorsal root result in the permanent loss of sensory function from 

that nerve innervated area of the body and remain as a major unmet clinical challenge. 

We developed a dorsal root injury animal model at the lab by crushing all dorsal roots 

that innervate the forelimb causing complete loss of sensory function ipsilateral to the 

injury. Immediately subcutaneous injection of artemin rescues sensory function 

permanently from dorsal root injury, and artemin also sustains sensory axons 

regenerating into their original occupied regions successfully. In addition, we also found 

that delayed artemin administration post root injury selectively restores response to 

noxious thermal stimulation, but not to noxious mechanical stimulation (Chapter VI). 

These findings will offer a great benefit for clinically curing root injury-related diseases.    

 Our present study provides experimental evidence that neurotrophic factors 

GDNF and artemin can treat peripheral nerve injury-induced neuropathic pain and 

sensory loss successfully, indicating that GDNF and artemin may serve as clinically 

viable medicines for curing peripheral nerve injury- or degeneration-based diseases.   
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APPENDIX A. ABBREVIATIONS  
 
ATF3…………………Activating Transcription Factor 3 
BDNF………………...Brain-Derived Neurotrophin Factor 
CCK………………….Cholecystokinin 
CCI……………..……Chronic Constrict Injury 
CGRP………………...Calcitonin Gene-Related Peptides 
CNS………………….Central Nervous System 
CTB…………………..Cholera Toxin subunit B 
CREB………………...cAMP Response Element-Binding protein 
DRC………………….Dorsal Root Crush 
DRG………………….Dorsal Root Ganglion 
DREZ………………...Dorsal Root Entry Zone 
DRTZ………………...Dorsal Root Transition Zone 
GAP43……………….Growth Associated Protein-43 
GDNF………………..Glial cell line-Derived Neurotrophic  Factor  
GFAP………………...Glial Fibrillary Acidic Protein          
GFLs…………………GDNF Family Ligands 
GFR………………….GDNF Family Receptor 
GPI…………………...Glycosyl PhosphatidylInostol 
IB4…………………...Griffonia simplicifolia isolection B4 (IB4) 
IHC…………………..Immunohistochemistry 
MAPK………………..Mitogen-Activated  Protein Kinase 
MOR…………………Mu Opioid Receptor 
NGF………………….Nerve Growth Factor 
NK1 receptor………...Neurokinin-1 Receptor 
NPY………………….Neuropeptide Y 
NT-3…………………Neurotrophin-3 
PACAP………………Pituitary Adenylate Cyclase Activating Peptide 
PB……………….……Phosphate Buffer 
PFA………..................Paraformaldehyde  
PI3-K………………...Phosphatidylinostol 3 Kinase 
PKA………………….Protein Kinase A 
PLCγ………………....Phospholipase Cγ 
PNS…………………..Peripheral Nervous System 
SFK………………......src-Family Kinase 
SNL…………………..(Lumbar 5 and Lumbar 6) Spinal Nerve Ligation 
SP…………………….Substance P 
TMP………………….Thiamine MonoPhosphatase 
Trk……………………Tyrosine Kinase 
TTX……………..........Tetrodotoxin 
VIP…………………...Vasoactive Intestinal Peptide 
TRPV1…………………..Vaniloid Receptor 1 
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APPENDIX B. LIST OF PUBLICATIONS  
 

 
1. King T. Gardell LR. Wang R. Vardanyan A. Ossipov MH. Malan TP Jr. 

Vanderah TW. Hunt SP. Hruby VJ. Lai J. Porreca F. Role of NK-1 
neurotransmission in opioid-induced hyperalgesia. Pain. 116(3):276-88, 2005  

 
2. Gardell LR. Ibrahim M. Wang R. Wang Z. Ossipov MH. Malan TP Jr. Porreca F. 

Lai J. Mouse strains that lack spinal dynorphin upregulation after peripheral nerve 
injury do not develop neuropathic pain. Neuroscience. 123(1):43-52, 2004 

 
3. Gardell LR. Wang R. Ehrenfels C. Ossipov MH. Rossomando AJ. Miller S. 
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F. Multiple actions of systemic artemin in experimental neuropathy. Nature 
Medicine. 9(11):1383-9, 2003  
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