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ABSTRACT 

 

Studies have shown that long-term opioid agonist (such as morphine) treatment 

produces antinociceptive tolerance and increased pain sensitivity (hyperalgesia and/or 

allodynia), limiting the clinical efficacy of morphine. Prolonged opiate administration 

also upregulates spinal pain neurotransmitter (such as calcitonin gene-related peptide 

(CGRP)) levels and enhances evoked CGRP release in the dorsal horn of rats. It was 

suggested that augmented spinal pain neurotransmission may contribute to paradoxical 

pain sensitization and antinociceptive tolerance. The cellular signal transduction 

pathways involved in sustained opioid mediated augmentation of spinal pain 

neurotransmitter are not fully clarified.  

Sustained morphine treatment was shown to augment the concentrations of 

inflammatory mediators, such as PGE2 in the spinal cord. Studies have shown that PGE2 

stimulates cAMP formation and CGRP release by activation of Gs protein-coupled 

prostaglandin receptor types in primary sensory neurons. Interestingly, it was found 

earlier that sustained opioid agonist treatment leads to a Raf-1-dependent sensitization of 

adenylyl cyclase(s) (AC superactivation), augmenting forskolin-stimulated cAMP 

formation upon opioid withdrawal (cAMP overshoot). It is well demonstrated that cAMP 

activates cAMP-dependent protein kinase (PKA), which plays an important role in the 

modulation of presynaptic neurotransmitter release. Therefore, in this study, we 

investigate the physiological role of Raf-1 mediated AC superactivation and subsequent 

PKA activation in A. sustained morphine-mediated augmentation of basal or evoked pain 
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neurotransmitter release in vitro, in cultured primary sensory neurons, and B. in vivo, in 

sustained morphine mediated paradoxical pain sensitization and antinociceptive tolerance 

in rats.  

Our data demonstrates that A. sustained morphine treatment augments both basal 

and capsaicin-evoked CGRP release from isolated primary sensory neurons in a PKA- 

and Raf-1- dependent manner. B. sustained morphine treatment- augments of PGE2-

evoked CGRP release from these cells. C. selective knockdown of spinal PKA or Raf-1 

protein levels by intrathecal PKA- or Raf-1-specific siRNA pretreatment completely 

attenuates sustained morphine-mediated thermal hyperalgesia, tactile allodynia and 

greatly reduces antinociceptive tolerance in rats.  

In conclusion, we suggest that Raf-1-mediated AC superactivation may have a 

crucial trigger role in sustained morphine-mediated compensatory adaptations in the 

nervous system. Thus, we expect that pharmacological attenuation of Raf-1-mediated AC 

superactivation may improve the clinical treatment of chronic and neuropathic pain. 
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CHAPTER 1: INTRODUCTION  

 

Pain 

“The Greatest evil is physical pain” 

    St. Augustine 

The impact of acute and chronic pain on our society is staggering. Throughout the 

world, chronic pain is the most frequent cause of suffering and disability that seriously 

impair the quality of life (Bonica, 1990). Chronic pain is the third largest health problem 

in the world, affecting 65 million Americans. Pain relieving drugs like non steroidal anti-

inflammatory drugs (NSAIDS) and others that are currently available in market are only 

effective against mild pain. Based on the clinical and scientific evidence all of the 

medical societies and authorities recommend usage of stronger agents for the patients 

who suffer from moderate to severe pain.  

 

Opioids as pain medications 

Opioids are widely used in medicine as strong analgesics (pain relievers). From 

ancient ages people used opium and its derivatives to control pain. Despite extensive 

research, to date no analgesics have been found that are more effective than opioids for 

severe pain. Opioids have long been used to treat acute pain (such as post-operative pain) 

and are found to be invaluable in palliative care to alleviate the severe, chronic, disabling 

pain of terminal conditions such as cancer although very high doses are often required in 
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palliation to improve the patients' terminal quality-of-life. There are four broad classes of 

opioids: endogenous opioid peptides (enkephalins, dynorphins, β-endorphins and 

endomorphins) (Przewlocki and Przewlocka, 2001), are neuropeptides synthesized in the 

body and released under pain conditions such as stress, injury and exercise (Drolet et al., 

2001); opium alkaloids, such as morphine (the prototypical opioid) and codeine; semi-

synthetic opioids such as heroin and oxycodone; and fully synthetic opioids such as 

pethidine and methadone that have structures unrelated to the opium alkaloids. 

Exogenously administered opioid agonists (morphine, levorphanol, oxymorphone, 

meperidine, oxycodone, fentanyl) represent the best analgesic drugs currently used for 

the treatment of moderate to severe pain (Inturrusi, 2002).   

 

Opioid receptors 

Opioids mediate their actions by binding to opioid receptors that are found 

principally in the central nervous system and gastrointestinal tract. Opioid receptors 

belong to seven transmembrane G protein-coupled receptor (GPCR) family, the largest 

family of membrane proteins in the human genome. Based on early binding studies and 

bioassays, three main types of opioid receptors have been identified. They are µ-opioid 

receptor (MOP), δ-opioid receptor (DOP) and κ-opioid receptor (KOP). Additional 

receptor types are proposed (e.g., sigma, epsilon, orphanin) but are currently not 

considered as “classical” opioid receptors (Kieffer and Gaveriaux-Ruff, 2002). The µ-

opioid receptor is perhaps the most important amongst all - being responsible for most of 

the analgesic and other major pharmacological effects as well as many of the adverse 
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effects of opioids (Stein et al., 2009). Molecular cloning has resulted in the identification 

of three opioid receptor genes and allowed for the study of individual opioid receptor 

types with regard to pharmacological profile, intracellular effector coupling, anatomical 

distribution, and regulation of expression. Opioid receptor types show 50–70% homology 

between their genes (Evans et al., 1992; Kieffer, 1999; Kieffer et al., 1992; Meng et al., 

1993; Wang et al., 1994). There is evidence for additional pharmacological subtypes of 

these receptors from alternative splicing, posttranslational modifications or receptor 

oligomerization. Opioid receptors are expressed by central and peripheral neurons: more 

specifically peripheral and central terminals of dorsal root ganglion neurons, pre and post 

synaptic terminals of spinal cord dorsal horn neurons and various regions of the brain, by 

neuroendocrine (pituitary, adrenals), immune, and ectodermal cells (Zollner and Stein, 

2007). The primary physiological function of opioid receptors is modulation of pain 

sensation. Alleviation of pain (analgesia) is achieved through activation of opioid 

receptors by binding of either endogenous or exogenous opioid agonists.  

 

Intracellular signal transduction mediated by opioid receptors 

The signaling pathways of opioid receptors are well characterized. After the 

opioid (agonist) binds at the receptor, conformational changes allow intracellular 

coupling of mainly Gi/oproteins to the C-terminus of opioid receptors. At the Gαi subunit, 

GDP is replaced by GTP resulting in activation of G-protein complex leading to 

dissociation of the trimeric G-protein complex into Gαi and Gβγ subunits. The Gαi 

subunit inhibits the activity of adenylate cyclase, a nearby membrane bound enzyme, 
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hence significantly decreasing intracellular basal levels of cAMP. Under resting 

conditions, adenylate cyclase converts ATP into cAMP at some basal rate. cAMP acts as 

a second messenger within the cell resulting in several events including the activation of 

protein kinases and gene transcription proteins. This opioid receptor–induced decrease in 

cAMP indirectly results in the inhibition of voltage dependent calcium channels on 

presynaptic neurons. The voltage dependent calcium channels are important in the release 

of neurotransmitter and transduction of neuronal communication (Vanderah, 2007). A 

prominent example is the inhibition of the release of pronociceptive and proinflammatory 

neuropeptides like calcitonin gene related peptide (CGRP) and substance P (SP) from 

central and peripheral terminals of sensory neurons (Kondo et al., 2005; Yaksh, 1988). 

The dissociated G protein subunits also directly interact with K+, Ca2+ and other ion 

channels in the membrane. Ion-channels are mainly regulated via Gβγ- subunits (Herlitze 

et al., 1996). All three opioid receptors modulate various N, T- and P/Q-type Ca2+ 

channels in many neuronal systems. At the postsynaptic membrane, opioid receptors 

mediate hyperpolarization by opening inward rectifier K+ channels, thereby preventing 

excitation and/or propagation of action potentials (Zöllner and Stein, 2007) resulting in 

blocking of pain propagation. A schematic representation of the steps in opioid receptor 

signaling is presented in Fig 1.1. The agonist bound state of the opioid receptor after the 

dissociation of G-proteins is phosphorylated by various enzymes such as phosphokinase 

C and GPCR kinases, leading to increased affinity for intracellular arrestin molecules. 

Arrestin-receptor complexes lead to opioid receptor desensitization by preventing G-

protein coupling and promote internalization via clathrin-dependent pathways (Law et al., 
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2000). Recycling of opioid receptors to the plasma membrane promotes rapid 

resensitization of signal transduction, whereas targeting to lysosomes leads to proteolytic 

downregulation. It was suggested that GPCR-associated sorting proteins modulate 

lysosomal sorting and functional downregulation (Whistler et al., 2002). Additional 

opioid modulated pathways involve mitogen-activated protein kinase and phospholipase-

C (Zollner and Stein, 2007).  

 

Chronic opioid treatment, paradoxical pain and analgesic tolerance 

Although acute treatment with opioid analgesics produce pain relief, after 

prolonged treatment, these drugs produce analgesic tolerance i.e., chronically stimulated 

opioid receptors become less responsive to the drug, requiring steady escalation of opioid 

doses over time to maintain the therapeutic effect (antinociceptive tolerance) (King et al., 

2005). Tolerance to opioids leads to serious problems associated with opioid overdose 

like addiction, respiratory depression and physical dependence. Successful long-term 

pain therapy must therefore consider not only the analgesic effects of a drug but also its 

adverse effects upon sustained treatment, such as opioid tolerance. The exact molecular 

mechanisms underlying opioid antinociceptive tolerance however, are not entirely 

understood. Antinociceptive tolerance involves multiple compensatory changes in the 

opioid-mediated signal transduction pathways (Mao et al., 1995; Ossipov et al., 2005; 

Trang et al., 2005; Varga, 2003a; Varga et al., 2003b,c). Interestingly, it has been 

demonstrated that long term treatment with opioids also produces pain sensitization either 

in the form of increased sensitivity to painful (hyperalgesia) or normally innocuous 
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(allodynia) stimuli at a site other than the original site of complaint. Such paradoxical 

pain sensitization is thought to contribute to tolerance (Angst and Clark, 2006; Mao et al., 

1995; Ossipov et al., 2005).  Therefore, understanding the mechanism of sustained 

opioid-mediated abnormal pain and tolerance is critical for improving the properties of 

clinically used opioid analgesics and thereby minimizing their undesirable effects. The 

development of antinociceptive tolerance is found to be a major impediment to 

pharmacological alleviation of chronic, severe pain. Opioid tolerance can be attenuated 

by co-adminstration of the opioid with pain neurotransmitter receptor antagonists or by 

the development of multifunctional compounds that exhibit both opioid agonist and pain 

transmitter antagonist activities. Such bifunctional compounds are indeed able to alleviate 

the symptoms of antinociceptive tolerance. Although these compounds may be very 

useful clinically, they do not target the underlying molecular cause of chronic opioid-

mediated neuroplasticity. Therefore, upon cessation of drug treatment, increased pain 

sensitivity can still be expected. Determination of the molecular and cellular mechanisms 

leading to augmented nociception after chronic opioid treatment may provide 

opportunities for the primary cause of increased pain sensitivity, and the development of 

antinociceptive tolerance. 

 

Pain circuitry and sites of opiate action 

Within peripheral damaged tissue (such as skin, muscles, joints, viscera), primary 

afferent neurons transduce noxious mechanical, chemical or heat stimuli into action 
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potentials. The cell bodies of these neurons are located in the trigeminal and dorsal root 

ganglia (DRG) and give rise to myelinated (Aδ) and small-diameter unmyelinated axons 

(C fibers). The latter are particularly sensitive to capsaicin, a ligand at the transient 

receptor potential vanilloid-1 (TRPV1) channel, and are considered the dominant fibers 

in pain. After synaptic transmission and modulation within the primary sensory neuron 

and spinal cord, nociceptive signals reach the brain, where they are finally perceived as 

“pain”, within the context of cognitive and environmental factors (Woolf and Salter, 

2000). It has been found that there are four sites where opioids can act to relieve pain. 

Pain relief occurs by (1) activating the opioid receptors in the midbrain and ‘‘turning on’’ 

the descending systems (through disinhibition), (2) activating opioid receptors on the 

second-order pain transmission cells to prevent the ascending transmission of the pain 

signal, (3) activating opioid receptors at the central terminals of C-fibers in the spinal 

cord, preventing the release of pain neurotransmitters, and (4) activating opioid receptors 

in the periphery to inhibit the activation of the nociceptors as well as inhibit cells that 

may release inflammatory mediators.  

 

TRPV1 receptor and its role in pain 

The TRPV1 receptor belongs to the large family of transient receptor potential 

(TRP) channels that comprise a diverse group of ligand-gated, nonselective cation 

channels (Caterina et al., 1997, 2000). It is a molecular transducer of noxious thermal and 

chemical stimuli such as vanilloids (capsaicin) and acids (Caterina et al., 1997, 2000). 

Additionally, it is well established that TRPV1 plays an important role in the 
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development of inflammation-induced hyperalgesia. Inflammation and morphine-induced 

hypersensitivity share many common characteristics such as hyperalgesia, allodynia, and 

similar pronociceptive neuroadaptive changes. Increased expression of substance P (SP) 

and calcitonin gene-related peptide (CGRP) in the sensory primary afferents, 

accompanied by increased capsaicin evoked release of SP and CGRP in the spinal dorsal 

horn, have been described in both inflammation and morphine- induced hyperalgesia 

(Donnerer et al., 1992, 1993; Gardell et al., 2002). Recently it was demonstrated that 

inflammation increases TRPV1 expression in the dorsal root ganglia (DRG), and these 

TRPV1 receptors are transported to the peripheral but not to the central termini (Caterina 

et al., 1997).  

 

Pain modulation by opioid receptors on peripheral sensory neurons 

In the late 1980s evidence began to accumulate that the antinociceptive effects of 

opioids can be mediated by peripheral opioid receptors located on sensory neurons 

(Bartho et al., 1990; Stein, 1995; Stein et al., 1990). Opioid receptors are expressed in 

small-, medium- and large-diameter DRG neurons (Buzas and Cox, 1997; Chen et al., 

1997; Coggeshall et al., 1997; Gendron et al., 2006; Mansour et al., 1994; Rau et al., 

2005; Silbert et al., 2003; Wang and Wessendorf, 2001; Zhang et al., 1998a,c), they are 

coexpressed with prototypical sensory neuropeptides such as substance P(SP) and 

calcitonin-gene related peptide (CGRP) (Li et al., 1998; Minami et al., 1995; Mousa et 

al., 2007a,b; Ständer et al., 2002; Zhang et al., 1998b,c), they are transported to the 

peripheral nerve terminals (Hassan et al., 1993; Li et al., 1996; Mousa et al., 2001) and 
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they are coupled to Gi/o proteins that inhibit adenylyl cyclase and modulate ion channels 

(Zöllner et al., 2003). The decrease of Ca2+ currents and the opening of G protein-

coupled inwardly rectifying K+ channels appear to be a major mechanism for the 

inhibition of sensory neuron functions thereby producing pain relief (Akins and 

McCleskey, 1993, Khodorova et al., 2003). Activation of opioid receptors also suppresses 

pronociceptive modulation of tetrodotoxin-resistant Na+ and nonselective cation currents 

(Gold and Levine, 1996; Ingram and Williams, 1994), P2X receptor-mediated currents 

(Chizhmakov et al., 2005), as well as TRPV1 currents via Gi/o and the cAMP pathway 

(Chizhmakov et al., 2005; Endres-Becker et al., 2007). As a result, opioid agonists can 

attenuate inflammation induced increases in the excitability of primary afferent neurons 

and the release of proinflammatory neuropeptides (SP, CGRP) from central and 

peripheral terminals (Junger et al., 2002; Stein et al., 2003). Opioid signaling leads to 

hyperpolarization of neurons and attenuation of neurotransmitter release, resulting in a 

decreased pain transmission. However, prolonged opioid signaling leads to regulatory 

events, which limit their analgesic effect (von Zastrow, 2004a; von Zastrow, 2004b; von 

Zastrow et al., 2003). Successful long-term pain therapy must therefore consider not only 

the analgesic effects of a drug but also its adverse effects upon sustained treatment, such 

as opioid tolerance. The exact molecular mechanisms underlying opioid antinociceptive 

tolerance however, are not entirely understood. Antinociceptive tolerance involves 

multiple compensatory changes in the opioid-mediated signal transduction pathways 

(Mao et al., 1995; Ossipov et al., 2005; Trang et al., 2005; Varga, 2003a; Varga et al., 

2003b, c). Long-term opioid treatment has been demonstrated to paradoxically lead to 
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increased sensitivity to painful (hyperalgesia) or normally innocuous (allodynia) stimuli 

and it is also suggested that chronic opioid-mediated paradoxical pain sensitization may 

play an important role in tolerance to the antinociceptive effects (Mao et al., 1995; 

Ossipov et al., 2005). 

 

The role of opioids in inflammation 

Painful inflammation of peripheral tissue (of varying duration) has been most 

extensively studied as a regulatory stimulus of opioid receptor plasticity in adult sensory 

neurons. Both the systemic and the local application of MOR, DOR and KOR agonists 

elicits significantly more pronounced analgesic effects in injured than in non-injured 

tissue of animals and humans (Stein, 1995; Stein et al., 2003; Vanderah et al., 2008). This 

intriguing finding has stimulated extensive research into the underlying mechanisms. 

Peripheral inflammation can induce differential upregulation of opioid receptor mRNA 

and protein in DRG neurons. In complete Freund's adjuvant (CFA)-induced paw 

inflammation, MOR mRNA displays a biphasic upregulation (at 2 h and 96 h), whereas 

mRNA for DOR remains unchanged, and KOR mRNA shows a peak at 12 h (Pühler et 

al., 2006, 2004). In parallel, MOR and KOR binding is upregulated. The upregulation 

is related to neuronal electrical activity (Pühler et al., 2004), to cytokine production in the 

inflamed tissue (Pühler et al., 2006), and may be mediated by cytokine-induced binding 

of transcription factors to opioid receptor gene promoters (Kraus et al., 2001). Not 

surprisingly, a short-lasting (30 min) inflammatory stimulus (intraperitoneal acetic acid) 

does not change opioid receptor expression on sensory nerve terminals (Labuz et al., 
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2007). Thus, the expression of opioid receptors is dependent on receptor type and the 

duration of inflammation. MOR is most extensively studied and is consistently shown to 

be upregulated (Ballet et al., 2003; Ji et al., 1995; Mousa et al., 2002; Pühler et al., 2004; 

Shaqura et al., 2004; Zhang et al., 1998a; Zöllner et al., 2003). It was shown that the 

upregulation of mu-opioid binding sites in DRG is due to an increase in both the number 

of neurons expressing MOR and the density of MOR per neuron; the affinity of opioid 

agonists to MORs remained unchanged (Zöllner et al., 2003). In addition, G-protein 

coupling of opioid receptors in DRG neurons is augmented by subcutaneous 

inflammation (Shaqura et al., 2004; Zollner et al., 2003). Bradykinin, a typical 

inflammatory mediator, was found to stimulate the trafficking of intracellular delta-

receptors to the plasma membrane of cultured DRG neurons (Patwardhan et al., 2005). 

Furthermore, bradykinin pretreatment of these neurons led to more potent inhibition of 

CGRP release and of cAMP accumulation by MOR- and DOR-agonists (Berg et al., 

2007a; Patwardhan et al., 2005). The MOR-agonist effect was dependent on integrins 

colocalized with MORs in the DRG membrane (Berg et al., 2007b). Similarly, painful 

paw inflammation and activation of sensory neurons by capsaicin were shown to enhance 

membrane recruitment as well as ligand induced internalization of delta-receptors in 

DRG neurons (Gendron et al., 2006; Zhang et al., 2006). Subsequent to the opioid 

receptor upregulation in DRG, the peripherally directed axonal transport of opioid 

receptors is augmented (Hassan et al., 1993; Ji et al., 1995; Mousa et al., 2001; Pühler et 

al., 2004). The axonal transport is stimulated by cytokines and nerve growth factor 

produced within the peripheral inflamed tissue (Jeanjean et al., 1995; Mousa et al., 
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2007a) and results in increased density of opioid receptors at peripheral nerve terminals 

(Stein et al., 1990). Inflammation is also accompanied by a sprouting of opioid receptor-

bearing peripheral sensory nerve terminals (Mousa et al., 2001) and by a disrupted 

perineural barrier facilitating the access of opioid agonists to their receptors (Antonijevic 

et al., 1995). In addition, low pH can increase opioid agonist efficacy, presumably 

by altering the interaction of opioid receptors with G proteins (Rasenick and Childers, 

1989; Selley et al., 1993; Vetter et al., 2006). All of these mechanisms likely contribute to 

the increased antinociceptive efficacy of opioids in inflamed tissue.  

 

The role of pain neurotransmitter release in chronic opioid-mediated paradoxical 

pain  

Acute opioid agonists are thought to reduce neuronal excitability and inhibit 

presynaptic pain neurotransmitter (such as CGRP, SP or glutamate (Mao et al., 1995; 

Ossipov et al., 2005; Trang et al., 2005) release by modifying the activity of cellular 

enzymes (such as adenylyl cyclase (AC)), protein kinases (such as cAMP-dependent 

protein kinase (PKA)) and ion (sodium and calcium) channels (Mayer et al., 1999; 

Nestler and Aghajanian, 1997; Takeda et al., 2004) at critical junctions of the neuronal 

pain transmission circuit.  On the other hand, sustained opioid agonist treatment has been 

shown to enhance neuronal excitability in the pain transmission circuit (e.g. in the dorsal 

horn of the spinal cord (Takeda et al., 2005); to increase pain neurotransmitter (such as 

CGRP) concentrations in the central termini of DRG neurons (Belanger et al., 2004; 

Menard et al., 1995; Trang et al., 2006), and augment pain transmitter (such as CGRP) 
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release in the dorsal horn (especially laminae I-II) of the spinal cord (Gardell et al., 2002; 

Menard et al., 1995; Trang et al., 2006) and other CNS areas involved in nociception (Bie 

et al., 2005). 

 

The role of cAMP and cAMP-dependent protein kinase (PKA) in the regulation of 

pain neurotransmitter release 

The molecular mechanism(s) that lead to increased CGRP release from primary 

sensory DRG neurons upon repeated opioid agonist treatment are presently not well 

characterized. Interestingly however, chronic opioid mediated abnormal pain shows 

marked similarities to inflammation-mediated sensitization to noxious and non-noxious 

sensory stimuli (Ossipov et al., 2005). Thus, both chronic opioid treatment (Ossipov et 

al., 2005; ) and inflammation (Smith et al., 2000; Xu et al., 2005) increase CGRP-like 

immunoreactivities in cultured DRG preparations and sensitize evoked excitatory 

neurotransmitter release from the central termini of DRG neurons (Trang et al., 2005, 

2006). On the other hand, it is well established that inflammatory mediators (such as 

prostaglandins) increase nociceptor responsiveness by increasing cAMP synthesis and 

activating PKA (Leenders and Sheng, 2005; Smith et al., 2000). Thus, treatment of 

cultured rat DRG neurons with dibutyryl cAMP was shown to upregulate the CGRP 

mRNA and protein levels (Supowit et al., 1995). Activation of PKA augments sensory 

neuron excitability by phosphorylating tetrodotoxin-resistant sodium channels (Rathee et 

al., 2002), and elevates calcium-dependent neurotransmitter release in sensory neurons by 

regulating the activity of the TRPV1 vanilloid receptors (Rathee et al., 2002) and voltage-
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dependent calcium channels (Fraser and Scott, 1999) as well as by phosphorylating 

proteins involved in neurotransmitter vesicle traffic (such as snapin I or synapsins, 

(Leenders and Sheng, 2005). Accordingly, mice carrying a null mutation for type I β 

PKA regulatory subunit no longer exhibited increased thermal nociception upon 

administration of an inflammatory mediator (Malmberg et al., 1997). Interestingly, 

sustained opioid agonist treatment was shown to upregulate the cAMP signal 

transduction cascade (AC superactivation) in multiple regions of the nervous system 

(Crain and Shen, 1998; Terwilliger et al., 1991), including the primary sensory DRG 

neurons. In addition, substantial evidence indicates that cAMP-regulated pathways have 

an important role in the excitatory effects of chronic opioids in the CNS. Thus, morphine 

withdrawal after long-term treatment was shown to augment an excitatory 

hyperpolarization-activated current and increase GABA-ergic synaptic transmission 

through cAMP-dependent mechanisms in critical brain areas (Bie et al., 2005; Williams 

et al., 2001). The role of the cAMP-pathway in the excitatory effects of chronic opioid 

treatments has also been demonstrated for primary sensory DRG neurons. Thus, 

sustained treatment with opioid agonists prolonged action potential duration in DRG 

neurons in a PKA-dependent manner (Chen et al., 1988). It is also demonstrated that 

sustained morphine treatment increases adenylate cyclase protein level and PKA activity 

in dorsal root ganglion/spinal cord co-cultures (Chen et al., 1988). Consequently, we 

hypothesize that chronic opioid-mediated supersensitization of cAMP-mediated signal 

transduction in the DRG neurons is the underlying cause of increased pain 
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neurotransmitter release from the central termini of the primary nociceptors after long-

term opioid treatment. 

 

The role of spinal excitatory neuromodulators in sustained opiate-mediated 

paradoxical pain  

Neuroplastic changes have a crucial role in sustained morphine-mediated 

paradoxical pain sensitization and antinociceptive tolerance (Belanger et al., 2002; Mao 

et al., 1995; Mayer et al., 1999; Menard et al., 1995; Ossipov et al., 2005; Trang et al., 

2005, 2006; Watkins et al., 2005). Thus, it was found that sustained morphine-mediated 

activation of spinal glia cells leads to the release of multiple excitatory neuromodulators 

(such as inflammatory cytokines, growth factors and prostaglandin E2 (PGE2)) (Watkins 

et al., 2005). Interestingly, it was found that attenuation of glial activation 

(propentofylline) or excitatory neuromodulator synthesis (such as COX-2 inhibitors) are 

able to attenuate sustained morphine-mediated hyperalgesia and tolerance (Belanger et 

al., 2002; Menard et al., 1995; Trang et al., 2006; Watkins et al., 2005; Varga, 2003a; 

Varga et al., 2002).  

The inflammatory mediator, PGE2 is a well established hyperalgesic agent 

(Southall and Vasko, 2001). Upon tissue injury, PGE2 is released peripherally, at the site 

of the injury. In addition, in chronic pain states (such as neurogenic inflammation) as well 

as during chronic morphine treatment, PGE2 is also released in the spinal cord (Watkins 

et al., 2005). The hyperalgesic effects of PGE2 were shown to be mediated by activation 

of Gs protein-coupled prostaglandin receptor types and the subsequent activation of 
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adenylyl cyclase(s) and PKA (Southall and Vasko, 2001). Thus, PGE2-mediated 

augmentation of basal and capsaicin-evoked pain neurotransmitter release from primary 

sensory neurons was inhibited by a selective PKA inhibitor H-89, while membrane-

permeant cAMP analogues and forskolin mimicked the effects of PGE2 (Southall and 

Vasko, 2001).  Finally, selective knockdown of individual prostaglandin receptor types in 

rat DRG neurons by antisense oligonucleotide treatment in vitro indicated that the 

excitatory actions of PGE2 are exclusively mediated by Gs coupled (EP4 and EP3C) 

prostaglandin receptor types in rat sensory neurons (Lin et al., 2006). Sustained opioid 

analgesic treatment was shown to augment PGE2 release in the spinal cord (Watkins et 

al., 2005) and was also found to increase the efficacy of prostaglandins to stimulate 

cAMP formation (cAMP overshoot; AC superactivation) in cultured neuronal cell lines 

(Ammer and Schulz, 1998; Sharma et al., 1975).  

 

Role of Raf-1 in adenylyl cyclase superactivation during sustained opioid receptor 

stimulation 

Sustained opioid treatment-mediated AC superactivation was demonstrated in 

cultured cell lines (Watts and Nerve, 2005), in areas of the central nervous system 

involved in pain transmission (Nestler and Aghajanian, 1997; Williams et al., 2001), and 

in primary sensory DRG neurons (Crain and Shen, 1998; Williams et al., 2001). Chronic 

opioids were shown to increase mRNA levels for AC II and AC VIII isoenzymes in the 

nucleus accumbens (Nestler and Aghajanian, 1997) and to upregulate ACVI in the 

nucleus raphe magnus, a key supraspinal relay site in pain modulation (Bie et al., 2005). 
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The relatively rapid kinetics and cycloheximide-insensitivity (Rubenzik et al., 2001) of 

AC superactivation suggest that new protein synthesis may not be the mechanism 

involved in this process and alternatively, compensatory feedback regulation of the 

catalytic activity of adenylyl cyclase in response to a persistent inhibition may account 

for cAMP overshoot.  

Earlier we have investigated the molecular mechanism leading to sustained opioid-

mediated cAMP overshoot in recombinant Chinese hamster ovary (CHO) cells stably 

expressing human δ or µ-opioid receptors. We found that sustained opioid agonist 

treatment leads to the phosphorylation and sensitization of cellular adenylyl cyclase(s) 

(AC superactivation, cAMP overshoot) in these cells (Varga et al., 2003b,c; Yue et al., 

2006). The cAMP overshoot in hDOR/CHO cells is found to be pertussis toxin sensitive 

(Rubenzik et al., 2001), indicating that activation of inhibitory Gi/o protein(s) is 

necessary for the development of AC superactivation. In addition, overexpression of G 

protein βγ-subunit scavengers (such as α-transducin or phosducin) attenuates cAMP 

overshoot in hDOR/CHO cells, indicating that opioid agonist-mediated liberation of Gi/o 

proteins βγ-subunits has a crucial role in AC superactivation (Rubenzik et al., 2001; 

Varga et al., 2003b,c). 

It is well known that free G protein βγ subunits regulate the activity of many protein 

kinases (Hardie and Hanks, 1995) and phosphorylation of protein kinases regulates the 

activity of adenylyl cyclases (Ishikawa et al., 1998). It was thought that phosphorylation 

of AC by a βγ-subunit-regulated protein kinase may be the primary cause of cAMP 

overshoot upon sustained opioid receptor activation. It was found that sustained SNC 80-
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treatment augmented ACV/VI phosphorylation in hDOR/CHO cells in a dose-, and time-

dependent manner.  This SNC 80-induced AC VI phosphorylation was attenuated by 

calmodulin antagonists and partially inhibited by a PKC inhibitor, chelerythrine 

(Rubenzik et al., 2001; Varga et al., 2003b,c). Chakrabarti et al. (1998) have 

simultaneously found that chronic morphine treatment augments the phosphorylation of 

adenylyl cyclase(s) in guinea pig ileal longitudinal muscle/myenteric plexus (LMMP) 

preparations and this chronic morphine-mediated AC phosphorylation in the LMMP 

preparation was attenuated by chelerythrine pretreatment. 

It was found by Tan et al. (2001) that multiple signaling pathways merge at Raf-1 

to potentiate forskolin-stimulated cyclic AMP accumulation in recombinant cells 

overexpressing AC VI by Raf-1 phosphorylation of adenylyl cyclase.  Subsequent studies 

have also tested the role of PKC, tyrosine kinases and Raf-1 in chronic D2 dopamine 

agonist-mediated AC superactivation in HEK cells co-expressing AC VI and the D2L 

dopamine receptor (Beazley and Watts and Nerve, 2005; Beazley et al., 2005). Also, 

previous work in our lab showed that pretreatment with a selective inhibitor of Raf-1 

(GW5074, 10 µM) attenuated sustained δ-opioid agonist-mediated AC superactivation in 

hDOR/CHO cells (Varga et al., 2002). The catalytic activity of Raf-1 is modulated by 

multiple independent mechanisms (Ding et al., 2004) and it was suggested that multiple 

protein kinase pathways converge to activate Raf-1 leading to a critical phosphorylation 

of AC VI (Varga et al., 2003b). Subsequently, other investigators have also demonstrated 

the role of Raf-1, PKC and tyrosine kinases in the sensitization of AC VI using 
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recombinant human embryonic kidney (HEK) cells overexpressing the AC VI isoenzyme 

(Beazley et al., 2005).  

 

Hypothesis 

As reviewed above, sustained opioid signaling causes multiple compensatory 

adaptations in both intracellular and intercellular signal transduction. Thus, sustained 

opiate treatment produces Raf-1-mediated phosphorylation of multiple AC isoenzymes 

leading to AC superactivation and cAMP overshoot. However, the physiological basis for 

this mechanism is not yet understood. We hypothesize that upon sustained morphine 

treatment, Raf-1-mediated AC superactivation sensitizes primary sensory neurons to 

spinal excitatory Gs protein-coupled neuromodulators leading to an augmented basal 

and/or evoked CGRP release, which might be a cause of paradoxical pain sensitization 

and antinociceptive tolerance in vivo. A schematic representation of the hypothesis is 

presented in Fig 1.2. Identification of the mechanism of the augmented pain 

neurotransmitter release after sustained opioid analgesic treatment should enable us to 

reduce antinociceptive tolerance by either antagonizing the intercellular (PGE2 

antagonists) or preventing the intracellular (Raf-1 inhibitors) compensatory adaptations 

leading to opioid-induced paradoxical pain. 

 

Goals 

To corroborate the hypothesis, neonatal rat DRG neurons were used as a 

physiological model system. This model was characterized as mentioned in Chapter 3. 
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The role of Raf-1 in sustained morphine treatment mediated AC superactivation (cAMP 

overshoot) was investigated in these cultured neonatal rat DRG neurons (Chapter 4). The 

role of Raf-1 mediated cAMP overshoot in the augmentation of basal and/or capsaicin 

evoked CGRP release due to sustained morphine treatment was demonstrated in Chapter 

5. The role of sustained morphine treatment in PGE2- stimulated cAMP formation and -

evoked CGRP release was shown in Chapter 6.  Finally, the role of PKA and Raf-1 in 

sustained morphine mediated hyperalgesia, allodynia and antinociceptive tolerance was 

investigated in vivo (Chapters 7 and 8).  
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CHAPTER 2: MATERIALS AND METHODS  
 
 
 

Primary culture of neonatal rat DRG neurons  

Neonatal (1-3 day old) Sprague-Dawley rats were decapitated and DRGs were 

aseptically dissected from all spinal levels. The protocol for the use of experimental 

animals was in compliance with the guidelines of the NIH and has been approved by the 

Institutional Animal Care and Use Committee of the University of Arizona.   

The isolated tissue was digested with 0.1% collagenase (Sigma, St. Louis, MO) 

(3-5 min) and 0.25% trypsin (Invitrogen, Carlsbad, CA) (10 min) in Neurobasal A 

medium (Invitrogen, Carlsbad, CA) containing 0.5 mM L-Glutamine (LG), penicillin-

streptomycin (PS) (1:100; Sigma, St.Louis, MO) (Neurobasal A/LG/PS medium)  in the 

presence of 0.1 mg/ml DNase I (Sigma, St. Louis, MO) and 5 mM MgSO4; and 

dissociated by trituration through a siliconized fire-polished pasteur pipette. After 

centrifugation, the cells were resuspended in Neurobasal A/LG/PS medium containing 

2% B27 (Invitrogen, Carlsbad, CA); (Neurobasal A/LG/PS/B27 medium) and 250 ng/ml 

NGF (Sigma, St. Louis, MO). The cells were seeded onto 24 well plates to a cell density 

of ~1.6×104 cells/well and incubated in a humidified 5% CO2 incubator at 37°C. After 4 h 

incubation, anti-mitotic drugs (uridine (150µM) and 5-fluo-deoxy-uridine (50µM); 

Sigma, St. Louis, MO) were added to the medium to prevent the proliferation of non-

neuronal cell types. The cells were allowed to differentiate for 7-9 days. The medium was 

changed every other day.  On the day before the experiments, the cells were washed with 
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NGF- and mitotic inhibitor-free Neurobasal A/LG/PS/B27 medium and then were 

incubated in the absence of NGF/ mitotic inhibitors for 24 h.  

 

Immunocytochemistry and image analysis 

Neonatal rat DRG neurons were cultured for 7 days on poly D-lysine coated glass 

cover slips and then fixed with 4% paraformaldehyde. Post fixation, the cells were 

incubated overnight with primary antibodies against β-tubulin III (host mouse, 1:500, 

Sigma, St. Louis, MO) and/or CGRP (host rabbit, 1:10,000, Peninsula) and/or glial 

fibrillary acidic protein (GFAP, host rabbit, 1:5,000, Sigma, St. Louis, MO) followed by 

washings in PBS and incubation with AlexaFluor 488-conjugated goat secondary 

antibody against rabbit IgG (1:1,000, Molecular Probes), and/or Alexa Fluor 594-

conjugated goat antibody against mouse IgG (1:1,000, Molecular Probes) as secondary 

antibodies for 1 h. The cells were washed with PBS and sections were mounted, dried 

and sealed with mounting medium (Vector Laboratories, Burlingane, CA). The images 

were acquired with a Nikon E800 fluorescence microscope outfitted with 4×/NA 0.2, 

10×/NA 0.45, 20×/NA 0.75 and 40×/NA 0.75 objectives, a filter set for Cy3 (excitation 

540–580 nm/emission 560–620 nm) and a Hamamatsu C5810 color CCD camera and its 

proprietary Image Processor software (Hamamatsu Photonic System, Bridgewater, NJ, 

USA). Digital images were output using Adobe Photoshop 6.0 (Adobe System Inc., San 

Jose, CA, USA) and analyzed using MetaMorph imaging system 5.5 (Universal Imaging 

Corporation, West-Chester, PA, USA) on a Pentium PC.  
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Membrane fragment preparation for radioligand binding experiments  

DRGs were collected from ~20 neonatal rats, washed with Ca2+, Mg2+-deficient 

phosphate-buffered saline buffer (PBS) and harvested in PBS containing 0.02% EDTA. 

After centrifugation at 600g for 10 min, the cells were homogenized in ice-cold 10 mM 

Tris-HCl buffer (pH 7.4) containing 1 mM EDTA.  The cells were again homogenized, 

centrifuged at (20,000 g and 4°C for 20 min). The membrane pellet was resuspended in 

the assay buffer (50 mM Tris (pH 7.4), containing 50 µg/ml bacitracin, 30 µM bestatin, 

10 µM captopril, 100 µM phenylmethylsulfonyl fluoride (PMSF), 1 mg/mL BSA). 

Protein concentrations were determined by using the Bradford assay (Bradford, 1976).  

 

Opioid receptor binding 

  In order to determine the effect of DRG neuron differentiation on the number of 

opioid binding sites, isolated DRG neurons were kept in culture for increasing time (1-18 

days) and cell membranes were isolated as described in the previous section. Membrane 

preparations (~20 mg) were incubated with the nonselective opioid ligand, [3H] 

diprenorphine (0.1– 10 nM) ([3H] DPN; PerkinElmer, Boston, MA) in the assay buffer 

for 90 min, at 30 °C. The reaction was terminated by rapid filtration through Whatman 

GF/B glass fiber filters, using a Brandel Cell Harvester (Brandel Inc., Gaithersburg, MD). 

The filters were rinsed five times with 4 ml ice-cold saline containing 0.01% BSA. Filter-

bound radioactivity was measured in ecolite scintillation cocktail (MP Biomedicals, 

Irvine, CA) using a Beckman LS 6000SC liquid scintillation counter (Beckman Coulter, 

Fullerton, CA). Nonspecific binding was determined in the presence of 10 µM naltrexone 
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(NTX, Tocris, Ellisville, MO). Specific binding was calculated by subtracting non-

specific binding (dpm) from the total radioligand binding (dpm). The data were analyzed 

to calculate the concentration of specific opioid binding sites/mg of membrane protein 

(fmol/mg protein) using the GraphPad Prism 7.0 software and were plotted as a function 

of time in culture (days).  

 

TRPV1 receptor binding 

In order to assess the number of TRPV1 binding sites, saturation binding assays 

were performed for the selective TRPV1 agonist, [3H] resiniferatoxin ([3H] RTX; 

PerkinElmer, Boston, MA) in a concentration range of 0.1 - 5 nM, using a protocol 

modified from (Endres-Becker et al., 2007). Nonspecific binding was measured in the 

presence of 10 µM unlabeled RTX (Sigma, St.Louis, MO). Since adenosine, released in 

the process of  sample preparation, was shown to interfere with the assay (Puntambekar 

et al., 2004), before ligand incubation the DRG cell membranes were incubated with 

adenosine deaminase (1 U/ml, Sigma, St. Louis, MO ) for 15 min at 37°C.  

 

PGE2 binding  

The number of PGE2 binding sites was measured in cultured (1-15 days) DRG 

cell membranes preparations (20 µg) by determining [3H] PGE2 (1 nM) (PerkinElmer 

Life and Analytical Sciences, Boston, MA) specific binding, according to the procedure 

described by Boie et al. (1997). Nonspecific binding was determined in the presence of 
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10 µM PGE2 (Sigma, St.Louis, MO). Specific binding was expressed as pmol/mg 

protein.   

 

Drugs 

Capsaicin, PGE2 and the selective Raf-1 inhibitor, GW5074 were purchased from 

Sigma (St. Louis, MO). H-89 and cell permeable PKA inhibitor, myristoylated PKI 14-22 

amide (PKI; peptide sequence: N-myristoyl-Gly-Arg-Thr-Gly-Arg-Arg-Asn-Ala-Ile-

NH2) were purchased from Millipore Corporation (Billerica, MA) and Tocris Bioscience 

(Ellisville, Missouri), respectively. Morphine sulfate was obtained from National Institute 

of Drug Abuse (Bethesda, MD) and naltrexone was purchased from Tocris (Ellisville, 

MO). The structures of these compounds are represented in Fig 2.1. GW5074 (10 mM) 

and H-89 (1 mM) were dissolved in DMSO; PKI (1 mM), morphine sulfate (1 mM), 

PGE2 (1 mM), and naltrexone (10 mM) were dissolved in double distilled water and 

stored at -20°C in aliquots. These stock solutions were further diluted in Neurobasal 

A/LG/PS/B27 medium in each case. 

 

Drug treatments  

Twenty-four hours before the experiment, the DRG neurons were gently washed 

twice to remove NGF and anti-mitotic drugs from the culture medium. On the day of the 

experiment, the DRG neurons were pre-incubated (37 °C, 1 h) in the absence (control) or 

presence of either a PKA inhibitor (H-89 (1 µM) or PKI (50 nM)) or a selective Raf-1 

inhibitor GW5074 (10 µM). Optimal PKA inhibitor concentrations were selected by 
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measuring inhibitor dose-response curves using various concentrations of PKI (10 nM, 30 

nM, 50 nM, 100 nM and 300 nM) and H-89 (0.1 µM, 0.3 µM, 1 µM, 3 µM and 10 µM). 

The Raf-1 inhibitor concentration was adopted from our previous study (Varga et al., 

2003b,c). After inhibitor pretreatment, the cells were incubated with a saturating 

concentration of morphine (1 µM) for 24 h, in the continued presence (Mor+GW group, 

Mor+H-89 group, Mor+PKI group) or absence (Mor group) of the appropriate kinase 

inhibitor. Following 24h, the cells were washed twice with Neurobasal A/LG/PS/B27 

medium and for PGE2 experiments, they were incubated for 1h in the absence or 

presence of PGE2 (PGE2, Mor+ PGE2). Optimal PGE2 (250 nM) concentration was 

selected by performing dose response relationship curves using various concentrations of 

PGE2 (50 nM, 100 nM, 250 nM, 500 nM, 1 µM and 10 µM). To test the involvement of 

opioid receptors, DRG cells were also treated with the nonselective opioid receptor 

antagonist naltrexone (10 µM) in the presence (Mor+NTX group) or absence (NTX 

group) of morphine for 24 hours. The concentrations of morphine and naltrexone were 

selected according to our previous study (Yue et al., 2008). Control cells were incubated 

in Neurobasal A/LG/PS/B27 medium in the absence or presence (GW or H-89 or PKI 

groups) of the kinase inhibitors.  

 

Measurement of cAMP formation 

Intracellular cAMP formation was measured as described by Rubenzik et al. 

(2001). Briefly, after sustained morphine (1 µM, 24 h) treatment, DRG neurons were 

treated with 10 µM naltrexone for 10 min to precipitate withdrawal, incubated with a 
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phosphodiesterase inhibitor, IBMX (4 mM; Sigma, St. Louis, MO) and with or with out 

water-soluble forskolin analogue [7-deacetyl-7-(O-N-methylpiperazino)-γ-butyryl 

forskolin x 2HCl, Calbiochem, San Diego, CA] (1 µM) for 20 min or with 250 nM PGE2 

for 1h at 37 °C. Cells were subsequently lysed, centrifuged and 50 µl aliquots of the 

supernatants were incubated with 4 nM [3H] cAMP (Perkin Elmer, Boston, MA) and 

protein kinase A (30 µg/ml; Sigma, St. Louis, MO) at 4°C for 2h. cAMP standards were 

run in parallel with each assay. After incubation, activated charcoal (26 mg/ml; NORIT, 

Amersfoort, The Netherlands) was added to adsorb free [3H] cAMP. After centrifugation, 

bound radioactivity was counted in EcoLite scintillation fluid (ICN Pharmaceuticals, 

Costa Mesa, CA) using a Beckman LS6000SC scintillation counter. 

 

Measurement of basal and capsaicin-evoked CGRP release  

Capsaicin (100 mM) stock solution was prepared in ethanol and diluted to the 

final required concentrations in Neurobasal A/LG/PG medium. Briefly, after drug 

pretreatment, the cells were gently washed twice with Phenol Red-free Neurobasal 

A/LG/PS medium CGRP release was assayed in duplicate, using an enzyme 

immunoassay (EIA) kit (Cayman Chemicals, Ann Arbor, MI). Briefly, after drug 

pretreatment, the cells were gently washed twice with Phenol Red-free Neurobasal 

A/LG/PS medium followed by a 10 min incubation in 200 µl fresh phenol red-free 

Neurobasal A medium with and with out different concentrations (10 nM-3 µM) of 

capsaicin at 37°C in a CO2 incubator. For PGE2 evoked CGRP release, the cells were 

incubated in the presense/absence of PGE2 (250 nM) for 1h or forskolin (100 µM) for 20 
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min before the final incubation step. After 10 min, the medium was collected, and 

released CGRP was assessed according to the manufacturer's instructions, by measuring 

the absorbance of the final colorimetric reaction product at λ=412 nm. Standard CGRP 

dose-absorbance curves (range 0.1-500 pg/ml) were measured in parallel with each assay.  

 

Transfection of neonatal rat DRG neurons in culture with siRNA 

The siRNA’s used are the fluorescent control siRNA (fluorescein isothiocyanate-

labeled control siRNA conjugate (BLOCK-iT fluorescent siRNA control, Invitrogen 

Carlsbad, CA, # 13750-070)) (20 pmol/well) or Raf-1 selective siRNA mixture (Raf-1 

siRNA, Smart pool Dharmacon Inc; Chicago, IL, # L-087699-00) or a non-targeting 

siRNA duplex that exhibits physical characteristics similar to the target-selective 

SMARTpool siRNA, but does not affect the expression levels of known human cellular 

targets (Non-targeting siRNA, Dharmacon, Cat#: D-001210-01-05). After pretreatment 

with Raf-1 siRNA or non-targeting siRNA, the Raf-1 immunoreactivity was measured in 

the pretreated cell lysates by Western blotting, using a Raf-1 specific antibody (Santa 

Cruz Biotechnology, sc-133). Oligofectamine 2000 transfection agent (Invitrogen, 

Carlsbad, CA) was used to introduce the siRNA into neonatal rat DRG neurons. Briefly, 

DRG neurons were plated on poly-D-lysine-coated 24 well plates or microscope chamber 

slides and grown for 5 days, as described earlier. On the day of the experiment, the 

respective siRNA was mixed with oligofectamine 2000 (Invitrogen, Carlsbad, CA) and 

dissolved in 25 µl Opti-MEM (Invitrogen, Carlsbad, CA) per well. The mixture was 

incubated for 25 min at room temperature for complex formation, and was then added to 
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the cells in each well of the chamber slide. The cells were then incubated at 37oC in a 5% 

CO2-incubator for 24 h. For CGRP release experiments, after 24h, the cells were 

incubated with a saturating concentration of morphine (1 µM) for 24 h, in the continued 

presence (Raf-1 siRNA+ Mor group) or absence (Mor group) of the Raf-1 selective 

siRNA. The cells were washed thoroughly and CGRP released was measured as 

described earlier in this chapter. For immumocytochemistry, the cells were washed with 

ice-cold PBS after 24h of siRNA treatment and were fixed in 4 % paraformaldehyde, 

incubated with Raf-1 antibody and mounted using the vectashield mounting medium as 

described earlier in this chapter and the images were acquired using a fluorescent 

microscope. 

 

Intrathecal catheter implantation 

Adult (200–225 g) male Sprague-Dawley rats (Harlan Sprague-Dawley, 

Indianapolis, IN) were kept in a climate-controlled room on a 12 hr light/dark cycle with 

food and water available ad libitum.  Handling, care, maintenance and testing of the 

animals were performed in accordance with the policies and recommendations of the 

International Association for the Study of Pain, the National Institutes of Health 

guidelines for the handling and use of laboratory animals and received approval from the 

Animal Care and Use Committee of the University of Arizona. For catheter implantation, 

the rats (4-6 animals in each treatment group) were anesthetized by ketamine-xylazine 

(100 mg/kg, i.p) and were implanted with intrathecal (i.th) catheters (8cm polyethylene-

10 tubing) so that the catheter is terminated in the lumbar region of the spinal cord 
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(Yaksh and Rudy, 1976). The animals were allowed to recover for 7 days before any 

further experimental manipulations. Animals with signs of motor weakness or paralysis 

were excluded from further experimentation. Prior to drug treatment, the free flow of 

fluids through the catheters was verified by injecting saline solution and the animals were 

subjected to baseline nociceptive tests, as described below. 

 

Intrathecal siRNA administration  

The rat Raf-1 specific siRNA mixture (Smart pool Dharmacon Inc; Chicago, IL, # 

L-087699-00),  rat PKAα specific siRNA mixture (Smart pool Dharmacon Inc; Chicago, 

IL, # L-093299-01),  and the control, non-targeting dsRNA (Dharmacon Inc; Chicago, 

IL, #D-001810-01-20) were reconstituted in double distilled RNAse-free water to a stock 

concentration of 100 µM and stored in aliquots at  –80°C.  Aliquots of the stock solutions 

(Raf-1 siRNA or control dsRNA) were mixed (1:5 v/v) with i-Fect (Neuromics, Edina, 

MN) transfection reagent (final concentration: 2 µg/10 µl) and were administered to the 

appropriate rat groups through the intrathecal (i.th.) catheters, once daily for 3 days, as 

described by Luo et al. (2005). In the vehicle control group each rat received 10 µl of i-

Fect reagent only.  The i.th. injections also continued on alternate days throughout the 

morphine treatment period (see below). I.th. injections of the siRNAs or the transfection 

agent alone did not cause any overt sign of behavioral toxicity.  
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Sustained morphine administration  

After 3 days pretreatment with siRNA (Raf-1 siRNA or non-targeting dsRNA 

groups) or with the transfection reagent alone (vehicle control group), subcutaneous (s.c.) 

osmotic minipumps (Alza, Mountain view, CA) were implanted into each rat and the 

animals received continuous s.c. morphine (45 nmol/µl/h) or saline (1 µl/h) infusions for 

7 days. Alternate day treatments with the appropriate siRNA or transfection lipid 

continued throughout sustained morphine treatment. 

 

Behavioral tests  

Thermal hyperalgesia. The method of Hargreaves et al. (1988) was used to assess 

sensitivity of rats to a mildly noxious thermal stimulus, as previously described (Gardell 

et al., 2002). Briefly, the animals were placed in a plexi-glass container equipped with a 

wire-mesh floor, and a radiant heat source was focused onto the plantar surface of their 

hind-paw. Paw withdrawal latencies were measured using a motion detector, before 

(baseline), during and after drug (morphine or saline) administration (see Fig.2). A 

maximal cutoff of 33 s was used to prevent tissue damage.  

Mechanical allodynia. Paw withdrawal threshold in response to mild, normally 

innocuous tactile stimuli were determined by probing with von Frey filaments (0.40, 

0.70, 1.20, 2.00, 3.63, 5.50, 8.50, and 15.1 g), as previously described (Vanderah et al., 

2000). The filaments were applied perpendicularly to the plantar surface of the right hind 

paw of the rats. Paw withdrawal thresholds were measured by sequentially increasing and 
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then decreasing the stimulus strength ("up-and-down" method). The data were analyzed 

using the Dixon nonparametric test (Dixon, 1980; Chaplan et al., 1994). 

 

Antinociceptive test      

Nociceptive testing was performed by placing the distal third of the tail of the rats 

in a 52°C water bath, as described earlier (Vanderah et al., 2000). The latency of tail-

withdrawal was measured with an accuracy of 0.1 sec.  A cutoff time of 10 sec was used 

to prevent tissue injury. Morphine dose (1, 3, 10 µg/ 5µl / 225 g; doses selected as 

reported in Vanderah et al., 2000) - antinociceptive response curves were measured for 

the rats before (naïve) and after siRNA or vehicle pretreatment and sustained (6 days) of 

morphine or saline (control) infusion. Data were converted to percent antinociception to 

generate dose-response curves by the following formula: (response latency - baseline 

latency) / (cutoff - baseline latency) × 100.  The animals were considered tolerant if they 

exhibited significant (p < 0.05) reduction in their tail-withdrawal latency relative to the 

morphine dose (10 µg/5 µl) that produced 90% of the maximal possible effect in the 

naïve animals (A90). 

 

Spinal cord extraction and tissue preparations  

After behavioral tests, the animals were deeply anesthetized with halothane and 

sacrificed by decapitation. The spinal columns were cut through at the pelvic girdle and 

hydraulically extruded with ice-cold saline by inserting a 16-gauge needle into the sacral 

vertebral canal. The spinal tissues were placed on ice and the dorsal halfs of the lumbar 
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spinal cord areas were dissected. The tissue samples were immediately frozen in liquid 

nitrogen and stored at -80°C until the time of the in vitro assays.  

 

Western blotting  

Frozen spinal cord tissues were thawed and placed in a homogenization buffer (20 

mM Tris, 4 mM EDTA, 2 mM EGTA, pH=8.0 + 1% protease inhibitor cocktail) and 

homogenized on ice with a polytron homogenizer. After centrifugation (10,000 g, 30 min, 

4°C), the supernatants were collected and boiled in reducing SDS sample buffer 

(Invitrogen, Carlsbad, CA) for 5 min. Total protein concentrations were determined in 

each sample using a Bradford assay (Bardford, 1976), using bovine serum albumin 

solutions as standards. Sample aliquots containing 10 µg total soluble protein were 

resolved on 10% SDS-polyacrylamide gels (NuPAGE, Invitrogen) and transferred to 

nitrocellulose membranes. Raf-1 protein level was detected by incubating with a rabbit 

Raf-1-specific primary antibody (1:1000, Millipore) and a horseradish peroxidase-

conjugated goat anti-rabbit secondary antibody (1:100,000, Santa Cruz Biotechnology). 

As internal control, we also performed Western blots in each sample using a primary 

antibody against the “housekeeping” protein, β-actin (1:10,000, Santa Cruz 

Biotechnology) and a horseradish peroxidase-conjugated goat anti-rabbit secondary 

antibody (1:100,000, Santa Cruz Biotechnology). Immunoreactive bands were detected 

using the SuperSignal West Dura chemiluminescent detection kit (Pierce Technology, 

Thermo Scientific, IL). Optical densities of the chemiluminescent bands were measured 



 47

using the Image J software (NIH). The intensities of the Raf-1 immunoreactive bands 

have been normalized for the ODs of the control β-actin bands in each sample. 

 

Measurement of spinal CGRP concentration  

Spinal cord tissues were thawed and homogenized in homogenization buffer as 

previously described. After centrifugation (10,000 g, 30 min, 4°C), the supernatants were 

collected and total protein concentrations were determined by the Bradford method. A 

CGRP enzyme immunoassay kit (Cayman Chemicals, Ann Arbor, MI) containing an 

antibody specific for rat CGRP (1–17) was used to measure CGRP concentrations in the 

supernatants. Standard curves were constructed using synthetic CGRP solutions. CGRP 

content was calculated using the Graph Pad Prism 4.0 software (San Diego, CA). Pair-

wise comparisons between the treatment groups were performed using the Student’s t 

test. Differences between treatment groups were considered significant at p < 0.05. 

 

Immunohistochemistry  

Immunohistochemistry was performed by a protocol modified from Gardell et al. 

(2002). Briefly, after behavioral testing the rats were anesthetized with intraperitoneal 

ketamine-xylazine (100mg/kg) injections and transcardially perfused with 0.1 M PBS 

(pH 7.4) until the exudate ran clear and then with 10% formalin for 15 min. Lumbar 

spinal cords and lumbar dorsal root ganglions (DRGs) were harvested. The tissues were 

fixed in 10% formalin solution overnight and cryoprotected with 20% sucrose in 0.1 M 

PBS. The fixed tissues were saturated with 30% sucrose in 0.1 M PBS solution and 
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embedded in Tissue-Tek Optimal Cutting Temperature Compound (O.C.T) (Sakura, 

Torrance, CA) and sliced in a cryostat at -20°C. Serial DRG sections (10 µm) were 

mounted onto slides so that each slide contained an ordered series of sections throughout 

the ganglion. Similarly, serial spinal cord sections (20µm each) were placed onto slides 

so that each slide contained an ordered series from the lumbar spinal cord. The mounted 

DRG and lumbar spinal cord sections were extensively rinsed and blocked in 0.1 M PBS 

containing 10% goat serum, for 2 h, at room temperature. The slides were incubated with 

the appropriate primary antibodies in 0.1 M PBS containing 2% goat serum and 0.3% 

Triton X-100, for 24 h at 4°C.  For measurement of Raf-1 immureactivity, the sections 

were incubated with a rabbit anti-Raf-1 antiserum (1:5000; Peninsula Laboratories, 

Belmont, CA) followed by incubation with a Cy3-conjugated goat anti-rabbit secondary 

antibody (1:500; Jackson ImmunoResearch, West Grove, PA) for 2 h. For CGRP 

immunostaining, the sections were washed in 0.1 M PBS and incubated with a guinea pig 

anti-CGRP antiserum (1:40,000; Peninsula Laboratories, Belmont, CA) overnight at 4°C, 

followed by washing and incubation (2 h) with an Alexa Fluor 594-conjugated goat anti-

rabbit secondary antibody (1:1000; Molecular Probes, Eugene, OR). After 

immunoreactions, the sections were rinsed and mounted in the Vectashield (Vector 

Laboratories) mounting medium. Fluorescence images were digitally captured using a 

Nikon (Tokyo, Japan) E800 fluorescence microscope, equipped with the appropriate 

standard filters. Images were acquired and analyzed using a Hamamatsu C5810 color 

CCD camera and its proprietary Image Processor Software (Hamamatsu, Bridgewater, 
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NJ). The acquired images were processed using Adobe PhotoShop (Adobe Systems, San 

Jose, CA).  

 

Data analysis 

One sample t-tests were used to compare normalized mean values from each 

treatment group to the control group (100%). Unpaired t-tests were used to compare 

normalized mean values from each treatment group to the control group One-way 

ANOVA tests, followed by Newman-Keuls multiple comparison tests, were subsequently 

performed to evaluate statistical differences between treatment groups (*p < 0.05, **p < 

0.01 and ***p < 0.001). Radioligand binding data were analyzed by nonlinear regression. 

Data were represented as mean±S.E.M, unless otherwise indicated. Statistical evaluations 

were performed using GraphPad Prism 4.0 software.  
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CHAPTER 3:  PRIMARY CULTURE OF NEONATAL RAT DORSAL ROOT 

GANGLION NEURONS AS AN IN VITRO PHYSIOLOGICAL MODEL FOR 

PAIN TRANSMISSION  

Taken in part from (Tumati et al., 2009b) 

             

Introduction 

There is an increasing use of primary cultures of rodent dorsal root ganglion 

neurons to examine the cellular mechanisms involved in pain signaling as they serve as 

efficient tools for examining physiological and /or pathological processes affecting 

neuronal function. With isolated neuronal cultures, it can be determined whether various 

inflammatory mediators and algogenic agents have direct actions on sensory neurons. 

Additionally, the intracellular signaling pathways for agents that modulate the excitability 

and sensitization of sensory neurons can be examined and the concentrations of mediators 

and drugs that are used to alter cell function can be well controlled (Burkey et al., 2004). 

Results of earlier investigations indicate that a primary DRG cell culture may serve as 

excellent in vitro model to investigate the molecular consequences of sustained morphine 

exposure in a physiological cellular environment. 

Primary sensory neurons were isolated and cultured in vitro from different animal 

species (Adler et al., 1984; Baccaglini and Hogan, 1983). The most widely used protocols 

use sensory neurons isolated from the neonatal (Adler et al., 1984; Baccaglini and Hogan, 

1983; Eckert et al., 1997) and embryonic (Hingtgen and Vasko, 1994; Vasko et al., 1994) 

rat. These cells have been shown to respond to capsaicin, bradykinin, substance P and 
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prostaglandin applied in the culture (Baccaglini and Hogan, 1983; Burgess et al., 1989; 

Hingtgen and Vasko, 1994; Southall and Vasko, 2000) showing properties similar to 

those of in vivo sensory neurons (Basbaum, 1999; Dodd and Jessell, 1985). However, it is 

not known if gene and protein expression, especially those related to the sensory 

functions, are altered during the culture or by serum or other chemicals in the media (e.g. 

nerve growth factor).  Nevertheless, these cultures have been found to be valuable for 

studying pain neurotransmitter release (Barber and Vasko, 1996; Hingtgen and Vasko, 

1994; Vasko et al., 1994), elucidating signal transduction (Dymshitz and Vasko, 1994; 

Evans et al., 1999; Martin et al., 2002; Wood et al., 1989) and identifying cell surface 

pain mediators (Banerjee et al., 1993; Chaudhary et al., 2001; Chen et al., 1997; Perney et 

al., 1986; Smith et al., 1998; Wood et al., 1988). Sensory neurons can be isolated not only 

from naive animals, but also from animals that have been treated with drugs or subjected 

to nerve injury (Perney et al., 1986; Petersen et al., 1996; Woolf et al., 1990).  

 

Results 

The cultures of neonatal rat DRG neurons were characterized with respect to the 

expression of CGRP, Raf-1, opioid, TRPV1, PGE2 receptors and adenylyl cyclases. The 

methods are explained in detail in Chapter 2. 

 

Opioid, TRPV1 and PGE2 receptors expression in cultured neonatal rat DRG 

neurons. Expression of the opioid receptor (Fig 3.1A) during the course of DRG cell 

differentiation was monitored by radioligand binding using a nonselective opioid ligand 
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[3H] diprenorphine. The number of [3H] diprenorphine specific binding sites steadily 

increased during differentiation for the first 7-9 days in culture and subsequently 

remained at maximal levels (0.7±0.2 pmol/mg protein) for at least 18 days (Fig 3.1A). 

Expression of vanilloid TRPV1 receptors was also assessed by performing saturation 

binding studies with the TRPV1 agonist, [3H] resiniferatoxin. As shown in Fig 3.1B, 

neonatal rat DRG neurons exhibited a high concentration of [3H] resiniferatoxin specific 

binding sites (Bmax: 1.5 pmol/mg of protein) after 7 days in culture. Expression of the 

PGE2 receptor (Fig 3.1C) during the course of DRG cell differentiation was monitored 

by radioligand binding using [3H] PGE2. The number of PGE2 specific binding sites 

steadily increased during the first 7-9 days in culture and subsequently remained at 

maximal levels for at least 18 days (Bmax: 0.7±0.2 pmol/mg protein).  Based on the results 

of these studies, all subsequent experiments were performed on DRG cells cultured for 7 

days. 

 

Immunocytochemical characterization of cultured neonatal rat DRG neurons. 

The neurons in culture are round with few neuronal processes during the first few days 

after harvesting the cells. By day 7, the cells have formed a dense network of neurite 

processes (labeled with a neuronal marker, β-tubulin III (red)) as shown in Fig 3.1A, left 

panel. We have used double immunolabeling with antibodies against a neuronal marker, 

β-tubulin III (red) and against calcitonin gene–related peptide (CGRP, green) to visualize 

peptidergic neurons after 7 days in culture (Fig 3.2A). Raf-1 and CGRP co-expressing 

neurons are represented in yellow in the Merge panel. Quantification of CGRP 
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expressing neurons indicates that approximately 55-60% of the total neurons in our 

culture are CGRP immunoreactive. We also looked at the percentage of neuronal vs non- 

neuronal cells in our 7 day old neonatal rat DRG cultures using antibodies against a 

neuronal marker, β-tubulin III (red) and against a glial marker, glial fibrillary acidic 

protein (GFAP, green) (Fig 3.2B). Quantification of the images indicates that 

approximately 70-80% of the total cells in our neonatal rat DRG cell culture are neurons.   

 

Raf-1 and Raf-1 regulated adenylyl cyclase isoenzymes are expressed in neonatal 

rat DRG neurons. We have used monoclonal and polyclonal Raf-1 antibodies to 

immunoprecipitate the 7 day old neonatal DRG cells in culture. By western blotting the 

immunoprecipitated products using anti-Raf-1 antibodies, we have found that both 

antibodies selectively immunoprecipitated a single protein band, with the expected 

molecular weight (72 kDa), from the precleared DRG cell lysates (Fig 3.3A).  As 

expected, the monoclonal anti-Raf-1 antibody provided better results and hence was used 

in the further experiments.  

We have used RT-PCR with primers specific for the rat AC II, V, and VI 

isoenzymes to test for the presence of mRNA for Raf-1-regulated AC isoenzymes in our 

7 day old DRG neurons in culture. As shown in Fig 3.3B, RT-PCR with each primer pair 

amplified a single fragment with the expected molecular weight (575, 547 and 452 bp for 

AC II, -V and -VI, respectively). The identity of the fragments has also been verified by 

olideoxynucleotide sequencing and BLAST analyses (NCBI Genebank). The control 

experiments detected no genomic DNA contamination in the PCR templates. 
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Discussion 
 

Our data shows that neonatal rat DRG neurons express a high density of [3H] 

diprenorphine binding sites during 7-9 days in culture (Fig 3.1A). A study conducted by 

Chen et al. (1997) using embryonic rat DRG neurons also showed that expression of 

opioid receptors in sensory neurons increases with the number of days in culture and they 

demonstrated that, after differentiation in the presence of nerve growth factor (NGF), 

embryonic rat DRG neurons express a high density (1.3±2 pmol/mg protein) of [3H] 

diprenorphine binding sites after 2 weeks of growth in culture. Later, Shaqura et al. 

(2004) has demonstrated by [3H] DAMGO saturation binding assays that about 70% of 

the total opioid sites in embryonic rat DRG preparations belong to the µ-opioid receptor 

type. These data together suggest that opioid receptors, most of which are µ- type are 

highly expressed in neonatal rat DRG neurons. In addition, our data showed that vanilloid 

and prostaglandin receptors (Fig 3.1B, 1C) are present in our cultured neonatal rat DRG 

neurons, similar to the findings from other laboratories showing the expression of 

vanilloid (Endres-Becker et al., 2007) and prostaglandin (Boie et al., 1997) receptors in 

these cells.  

 It is well known that DRG neurons in culture are a heterogeneous mixture of 

different populations of sensory neurons (Burkey et al., 2004). Similarly, we have also 

noticed heterogeneity in our cultures. Along with that, it has been well demonstrated that 

only a certain population of cells in the cultures of rat DRG neurons are immunoreactive 

for neuropeptides such as CGRP (Lioudyno et al., 1998; Muldberry, 1994). We show that 

the numbers of CGRP positive neurons are high in our cultures even though there is a 
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heterogeneous population of cells (Fig 3.2A).  Reports from Burke et al. (2004) have 

shown that mitotic inhibitors such as 5 fluoro-2′-deoxyuridine (50 µM) and uridine (150 

µM) prevent replication of non-neuronal cells but do not eliminate them from the culture 

which explains the reason for the presence of 20-30% of non-neuronal cells in our 

cultures in spite of adding the mitotic inhibitors (Fig 3.2B). Additionally, extensive 

research studies have shown that the DRG neurons are critically dependent on target-

derived neurotrophic factors, such as the NGF for their survival and differentiation during 

early stages of development (Barde, 1989; Levi-Montalcini, 1987; Lewin and Barde 

1996; Lindsay et al., 1994). The neurotrophin dependency of DRG neuron survival has 

been shown to shift during perinatal development (Acosta et al., 2001; Buchman and 

Davies, 1993; Molliver et al., 1997), and the signaling pathways mediating neurotrophin 

dependent survival also differ (Salvarezza et al., 2003). Interestingly, Zhu et al. (2004) 

have observed sensitization of TRPV1 responses to both capsaicin and noxious heat by 

NGF in adult, but not in neonatal rat DRG neurons. In addition, they found that the 

acquisition of NGF sensitivity of TRPV1 occurs roughly around P4–P10. In our cultures, 

we have used neonatal rats of P1-P3 and removed NGF a day prior to the experiment to 

avoid NGF sensitization as described in chapter 2.   

 It has been shown that Raf-1 is highly expressed in neurons including the primary 

sensory neurons (Mei et al., 2006) and our study also confirms the existence of Raf-1 in 

our neonatal rat DRG cultures (Fig 3.3A). Adenylyl cyclase enzymes also have been 

found to be expressed in sensory neurons (Zhang et al., 1995) amongst which adenylyl 
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cyclase II, IV, V and VI are regulated by Raf-1 (Ding et al, 2004). Our data suggests that 

mRNA of Raf-1 regulated adenylyl cyclases are present in our cultures (Fig 3.3B).  

 It has been demonstrated that the µ-opioid receptors in the DRG cells are 

functionally active as the µ-opioid agonist, DAMGO, stimulated [35S] GTPγS binding 

(Shaqura et al., 2004), and inhibited forskolin-stimulated cAMP formation (Makman et 

al., 1998) in rodent DRG cells. Acute µ-opioid agonist treatment has been shown to 

inhibit CGRP release from rodent DRG cells (Khasabova et al., 2004) and to regulate 

capsaicin-evoked Ca2+-currents in a cAMP/PKA-dependent manner (Vetter et al., 2006) 

in cultured rodent DRG neurons.  Based on our current findings and from the data 

available from the literature, we confirm that our primary cultures of neonatal rat DRG 

neurons have all the components that are needed for our study and hence should serve as 

a good physiological model system to understand the phenomena associated with 

sustained morphine mediated pain transmission, mainly the release of pain 

neurotransmitters such as CGRP.  
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CHAPTER 4: SUSTAINED MORPHINE TREATMENT MEDIATED AC 

SUPERACTIVATION IS RAF-1 DEPENDENT IN CULTURED NEONATAL 

RAT DRG NEURONS 

 

Introduction 

Adenosine 3', 5'-cyclic mononucleotide (cAMP) is one of the most important 

second messengers which govern cellular signal transductions. Adenylyl cyclases (ACs), 

which are cAMP-synthesizing enzymes, are responsible for cAMP production upon 

activation. Sustained opioid treatment has been demonstrated to cause upregulation of 

cAMP formation upon opioid with drawal, a phenomenon termed as AC superactivation 

and cAMP overshoot in cultured recombinant cell lines such as neuroblastoma and 

glioma hybrid cells, hDOR/CHO, hMOR/CHO cells (Sharma et al., 1975, 1977; Watts 

and Nerve, 2005), in areas of the brain such as nucleus accumbens (NAc), amygdala 

(Nestler and Aghajanian, 1997; Williams et al., 2001) and in primary sensory neurons 

(Crain and Shen, 1998; Terwilliger et al., 1991). However, the molecular mechanisms 

leading to such increased cellular cAMP concentrations (cAMP overshoot) upon opioid 

withdrawal are not entirely clarified. Chronic opioids have been shown to increase 

mRNA levels for AC II and AC VIII isoenzymes in the nucleus accumbens (Nestler and 

Aghajanian, 1997) and to upregulate ACVI in the nucleus raphe magnus, a key 

supraspinal relay site in pain modulation (Bie et al., 2005). The relatively rapid kinetics 

and cycloheximide-insensitivity (Rubenzik et al., 2001) of AC superactivation however 

suggest that new protein synthesis may not be the sole mechanism involved in this 
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process. Alternatively, compensatory feedback regulation of the catalytic activity of 

adenylyl cyclase in response to a persistent inhibition may account for cAMP overshoot.  

Previous studies in our lab have utilized a recombinant, human δ-opioid receptor 

expressing Chinese hamster ovary cell line (hDOR/CHO) as a simplified model to 

investigate the molecular mechanism of sustained δ-opioid agonist treatment-mediated 

AC superactivation (Rubenzik et al., 2001; Varga et al., 2002; Varga et al., 2003b,c) and 

they found that sustained SNC 80 (δ-opioid agonist)-mediated cAMP overshoot is 

pertussis toxin (Gi/o protein inhibitor) sensitive indicating that activation of inhibitory 

Gi/o protein(s) is necessary for the development of AC superactivation. In addition, they 

have demonstrated that overexpression of G protein βγ-subunit scavengers (such as α-

transducin or phosducin) attenuates cAMP overshoot in these cells, indicating that opioid 

agonist-mediated liberation of βγ -subunits of Gi/o proteins has a crucial role in AC 

superactivation (Rubenzik et al., 2001). It is well known that free G protein βγ subunits 

regulate the activity of many protein kinases (Hardie and Hanks, 1995) and on the other 

hand, phosphorylation regulates the activity of adenylyl cyclases (Ishikawa, 1998). 

Subsequent studies have shown that phosphorylation of specific AC isozymes by βγ -

subunit-regulated protein kinases is the primary cause of cAMP overshoot upon sustained 

opioid receptor activation (Varga et al., 2003b,c). AC phosphorylation has been found to 

be attenuated by multiple protein kinase inhibitors either alone or together such as 

calmodulin antagonsists, PKC inhibitors (Chakrabarti et al., 1998), tyrosine kinase 

inhibitors (Varga et al., 2003b).  
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Interestingly, it has been found by Tan et al. (2001) that Raf-1 kinase, a 

MAPKKK (mitogen activated protein kinase kinase kinase) phosphorylates adenylyl 

cyclase upon stimulation of tyrosine kinase signaling. It is well known that agonists that 

act at G-protein coupled receptors activate p 42/44 mitogen activated protein kinase 

cascade of which Raf-1 kinase is the key kinase. Added to that, it has been shown that 

pretreatment with a selective inhibitor of Raf-1 (GW5074) attenuates sustained δ- or µ-

opioid agonist-mediated AC superactivation in hDOR/CHO or hMOR/CHO cells (Varga 

et al., 2003b,c; Yue et al., 2006). Based on all the above findings and our characterization 

of the DRG cellular machinery as described in chapter 3, we hypothesize that sustained 

opioid treatment leads to Raf-1 mediated phosphorylation of AC causing AC 

superactivation in primary sensory DRG neurons and this might have a crucial role in 

modulating the excitatory neurotransmitter synthesis/release.   

 

Results 

Sustained morphine treatment augments basal cAMP formation in DRG cells. 

Basal cAMP formation was 0.3 ± 1.7 pmol/50 µl (n=4) in cultured neonatal rat DRG 

neurons. Sustained morphine (1 µM, 24 h) treatment augmented basal cAMP formation 

to 231 ± 27% of control (*p < 0.05, one-sample t test, n=4) (Fig 4.1), indicating that 

sustained morphine treatment causes intracellular compensatory adaptations in the 

primary sensory neurons leading to augmented intracellular cAMP levels thereby 

activating cAMP-dependent cellular pathways. 
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Sustained morphine treatment leads to AC superactivation in cultured neonatal 

rat DRG neurons. We found that forskolin (1 µM)- stimulates cAMP production in 

neonatal rat DRG neurons (6.2±1.4 pmol/50 µl, n=7) and sustained (24 h) treatment of 

the cells with morphine (1 µM) augmented forskolin-stimulated cAMP formation to 

9.8±2.5 pmol/50 µl sample, that is 160±18% of the control group (*p <0.05, n=7; Fig. 

4.2) indicating that sustained morphine treatment mediated cAMP overshoot may have a 

physiological significance in pain modulation. 

 

The selective Raf-1 inhibitor, GW5074 attenuates sustained morphine-mediated 

AC superactivation in cultured neonatal rat DRG neurons. As shown in Fig 4.2, 

pretreatment (1 h) of the neonatal rat DRG neurons with the selective Raf-1 inhibitor, 

GW5074 (10 µM) attenuated sustained (24 h) morphine-mediated augmentation of 

forskolin-stimulated cAMP formation by 88% (7.1±2.0 pmol/50µl, *p <0.05 relative to 

morphine treated group, n=7). Importantly, forskolin-stimulated cAMP formation was 

not significantly different between control and GW5074 pretreated DRG cells (5.9±1.5 

pmol/50µl, 97±13%of the control, *p <0.05; Fig. 4.2), indicating that the kinase inhibitor 

in itself had no effect on the activity of adenylyl cyclase enzymes.  

 
 
Discussion  

Long-term morphine treatment leads to multiple intracellular compensatory 

adaptations and neuroplastic changes and has been shown to enhance the content and 

release of excitatory neurotransmitters, including the pronociceptive neurotransmitter 
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CGRP in the dorsal horn of the spinal cord (Menard, 1995a, b; Ma et al., 2000; Gardell et 

al., 2002; Trang et al., 2005). Additionally, sustained opioid treatment also leads to a 

compensatory increase in the catalytic activity of adenylyl cyclase(s) (AC 

superactivation) that becomes manifest as a sudden increase in cellular cAMP formation 

upon withdrawal of the opioid (cAMP overshoot) (Sharma et al., 1977, Rubenzik et al., 

2001) in recombinant cell lines and in primary sensory DRG neurons (Crain and Shen, 

1998; Terwilliger et al., 1991). As, activation of the cAMP transduction pathway has 

been shown to modulate presynaptic neurotransmitter synthesis and release (Carruthers et 

al., 2001, Supowit et al., 1995, Leenders and Sheng, 2005), it is logical that sustained 

morphine mediated pain neurotransmitter release may be a result of cAMP overshoot. All 

the studies to date have shown that sustained morphine treatment augments stimulator 

induced cAMP formation (Crain and Shen, 1998; Sharma et al., 1977; Terwilliger et al., 

1991; Varga et al., 2003b,c). Interestingly, our data not only shows that sustained 

morphine treatment augments forskolin (a direct activator of adenylyl cyclase)- 

stimulated cAMP formation but also augments basal cAMP formation in our cultured 

neonatal DRG neurons (Figs 4.1, 4.2) indicating that sustained morphine treatment causes 

intracellular compensatory adaptations in the primary sensory neurons causing 

augmentation of the basal intracellular cAMP levels even in the absence of extracellular 

excitatory modulators. 

Previously we have investigated the molecular mechanisms of AC superactivation 

in recombinant Chinese Hamster Ovary (CHO) cell lines expressing human δ- or µ-

opioid receptors. We found that sustained opioid agonist treatment leads to 
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phosphorylation of an adenylyl cyclase isoenzyme (AC VI) in CHO cells expressing 

human δ-opioid receptor (Varga et al., 1999). Subsequently, we have demonstrated that 

multiple parallel signal transduction pathways converge at Raf-1 to mediate AC 

superactivation in the same CHO cell line (Varga et al., 2003b,c). Similar to our data, 

Beazely et al. (2005) have found recently that multiple signaling pathways merge at Raf-

1 to potentiate forskolin-stimulated cyclic AMP accumulation in recombinant human 

embryonic kidney (HEK) cells overexpressing the AC VI isoenzyme. The same authors 

(Beazely and Watts, 2005) have also shown that in HEK cells overexpressing the AC VI 

isoenzyme and the D2L dopamine receptor, GW 5074 attenuated sustained quinpyrole-

mediated AC superactivation in response to PKC activators. Finally, Beazely and 

Watts (2005) also found that multiple pathways (non- conventional PKC isoforms and 

tyrosine kinases) are involved in sustained quinpyrole-induced sensitization of AC VI in 

these cells. Since, Tan et al. (2001) and Ding et al. (2004) have demonstrated that Raf-1 

directly phosphorylates multiple AC isoenzymes, leading to their sensitization toward 

stimulators, such as forskolin or activated Gs, we propose that Raf-1- mediated 

phosphorylation and sensitization of AC isoenzymes may be a common mechanism of 

feedback-regulation of cellular cAMP production in response to sustained stimulation of 

Gi/o protein coupled receptors in mammalian cells, including primary sensory neurons. 

  In this chapter, we demonstrate that the selective Raf-1 inhibitor GW5074 

dramatically reduces sustained morphine mediated cAMP overshoot in cultured neonatal 

rat primary sensory neurons (Fig 4.2) suggesting the physiological relevance of this 
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phenomenon and we will demonstrate the physiological significance of this mechanism 

in the subsequent chapters.  
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CHAPTER 5: SUSTAINED MORPHINE TREATMENT AUGMENTS BASAL 

AND CAPSAICIN EVOKED CGRP RELEASE IN A PKA AND RAF-1 

DEPENDENT MANNER IN CULTURED NEONATAL RAT DRG NEURONS  

Taken in part from (Tumati et al., 2009c) 

 

Introduction 

Opioid analgesics such as morphine are widely used in the treatment of various 

pain conditions. Interestingly, however it was found that long-term treatment with opioid 

analgesics paradoxically increases the sensitivity of patients and experimental animals to 

mildly painful and normally innocuous thermal stimuli (thermal hyperalgesia and 

allodynia) (Koppert, 2004). It has been suggested that such paradoxical pain sensitization 

may contribute to the development of antinociceptive tolerance (Mao et al., 1995, Gardell 

et al., 2002, Ossipov et al., 2005, Vanderah et al., 2000) which limits the therapeutic use 

of opioid analgesics in the clinical management of pain. The molecular mechanisms 

leading to sustained morphine mediated thermal hyperalgesia and antinociceptive 

tolerances are not fully identified.  Interestingly, it has been shown that sustained 

morphine exposure augments pain neurotransmitter (such as CGRP) release in the dorsal 

horn of the spinal cord in response to the heat-sensing TRPV1 receptor agonist, capsaicin 

(Gardell et al., 2002). However, the intracellular signal transduction pathways leading to 

sustained morphine-mediated augmentation of spinal pain neurotransmitter release are 

not entirely clear. 
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Painful heat stimuli regulate cation influx into small diameter primary sensory 

neurons (nociceptors) by activation of non-selective (mostly calcium-permeable) 

transient receptor potential ion channels (such as the TRPV1 type vanilloid receptors). In 

addition to noxious heat, TRPV1 receptors also respond to numerous endogenous (such 

as protons and inflammatory substances released following tissue injury) and exogenous 

substances (such as capsaicin and resiniferatoxin) (Caterina et al., 1997, Numazaki and 

Tominaga., 2004). Pain produced by activation of TRPV1 receptors in the primary 

peptidergic nociceptors is due to calcium influx through the TRPV1 ion channels, 

depolarization and an augmented release of excitatory pain neurotransmitters (such as 

GGRP and SP) (Caterina et al., 1997, Szallasi and Blumberg., 1999).  

Regulation of temperature sensitivity of the TRP family of ion channels has an 

important role in the development of inflammatory and neuropathic thermal hyperalgesia 

(Zhang et al., 2005, Christoph et al., 2006).  It was suggested that activation of cAMP 

dependent protein kinase, PKA plays an important role in the sensitization of the primary 

sensory neurons towards pain mediators (such as capsaicin and heat) by phosphorylation 

of the TRPV1 channel (Bhave et al., 2002, Rathee et al., 2002, Schnizler et al., 2008).  

Indeed, under inflammatory conditions, PKA inhibitors were found to attenuate 

capsaicin-evoked calcium influx in isolated DRG neurons (Hu, et al., 2002, Lopshire and 

Nicol, 1998, Schnizler et al., 2008); to reduce capsaicin-evoked pain neurotransmitter 

release in the dorsal horn of the spinal cord (Hingtgen et al., 1995,  Hu et al., 2002, 

Lopshire and Nicol, 1998) and to alleviate thermal hyperalgesia in inflammatory (Taiwo 

and Levine., 1991) and neuropathic conditions.  
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Interestingly, recent data indicate that opioid agonists may also regulate thermal 

nociception by regulation of intracellular cAMP formation in primary sensory neurons. 

Thus, it was shown that acute treatment with opioid agonists attenuates PKA-mediated 

potentiation of TRPV1 responses in recombinant cells  (Vetter et al , 2006) and in 

cultured primary sensory neurons (Oshita et al, 2005). Interestingly, while it is well 

known that acute opioid agonist treatment reduces cellular cAMP concentration in a 

majority of cells (Levine and Taiwo, 1989, Sharma et al., 1975), sustained opioid agonist 

treatment causes a paradoxical increase in cellular cAMP formation (cAMP overshoot) 

after opioid drug removal (Sharma et al., 1977; Rubenzik et al., 2001; Yue et al., 2006). 

As discussed in detail in chapter 2, we have shown that sustained morphine treatment 

leads to AC superactivation in cultured neonatal rat primary sensory neurons in a Raf-1-

dependent manner (Yue et al., 2008).  

Based on these observations, we hypothesized that by regulation of cellular PKA 

activity, Raf-1-mediated AC superactivation upon sustained morphine treatment may 

have an important role in augmentation of basal CGRP release as well as sensitization of 

TRPV1 channels toward capsaicin evoked CGRP release in the primary sensory neurons.  

 

Results 

Regulation of CGRP release by cAMP in cultured neonatal rat DRG neurons. 

Basal cAMP formation was 489±23 pg/ml. Treatment of cultured neonatal rat DRG 

neurons with 100 µM forskolin, a direct activator of adenylyl cyclases for 20 min 

augmented basal CGRP release to 1243±21 pg/ml which is an increase of 154% over the 
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control (***p <0.001, one-sample t test, n=4) (Fig 5.1).  This shows that activation of 

adenylyl cyclase augments CGRP release. 

 

Acute morphine treatment inhibits basal and capsaicin-evoked CGRP release 

from cultured neonatal rat DRG neurons. Acute (30 min) treatment of cultured neonatal 

rat DRG neurons with morphine (100 µM) significantly inhibited capsaicin-evoked 

CGRP release from these cells. Basal CGRP release from control neonatal rat DRG 

neurons after 7 days in culture was 549±11 pg/ml. Twenty four hour incubation with a 

saturating concentration(1 µM) of morphine resulted in a 70% reduction of basal CGRP 

release from these cells (**p < 0.01, one-sample t test, n=4) (Fig 5.2). Treatment of 

cultured neonatal rat DRG neurons with 1 µM capsaicin (concentration selected based on 

the dose response curve shown in Fig 4) for 10 min increased CGRP release to 492±29% 

of basal (***p < 0.001, one-sample t test, n=4). Acute treatment of cultured DRG 

neurons with morphine (100 µM, 30 min) attenuated capsaicin (1 µM, 10 min)-evoked 

CGRP release to 179±23% of basal which is a 64% reduction relative to capsaicin alone 

(492±29% of basal) (***p < 0.001, one way ANOVA, n=4).   

 

Sustained morphine treatment augments basal CGRP release from cultured 

neonatal rat DRG neurons. As shown in Fig 5.3, sustained (24 h) morphine (1 µM) 

treatment significantly augmented basal CGRP release from neonatal rat DRG neurons.  

Basal CGRP release in control DRG neurons was 641±38 pg/ml. Sustained morphine (1 
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µM) treatment augmented basal CGRP release to 905±52 pg/ml, which is 141% of the 

control (***p  < 0.001, n=13, one sample t test. Data are presented as mean±SEM).   

 

  The selective PKA inhibitors (H-89and PKI) attenuate sustained morphine-

mediated augmentation of basal CGRP release from cultured neonatal rat DRG neurons. 

In order to examine the role of cAMP-dependent protein kinase (PKA) in sustained 

morphine mediated augmentation of basal CGRP release, we carried out H-89 and PKI 

(selective PKA inhibitors) dose-response for attenuation of basal CGRP release upon 

sustained morphine treatment (Fig 5.4A, B). We pre-incubated (1 h) cultured neonatal rat 

DRG neurons with varying concentrations of selective PKA inhibitors H-89 (100 nM - 

10µM) and PKI (10 nM - 300nM) followed by co-incubation with or with out morphine 

(1 µM) for 24h. We observed maximum attenuation of sustained morphine mediated 

basal CGRP release at 1 µM dose of H-89 and 50 nM PKI. In addition, we noticed 

cytotoxicity of the cells past these PKA inhibitor doses. Hence, we selected 1 µM dose of 

H-89 and 50 nM PKI for our PKA inhibitor studies. Pretreatment (1 h) of the cells with 1 

µM H-89 or 50 nM PKI followed by 24 h co-incubation with 1 µM morphine attenuated 

basal CGRP release to 111±9% and 112±8% of control group (Fig 5.4C). This is 

approximately an 82% reduction relative to the group treated with morphine alone (**p < 

0.01, n=3; Fig. 5.4C). Importantly, as shown in Fig. 5.4C, pre-treatment with 1 µM H-89 

or 50 nM PKI alone had no effect on basal CGRP release (p > 0.05, n=3) from neonatal 

rat DRG neurons, indicating that the effect of the kinase inhibitors is not due to 

cytotoxicity.  
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Raf-1 specific siRNA pretreatment effectively silences Raf-1 protein expression. In 

order to confirm the crucial role of Raf-1 in sustained morphine-mediated augmentation 

of CGRP release in DRG neurons, we used a highly selective method, Raf-1 specific 

small interfering RNA (siRNA) treatment, to reduce cellular Raf-1 concentrations. 

Firstly, we tested the efficiency of transfection of DRG neurons with siRNA by using a 

fluorescent siRNA to transfect the DRG cells in culture and we found that DRG neurons 

in culture can be transfected with siRNA (Fig 5.5A). Subsequently, we transfected DRG 

neurons with Raf-1 specific siRNA (20 pmol/well). Non-targeting siRNA was used as a 

positive control. The non-targeting siRNA chosen only exhibits physical characteristics 

similar to the target-selective SMARTpool siRNA, but does not affect the expression 

levels of known human cellular targets. By western blotting of the cell lysates using a 

Raf-1 antibody, we showed that the Raf-1-specific siRNA significantly reduced cellular 

Raf-1 protein levels by 67% (**p < 0.01) after transfection, while the non-targeting 

siRNA duplex had no effect (Fig 5.5B). This indicates that the Raf-1 selective siRNA is 

specific to Raf-1 protein. In addition, we also noticed that treatment with Raf-1 selective 

siRNA did not produce any significant changes in the basal interleukin levels indicating 

that the siRNA treatment did not produce any unwanted immune response in the cells. 

 
 

A selective Raf-1 inhibitor (GW5074) attenuates sustained morphine-mediated 

augmentation of basal CGRP release from neonatal rat DRG neurons. Sustained 

morphine treatment augmented basal CGRP release to 179±24% relative to control (*p < 

0.05, n = 4). On the other hand, after pretreatment (1 h) of the cells with 10 µM GW5074 
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followed by 24 h co-incubation with 1 µM morphine, basal CGRP release was reduced to 

115±14% of the control (**p < 0.01 compared with Mor group, n = 3; Fig 5.6A). The 

nonselective opioid receptor antagonist, naltrexone (10 µM) completely prevented 

morphine-mediated augmentation of basal CGRP release (100 ± 12% relative to control; 

**p < 0.01 compared with Mor group, n=3; Fig. 5.5A), indicating that opioid receptor 

stimulation is necessary for the regulation of CGRP release by sustained morphine in 

cultured neonatal rat DRG neurons. Treatment with GW5074 (10 µM) or naltrexone (10 

µM) alone had no effect on basal CGRP release from DRG cells relative to control (p > 

0.05, n=3 in both groups; Fig 5.6A), indicating that their effects on CGRP release are not 

due to cytotoxicity.  

 

Raf-1 selective siRNA attenuates sustained morphine-mediated augmentation of 

basal CGRP release from neonatal rat DRG neurons. Twenty four hours incubation of 

cultured DRG neurons with 1µM morphine (Mor) augmented basal CGRP release to 157 

±11% relative to control (*p < 0.05, n = 4). Pretreatment (24 h) of the cells with Raf-1 

siRNA, followed by 24 h co-incubation with 1 µM morphine (Raf-1siRNA+Mor) 

attenuated sustained morphine-mediated CGRP release to 104±6% of the control (**p < 

0.01 compared with Mor group, one way ANOVA, n=3), a reduction of 90% relative to 

morphine treatment group (Fig 5.6B). Treatment of with Raf-1 siRNA (Raf-1 siRNA) 

alone caused no difference in basal CGRP release relative to control (94±23% of control, 

p > 0.05 relative to control; one-sample t test, n=3) indicating that Raf-1 siRNA has no 

cytotoxic effect. 
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Sustained morphine treatment augments capsaicin-evoked CGRP release from 

cultured neonatal rat DRG neurons. In order to determine whether sustained morphine 

treatment affects the potency or the efficacy of capsaicin to evoke CGRP release from 

neonatal rat sensory neurons, we measured capsaicin dose-CGRP release curves for 

medium and morphine (1 µM, 24 h) pretreated DRG cell cultures (Fig 5.7).  Our data 

indicate that while sustained morphine treatment had no effect on the EC50 value of 

capsaicin (116±87 nM vs 157±99 nM in control compared with morphine pretreated cells 

respectively), it significantly augmented the Emax of capsaicin evoked CGRP release 

(631±32 % of basal vs 1014±51 % of basal, ***p < 0.001) in control and morphine 

pretreated cells respectively (Fig 5.7). 

Basal CGRP release in the supernatant of un-stimulated DRG cells was 610±22 

pg/ml (n=5, 100%). Sustained morphine (1 µM, 24 h) treatment of cultured DRG neurons 

augmented basal CGRP release from these cells to reach 171±11% of basal (**p < 0.01, 

one way ANOVA, n=5). Capsaicin (1 µM, 10 min) treatment evoked a significant 

increase in CGRP release from neonatal rat DRG neurons (489±52% of basal; ***p < 

0.001, one-sample t test, n=5) (Fig 5.8).  Sustained morphine treatment (1 µM, 24 h) 

significantly augmented capsaicin-evoked CGRP release to 991±120% of basal 

(corresponding to a 104% increase over capsaicin alone; ***p < 0.001; one way 

ANOVA; n=5) (Fig 5.8). Co-incubation with opioid receptor antagonist, naltrexone 

completely prevented sustained morphine-mediated sensitization of capsaicin evoked 

CGRP release to 464±44% of basal which is a 113% reduction of CGRP release 

compared to morphine + capsaicin treated cells (***p < 0.001, compared with Mor+Cap 
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group; one way ANOVA, n=5) indicating that the sensitization of CGRP release is opioid 

receptor mediated.  

 

Selective PKA inhibitors attenuate sustained morphine-mediated sensitization of 

capsaicin evoked CGRP release from neonatal rat DRG neurons. Treatment of neonatal 

rat DRG neurons with capsaicin (1µM, 10 min) evokes CGRP release (487±48% of 

basal, ***p < 0.001, one sample t-test, n=5). Sustained morphine (1 µM, 24 h) treatment 

augmented capsaicin-evoked CGRP release to 946±71% of the basal which is a 94% 

increase relative to capsaicin treated cells(***p < 0.001 relative to Cap, one way 

ANOVA, n=5).  

 In order to determine if PKA has a role in sustained  morphine-mediated 

augmentation of capsaicin-evoked  CGRP release, we pretreated (1 h) the cells with a 

PKA inhibitor, H-89 (1 µM). H-89 pretreatment attenuated sustained morphine (1 µM, 24 

h)-mediated augmentation of capsaicin (1 µM, 10 min)-evoked CGRP release to 

684±44% of basal, which is a 57% reduction relative to morphine+capsaicin group 

(946±71% of basal) (**p < 0.01 one way ANOVA, n=5) (Fig 5.9). Treatment of the DRG 

neurons with 1 µM H-89 alone had no significant effect on capsaicin-evoked CGRP 

release (478±53% of basal CGRP release, p > 0.05 relative to capsaicin alone (487±48% 

of basal), one way ANOVA, n=5) indicating that H-89 inhibitor exhibited no measurable 

cytotoxicity.  

In order to confirm the role of PKA in sustained morphine-mediated 

augmentation of capsaicin-evoked CGRP release from neonatal rat DRG neurons, we 
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also tested the effect of a more selective PKA inhibitor, PKI. Pretreatment of the cells 

with PKI (50 nM, 1h), followed by 24 h co-incubation with morphine (1 µM) also 

significantly attenuated the effect of sustained morphine treatment on capsaicin (1 µM, 10 

min)-evoked CGRP release to 637±43% of basal which is a 67% reduction relative to 

morphine + capsaicin group (946±71%) (**p < 0.01, one way ANOVA, n=5) (Fig 5.9). 

Treatment of the DRG neurons with 50 nM PKI alone had no significant effect on 

capsaicin-evoked CGRP release (542±61% of basal, p > 0.05 relative to capsaicin alone 

(487±48% of basal); one way ANOVA, n=5) indicating that PKI treatment was not toxic 

for the cultured neonatal rat DRG neurons.  

 

The selective Raf-1 inhibitor, GW5074 attenuates sustained morphine-mediated 

augmentation of capsaicin evoked CGRP release from neonatal rat DRG neurons. In 

order to test whether Raf-1-mediated AC superactivation contributes to sustained 

morphine mediated augmentation of capsaicin evoked CGRP release, we pretreated (1 h) 

the cells with a selective Raf-1 inhibitor, GW5074 (10 µM). Preincubation with the Raf-1 

inhibitor, followed by 24 h co-incubation in the presence of 1 µM morphine attenuated 

capsaicin (1 µM, 10 min)-evoked CGRP release to 691±47% of basal (a 67% reduction 

relative to the Mor+Cap group (989±62% of basal); **p < 0.01, one way ANOVA, n=5) 

(Fig 5.10). Treatment of the DRG neurons with 10 µM GW5074 alone had no significant 

effect on capsaicin-evoked CGRP release from cultured DRG neurons (498±53% of 

basal, p > 0.05 relative to capsaicin alone (472±38% of basal), one way ANOVA, n=5) 

indicating that GW5074 exhibited no cytotoxic effects (Fig 5.10).  
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Discussion 

Activation of adenylyl cyclase(s) and PKA was shown to augment basal and 

capsaicin-evoked pain neurotransmitter (CGRP and Substance P) release from the 

primary sensory neurons (Southall and Vasko, 2001; Vanegas and Schaible, 2001). In the 

present study we confirm that cAMP regulates CGRP release from neonatal rat primary 

sensory neurons, since forskolin, a direct activator of adenylyl cyclases augmented CGRP 

release (Fig 5.1) from these cells.  

Opioid receptors are expressed in neuronal cells throughout the pain-modulatory 

pathway, including the peripheral and central termini of the primary afferent neurons. 

Several studies have shown that on the cellular level, acute opioid treatment inhibits 

intracellular cAMP formation, and regulate the activity of multiple ion channels (Levine 

and Taiwo, 1989; Sharma et al., 1975; Mayer et al., 1999; Nestler and Aghajanian, 1997) 

thus reducing neuronal excitability and inhibits presynaptic excitatory neurotransmitter 

release in the pain transmission pathway (Mao et al., 1995; Ossipov et al., 2005; Trang et 

al., 2005). We demonstrate that acute morphine (opioid agonist) treatment inhibits both 

basal and capsaicin-evoked CGRP release (Fig 5.2) from the cultured primary sensory 

neurons.  

Long-term morphine treatment leads to multiple intracellular compensatory 

adaptations and neuroplastic changes. Thus, sustained morphine treatment was shown to 

enhance the content and release of excitatory neurotransmitters, including the 

pronociceptive neurotransmitter CGRP in the dorsal horn of the spinal cord (Menard 

1995a, 1995b; Ma et al., 2000; Gardell et al., 2002; Trang et al., 2005). Supporting the 
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above observation, in the present work we demonstrate that 24 h morphine treatment 

significantly augments basal CGRP release from cultured neonatal rat primary sensory 

neurons (Fig 5.3). 

The increase in the spinal CGRP content observed following sustained morphine 

treatment was shown to coincide with a decline in antinociception and a decrease in 

morphine potency, as reflected by an increase in its ED50 value (Powell et al., 2000). 

Furthermore, the development of tolerance to spinally infused morphine could be 

attenuated by co-administration of competitive CGRP receptor antagonists, suggesting 

that activation of CGRP receptors in the dorsal horn contributes to the induction of opioid 

analgesic tolerance (Menard et al., 1996; Powell et al., 2000, 2003). However, the 

underlying mechanisms that lead to the augmentation of spinal CGRP expression and 

release in response to sustained opioid exposure are still to be explored. 

Regulation of cellular cAMP formation was shown to have a role in the regulation 

of the sensitivity of primary sensory neurons toward noxious heat stimuli. Thus, it was 

demonstrated that increased cellular cAMP formation and the resulting activation of PKA 

are involved in the development of inflammatory hyperalgesia and neurogenic 

inflammation (Taiwo and Levine, 1991). Such increased inflammatory and neuropathic 

heat sensitivity may - at least in part - be due to PKA-mediated phosphorylation of the 

vanilloid type 1 (TPRV1) ion channels in primary sensory neurons (Bhave et al., 2002; 

Rathee et al., 2002; Schnizler et al., 2008). Interestingly, recent data indicate that opioid-

mediated changes in intracellular cAMP formation may contribute to the regulation of 

capsaicin (and/or noxious heat)-mediated pain neurotransmitter release from sensory 
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neurons (Endres-Becker et al., 2007). Importantly, we now demonstrate for the first time 

that sustained morphine treatment augments basal CGRP release from cultured neonatal 

rat DRG neurons in a PKA-dependent manner (Fig 5.4C). Together, these results along 

with those described in chapter 4 indicate that sustained morphine-mediated upregulation 

of the cAMP signal transduction cascade may regulate basal CGRP release by the 

activation of cAMP-dependent protein kinase.  

Sustained opioids may cause intracellular compensatory adaptations due to 

multiple molecular mechanisms in the primary sensory neurons. Thus, sustained 

morphine treatment was found to increase TRPV1 receptor expression (Chen et al., 2008) 

and to augment CGRP and substance P concentrations in isolated DRG neuron cultures 

(Ma et al., 2000). Our data (Fig 5.7) indicates that sustained morphine treatment causes 

no change in the potency (EC50) of capsaicin but increases its intrinsic activity, evoked 

CGRP release (Emax) in cultured neonatal rat DRG neurons. Since we and others have 

demonstrated earlier that significant increase in receptor density causes a leftward shift in 

the EC50 values of agonists, we propose that the effect of sustained morphine treatment 

for 24 h may rather be due to a regulation of the opening kinetics of the TRPV1 ion 

channel. Although, it was shown earlier that sustained morphine exposure paradoxically 

augments pain neurotransmitter (such as CGRP) release in the dorsal horn of the spinal 

cord in response to the heat-sensing TRPV1 receptor agonist, capsaicin (Gardell et al., 

2002). In the present paper, we show for the first time that sustained morphine treatment 

sensitizes capsaicin evoked CGRP release from isolated primary sensory neurons in vitro 

(Fig 5.8), highlighting that - in addition to other suggested mechanisms, such as 
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descending facilitation- or glial activation mediated neurotransmitter release, intracellular 

changes in the sensory neurons themselves also contribute to sustained morphine 

mediated effects. 

Furthermore, we have shown in Chapter 4 that sustained morphine treatment also 

augments basal cAMP formation in cultured DRG neurons. Accordingly, we 

hypothesized that cAMP overshoot and the resulting activation of cAMP-dependent 

protein kinase upon sustained opioid agonist treatment include similar molecular 

mechanisms identified in the development of inflammatory hyperalgesia and neurogenic 

inflammation (Bhave et al., 2002; Levine and Reichling, 1999; Rathee et al., 2002; 

Schnizler et al., 2008) - may lead to PKA-mediated phosphorylation and sensitization of 

TRPV1 channels, Na+ channels and Ca+2 channels (Rathee et al., 2002) in the peripheral 

termini of morphine-treated peptidergic small diameter sensory neurons. 

Immunohistochemical staining studies indicate that TRPV1 channels, opioid receptors 

and CGRP are co-expressed in isolectin B4 (IB4)-binding glycoprotein positive small 

diameter DRG neurons (Yasuchika et al., 2005). 

The molecular mechanism of sustained morphine-mediated augmentation of 

CGRP release from the sensory neurons is not known. We investigated the hypothesis 

that sustained morphine-mediated cAMP overshoot and the resulting activation of PKA 

plays a role in sustained morphine-mediated regulation of TRPV1 channels, by 

measuring the effect of PKA inhibitors on capsaicin-evoked CGRP release in vitro, in 

neonatal rat DRG neurons. Our data indicate that selective PKA inhibitors, such as H-89 

and PKI significantly inhibit sustained morphine mediated augmentation of capsaicin-
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evoked CGRP release from cultured primary sensory neurons (Fig 5.9). These data 

together with the data in chapter 4 suggest that a) PKA regulates capsaicin evoked CGRP 

release; b) augmentation of basal cAMP formation may be sufficient to achieve PKA 

activation and TRPV1 channel phosphorylation in cultured DRG neurons, even in the 

absence of extracellular excitatory modulators.  

 Our earlier data indicated that sustained opioid agonist treatment mediated AC 

superactivation and resulting cAMP overshoot is Raf- 1-dependent (Varga et al., 2003b,c; 

Yue et al., 2006). In chapter 4, we have demonstrated the physiological importance of 

this molecular mechanism and have shown that sustained morphine treatment also causes 

a Raf-1-dependent AC superactivation in cultured neonatal rat DRG neurons (Yue et al., 

2008).  In addition, we now show that sustained morphine-mediated augmentation of 

basal CGRP release is Raf-1 dependent as this effect was significantly attenuated by Raf-

1 inhibitor GW5074, indicating the critical role of Raf-1-mediated AC superactivation in 

sustained morphine-mediated augmentation of basal CGRP release from cultured DRG 

neurons (Fig 5.6A,B). Also, we investigated the role of Raf-1 -mediated cAMP overshoot 

upon sustained opioid agonist treatment on capsaicin-evoked CGRP release in vitro, in 

neonatal rat DRG neurons. Our data indicates that selective Raf-1 inhibitor, GW 5074 

significantly attenuate sustained morphine mediated augmentation of capsaicin-evoked 

CGRP release from cultured primary sensory neurons (Fig 5.10) suggesting the role of 

Raf-1 kinase in regulation of thermal hypersensitivity. 

Raf-1 is activated by multiple parallel intracellular signaling cascades. Raf-1 

activation initiates the mitogen-activated protein kinase (MAPK) cascade by activating 
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ERK, that, in turn, phosphorylates p42/44 MAPK and other serine-threonine kinases 

(Morrison and Cutler, 2001). Raf-1-mediated activation of the MAPK pathway plays an 

important role in the regulation of neurotransmitter gene transcription and synthesis rate. 

Interestingly however, current data show that activation of the MAPK pathway is not the 

only - and possibly not even the most important - function of Raf-1 (Galabova-Kovacs et 

al., 2006). Indeed, data from our laboratory (Varga et al., 2003b, c) and from others (Tan 

et al., 2001) indicated that Raf-1 may have an important role in regulating cellular cAMP 

pathways by phosphorylation and sensitization of adenylyl cyclase isoenzymes. Our 

present data demonstrates that both Raf-1 and the cAMP pathway play an important role 

in sustained morphine-mediated regulation of CGRP release from primary sensory 

neurons. However, the relative role of Raf-1 mediated MAPK activation vs Raf-1 

mediated AC phosphorylation in regulation of CGRP release is presently not clear and 

further investigations will be necessary to distinguish between these pathways.   

Our results show that Raf-1 and PKA play a significant role in regulation of basal 

and capsaicin-evoked pain neurotransmitter (CGRP) release upon sustained morphine 

treatment from primary sensory neurons. We propose that sustained morphine mediated 

intracellular compensatory adaptations in the primary sensory neurons play a crucial 

trigger role in the further neuronal system adaptations.  
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CHAPTER 6: SUSTAINED MORPHINE TREATMENT AUGMENTS PGE2 

EVOKED CGRP RELEASE 

Taken in part from (Tumati et al., 2009b) 

 

Introduction 

Studies have shown that sustained morphine-mediated activation of spinal glia 

cells leads to the release of multiple excitatory neuromodulators (such as prostaglandin 

E2, PGE2) (Watkins et al. 2005). Prostaglandin E2 (PGE2) is the principal 

proinflammatory prostanoid and contributes, in particular, to one of the key features of 

inflammation, pain hypersensitivity. At the site of inflammation, PGE2 sensitizes 

peripheral nociceptors through activation of EP (Prostaglandin E2) receptors present on 

the peripheral terminals of these high-threshold sensory neurons, reducing threshold to 

noxious stimulus and increasing pain responsiveness (peripheral sensitization; Omote et 

al., 2002). PGE2 is also produced in the spinal cord after tissue injury (Samad et al., 

2001), where it contributes to central sensitization (Minami et al., 2001), an increase in 

excitability of spinal dorsal horn neurons that produces pain hypersensitivity. Four PGE2 

G-protein-coupled receptor subtypes (EP1, EP2, EP3, and EP4) that are products of 

different genes have been identified, and these mediate the diverse effects of the 

prostanoids based on their differential tissue distribution and coupling to intracellular 

signal transduction pathways. EP2 and EP4 and some splice variants of EP3 (EP3C) are 

coupled to Gs (Gs is involved in stimulating cAMP pathways), and some are coupled to 

Gi, whereas EP1 is coupled to Gq/G11 (Gq is involved in mediating phosphoinositol and 
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diacyl glycerol pathways) (Southall and Vasko, 2001). EP4 (Oida et al., 1995) receptors 

are expressed by dorsal root ganglion neurons. After peripheral inflammation, knock 

down of EP4 in vivo with intrathecally delivered siRNA or administration of an EP4 

antagonist blocked inflammatory pain indicating that PGE2 facilitates nociception by 

activating EP4 receptors in DRG neurons (Lin et al., 2006). PGE2 has been shown to 

enhance pain neurotransmitter release such as CGRP by activation of EP4 receptors and 

stimulating the cAMP- PKA signaling pathway in the primary sensory neurons 

(Dymshitz and Vasko, 1994). 

Interestingly, it has been found that sustained morphine treatment increases the 

potency and/or efficacy of prostaglandins to stimulate cAMP formation in cultured cells 

(Ammer and Schulz, 1998; VanVliet et al., 1991). We have demonstrated in chapters 4 

and 5 that sustained morphine treatment augments cAMP formation in response to direct 

AC stimulator, forskolin, in a Raf-1 dependent manner and also basal and capsaicin 

evoked CGRP release in cultured primary sensory neurons (Yue et al., 2008). 

 Therefore, in this chapter, we investigated the hypothesis that sustained morphine 

treatment also increases the efficacy of Gs protein coupled (PGE2) receptor signaling 

leading to augmented pain neurotransmitter (CGRP) release in response to the excitatory 

inflammatory mediator, PGE2 from cultured neonatal rat primary sensory DRG neurons. 
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Results 

Sustained morphine treatment augments PGE2 mediated cAMP formation in DRG 

cells.  In order to determine the optimal PGE2 treatment time, we measured PGE2 

treatment time - cAMP response relationship by treating the cultured DRG neurons with 

1 µM PGE2 (Smith et al., 2000) for various time points ranging from 10 minutes to 90 

minutes (Fig 6.1). The basal cAMP levels are 444±0.3 fmol/50 µl. We found maximum 

levels of PGE2 stimulated cAMP formation at 60 minute (1h) treatment time point 

(973±0.5 fmol/50 µl, *p < 0.05). In order to determine whether sustained morphine 

treatment affects the affinity or the efficacy of PGE2 to stimulate cAMP formation in 

neonatal rat sensory neurons, we measured PGE2 dose - cAMP formation curves for 

medium and morphine (1 µM, 24 h) pretreated DRG cell cultures (Fig 6.2). Our data 

indicate that while sustained morphine treatment had no significant effect on the EC50 

value of PGE2 (67±19 nM vs 85 ± 23 nM in control vs morphine pretreated cells 

respectively), it significantly augmented the Emax of PGE2 stimulated cAMP formation 

(893±61 fmol/50 µl vs 1483±157 fmol/50 µl, *p < 0.05) in control and morphine 

pretreated cells respectively (Fig 6.2). The Emax was achieved at 250 nM of PGE2 and 

hence for all PGE2 studies, we used a PGE2 treatment time of 1h and a dose of 250 nM.  

As shown in Fig 6.3, basal cAMP formation in cultured neonatal rat DRG neurons 

was 423±45 fmol/50 µl. Incubation with PGE2 (250 nM, 1h) stimulated cAMP formation 

to 933±31 fmol/50 µl (Fig 6.3). Sustained morphine (1 µM, 24 h) treatment of cultured 

neonatal rat DRG neurons augmented PGE2 (250 nM)-stimulated cAMP formation to 

1662±19 fmol/50 µl supernatant, a 78% increase over the PGE2 control (*p < 0.05, one-
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sample t test, n=4). This indicates that sustained morphine treatment sensitizes adenylyl 

cyclase toward the Gs protein coupled receptor agonist, PGE2, thereby increasing cellular 

cAMP levels in response to PGE2 and presumably, activating cellular signaling pathways 

dependent on cAMP.  

 

Sustained morphine treatment augments PGE2 evoked CGRP release from 

cultured neonatal rat DRG neurons. Basal CGRP release from control neonatal rat DRG 

neurons after 7 days in culture was 498±23 pg/ml (100%). 24 h incubation of cultured 

DRG neurons with 1µM morphine augmented CGRP release to 169±9% of basal (**p < 

0.01, one-sample t test; n=5). Stimulation of the DRG neurons with 250 nM PGE2 for 1h 

evoked CGRP release from the cells (207±14% of basal, *** p < 0.001, one-sample t test; 

n=5) (Fig 6.4). 24 h incubation of the cells in the presence of 1 µM morphine augmented 

PGE2-evoked CGRP release to 284±25% of basal, a 37% increase over PGE2 alone (*p 

< 0.05, one way ANOVA, n=5). Sustained morphine-mediated sensitization of PGE2-

evoked CGRP release was completely prevented by co-incubation with the opioid 

antagonist, naltrexone (* p < 0.05, compared with Mor+PGE2 group; one way ANOVA, 

n=5) demonstrating that the sensitization of PGE2-mediated CGRP release is opioid 

receptor-mediated. Treatment of the DRG neurons with 10 µM naltrexone alone caused 

no difference in basal CGRP release relative to control (105±4% of basal, p > 0.05; one-

sample t test, n=5) (Fig 6.4). The results (mean ± S.E.M) are expressed as the percentage 

of basal CGRP release from control DRG neurons. 
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Sustained morphine treatment augments PGE2 mediated augmentation of 

capsaicin evoked CGRP release from neonatal rat DRG neurons. 24 h incubation of 

cultured DRG neurons with 1 µM morphine augmented basal CGRP release to 189±8% 

relative to control (*p < 0.05, one-sample t test; n=3). Treatment of cultured neonatal rat 

DRG neurons with 1 µM capsaicin for 10 min evoked CGRP release to 451±30% of 

control (***p < 0.001, one-sample t test, n=3). 24 h incubation of cultured DRG neurons 

with 1 µM morphine  followed by removal of morphine and  stimulation with 1 µM 

capsaicin for 10 min resulted in augmentation of capsaicin evoked CGRP release which 

is 923±72% of the basal, an increase of 105 % over capsaicin treatment alone (**p < 

0.01, one way ANOVA, n=3). Stimulation of the DRG neurons with 250nM PGE2 for 1h 

followed by stimulation with 1 µM capsaicin for 10 min sensitized capsaicin evoked 

CGRP release to 915±76% relative to control, an increase of 102 % over capsaicin 

treatment alone (**p < 0.01, one-sample t test; n=3) (PGE2+Cap) (Fig 6.5). 24 h 

incubation of cells in the presence of 1 µM morphine followed by stimulation with 250 

nM PGE2 for 1h and stimulation with 1 µM capsaicin for 10 min augmented PGE2 

sensitized capsaicin evoked CGRP release to 1202±105% of the control, an increase of 

64 % and 61% over over PGE2+Cap and Cap+Mor treatments (*p < 0.05, one way 

ANOVA, n=3) indicating that sustained morphine treatment augments inflammatory 

thermal hyperalgesia (Fig 6.5). 
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Discussion 

 In this chapter, we demonstrated the physiological importance of sustained 

morphine-mediated adenylyl cyclase superactivation in the sensitization of primary 

sensory neurons toward an inflammatory mediator, PGE2. Our data indicate that a) 

sustained morphine treatment augments PGE2 stimulated cAMP formation in cultured 

neonatal rat primary sensory neurons (Fig 6.2, 6.3); and c) sustained morphine treatment 

augments PGE2 stimulated CGRP release (Fig 6.4) and PGE2 sensitized capsaicin 

evoked CGRP release (Fig 6.5).  

It has been found earlier that sustained opioid agonist treatment enhances 

neuronal excitability (Takeda et al. 2004)) and increases pain neurotransmitter (such as 

CGRP) concentrations (Belanger et al. 2002; Menard et al. 1995a,b; Trang et al. 2005; 

Trang et al. 2006) in the dorsal horn of the spinal cord and it was suggested that sustained 

opioid agonists increase spinal pain neurotransmitter release primarily by increasing 

spinal excitatory modulator (such as dynorphin A, prostaglandins ( such as PGE2) etc) 

concentrations through activation of spinal glia and /or central descending facilitatory 

mechanisms (Watkins et al. 2005; Vanderah et al. 2000). However, it was later found that 

sustained morphine treatment also augments CGRP and substance P immunoreactivities 

(Ma et al. 2000) and release (Chapter 5; Yue et al., 2008), in isolated DRG neurons 

indicating that in addition to neural system adaptations, intracellular compensatory 

adaptations in the primary sensory neurons may also play a role in sustained morphine-

mediated paradoxical pain sensitization.  
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Prostaglandin E2 (PGE2), a well studied inflammatory mediator, was shown to 

produce hyperalgesia (increased sensitivity to normally noxious stimulus) in humans and 

experimental animals (Moncada et al., 1978; Park and Vasko, 2005; Schnizler et al., 

2008). Prostaglandin treatment reduces the threshold for action potential firing (Martin et 

al., 1987), and causes an increase in cell firing for a given stimulus (Nicol and Cui, 1994, 

Lopshire and Nicol, 1998). The hyperalgesic effects of PGE2 were shown to be mediated 

by activation of Gs protein-coupled prostaglandin receptor types and the subsequent 

activation of adenylyl cyclase(s) and PKA (Southall and Vasko, 2000). In isolated 

primary sensory neurons, PGE2 was shown to activate EP4 receptors which are coupled 

to Gs proteins and activate adenylyl cyclase, thereby increasing intracellular cAMP 

concentrations resulting in activation of cAMP dependent signaling mechanisms and 

leading to augmented PGE2-evoked CGRP release from primary sensory neurons (Lin et 

al., 2006; Vasko et al., 1995).  Upon tissue injury, PGE2 is released peripherally, at the 

site of the injury. In addition, in chronic pain states such as neurogenic inflammation as 

well as during chronic morphine treatment, PGE2 is also released in the spinal cord 

(Watkins et al., 2005). 

We have shown in chapter 4 that sustained morphine treatment augments 

intracellular cAMP formation by sensitization of adenylyl cyclase (AC superactivation, 

cAMP overshoot) toward stimulators such as forskolin and in Chapter 5, we showed that  

sustained morphine treatment augments basal (Yue et al. 2008) and capsaicin evoked 

CGRP release from cultured neonatal rat DRG neurons. On the other hand, sustained 

morphine treatment was also found to increase the efficacy of prostaglandins to stimulate 
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cAMP formation (cAMP overshoot; AC superactivation) in cultured neuronal cell lines 

(Ammer and Schulz, 1998; Sharma et al., 1975). Our data demonstrates that sustained 

morphine treatment increases the intrinsic activity of Gs protein-coupled inflammatory 

mediator, PGE2 (Fig 6.2) stimulated cAMP formation in a dose dependent manner while 

the affinity of PGE2 towards Gsα medaited activation of adenylyl cylcase remains the 

same (Fig 6.2). In this chapter, we show that sustained morphine treatment augments both 

PGE2 -mediated cellular cAMP-formation (Fig 6.3) and CGRP release from primary 

sensory neurons (Fig 6.4). 

We hypothesized that sustained morphine treatment-mediated sensitization of 

DRG neuron adenylyl cyclase(s) toward stimulators (AC superactivation) such as 

forskolin (Yue et al. 2008) or Gs protein-coupled receptor agonists such as PGE2 (as 

investigated in this chapter) and augmented intracellular cAMP-formation leads to 

activation of downstream effectors (such as cAMP-dependendent protein kinase (PKA)) 

that regulate neurotransmitter synthesis and release. Increased cellular cAMP formation 

and the resulting activation of PKA is thought to regulate neurotransmitter synthesis rate 

by phosphorylation of cAMP regulatory element binding protein, CREB (Miletic et al., 

2004). Activation of PKA also augments neuronal excitability by phosphorylation of 

tetrodotoxin-resistant sodium channels (Vijayaragavan et al., 2004), voltage-dependent 

calcium channels (Fraser and Scott, 1999) and TRPV1 vanilloid receptors (Lopshire and 

Nicol, 1998). cAMP and PKA also regulate key molecules in neurotransmitter vesicle 

traffic (such as snapin I and synapsins) (Leenders and Sheng, 2005).  
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Neuroplastic changes have a crucial role in sustained morphine-mediated 

paradoxical pain sensitization and antinociceptive tolerance (Belanger et al., 2002; Mao 

et al., 1995; Mayer et al., 1999; Menard et al., 1995a, b; Ossipov et al., 2005; Trang et al., 

2005, 2006; Watkins et al., 2005). It was found that sustained morphine-mediated 

activation of spinal glia cells leads to the release of multiple excitatory neuromodulators 

(such as inflammatory cytokines, growth factors and prostaglandin E2 (PGE2)) (Watkins 

et al., 2005) which might be the cause of this paradoxical pain sensitization. Interestingly, 

it was found that attenuation of glial activation (propentofylline) or excitatory 

neuromodulator synthesis such as COX-2 inhibitors and compounds that antagonize the 

interaction of glial excitatory neuromodulators with their receptors on the central termini 

of the primary sensory neurons are all able to attenuate sustained morphine-mediated 

hyperalgesia and tolerance (Belanger et al., 2002; Menard et al., 1995a, b; Trang et al., 

2006; Watkins et al., 2005; Varga, 2003a; Varga et al., 2002). It was found that PGE2 

augments basal and capsaicin-evoked pain neurotransmitter release from primary sensory 

neurons and that was inhibited by a selective cAMP-dependent protein kinase (PKA) 

inhibitor H-89 while membrane-permeant cAMP analogues and forskolin mimicked the 

effects of PGE2 (Southall and Vasko, 2000).  We show in this chapter that sustained 

morphine treatment augments PGE2 stimulated basal (Fig 6.4) and capsaicin evoked 

CGRP release (Fig 6.5) from cultured DRG neurons indicating that sustained morphine 

treatment plays a role in inflammatory hyperalgesia.  

Our data suggest that sustained morphine-mediated sensitization of cellular 

adenylyl cyclase(s) toward excitatory modulators may play an important physiological 
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role in regulation of pain neurotransmitter release from primary sensory neurons and may 

contribute to sustained morphine-mediated pain sensitization. These findings provide 

novel potential molecular targets for pharmacological intervention to prevent the 

development of sustained morphine mediated antinociceptive tolerance and paradoxical 

pain sensitization.  
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CHAPTER 7: SUSTAINED MORPHINE-MEDIATED THERMAL 

HYPERALGESIA, MECHANICAL ALLODYNIA AND ANTINOCICEPTIVE 

TOLERANCE IN RATS ARE ATTENUATED WITH A PKA-SELECTIVE  

SIRNA 

 

Introduction 

Studies have shown that prolonged morphine administration induces the 

upregulation of pain neurotransmitter (such as calcitonin gene-related peptide (CGRP)) 

levels in primary sensory neurons and enhances evoked CGRP release in the spinal cord 

of rats (Gardell et al., 2002). The time course of enhanced spinal CGRP release correlates 

with the onset of abnormal pain sensitization and opioid antinociceptive tolerance. The 

cellular molecular mechanisms underlying sustained morphine treatment-mediated 

augmentation of spinal pain neurotransmitter release are currently not entirely clear.  

Sustained opioid exposure has been reported to activate cAMP dependent protein kinase 

A (PKA) in locus coeruleus neurons and PKA regulated transcription factors such as 

cyclic AMP-response element -binding protein (CREB) in cultured DRG neurons, 

NG108-15 cells, and in vivo (Bilecki et al., 2000; Guitart et al., 1992; Li and Clark, 1999; 

Ma et al., 2001; Nestler and Tallman, 1988; Nestler et al., 1994). In addition, substantial 

evidence indicates that sustained morphine treatment upregulates cAMP due to 

superactivation of adenylyl cyclase (Sharma et al., 1977; Varga et al., 2003b, c) and 

studies have also shown that cAMP-regulated signaling pathways have an important role 

in the excitatory effects of chronic opioids in the CNS (Nestler and Aghajanian, 1997).       
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The role of the cAMP-pathway in the excitatory effects of chronic opioids has 

also been demonstrated for primary sensory DRG neurons. Thus, sustained treatment 

with opioid agonists prolonged action potential duration in DRG neurons in a PKA-

dependent manner (Chen et al., 1988; Nestler and Aghajanian, 1997; Nestler and 

Tallman, 1988; Nestler et al., 1994). It has also been demonstrated that sustained 

morphine treatment increases adenylate cyclase protein level and PKA activity in dorsal 

root ganglion/spinal cord co-cultures (Chen et al., 1988).  In addition, our current 

investigations (Chapter 5) demonstrated that inhibition of PKA activity in cultured 

neonatal rat primary sensory neurons attenuates sustained morphine-mediated 

augmentation of basal (Yue et al., 2008) and capsaicin evoked CGRP release (Fig 5.8) 

from these cells.  

 In this chapter, we evaluate the in vivo role of PKA in the development of 

sustained morphine-mediated paradoxical pain sensitization and antinociceptive 

tolerance.  

 

Results  

The experimental design for surgery and drug treatment has been described in the 

methods section and is represented in Fig 7.1. 

 

Intrathecal administration of PKA-selective siRNA attenuates sustained 

morphine-mediated augmentation of CGRP levels in the dorsal horn of the lumbar spinal 

cord. CGRP concentration in lumbar spinal cord dorsal horn homogenates was measured 
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by enzyme immunoassay. Basal CGRP content in the lumbar dorsal horn tissue was 

1770±100 pg/mg tissue. Sustained (6 d) morphine treatment augmented CGRP content by 

131 % (4080±170 pg/mg; **  p < 0.01 relative to the saline infused control group; n = 4) 

(Fig 7.2).  

Interestingly, intrathecal pretreatment with a PKA-selective siRNA mixture 

significantly attenuated sustained (6 d) morphine-mediated augmentation of CGRP 

immunoreactivity in the dorsal horn of the lumbar spinal cord. CGRP immunoreactivity 

in PKA-selective siRNA-treated group was 1970±90 pg/mg tissue (52% reduction 

relative to morphine control, **  p < 0.01; n = 4). The CGRP content in animals 

pretreated with PKA-selective siRNA and receiving saline infusion was similar to that of 

saline control (1870±90 pg/mg, p > 0.05 relative to saline control) indicating that the 

siRNA mixture did not produce non-specific effects. This data demonstrates the role of 

PKA in regulation of pain neurotransmitter synthesis and/or release in the dorsal horn of 

the lumbar spinal cord of rats.  

 

Sustained morphine-induced thermal hypersensitivity is blocked by intrathecal 

PKA selective siRNA pretreatment. The control group of rats in our study received 

transfection reagent (vehicle) pretreatment. After vehicle (transfection reagent) or siRNA 

pretreatments (refer to Fig 7.1 for the siRNA treatment schedule), each rat in these groups 

underwent a minor surgery to implant a subcutaneous minpump for continuous systemic 

drug (saline or morphine) delivery. The surgeries caused no behavioral abnormalities 

(ataxia, catatonia, loss of righting, or placement response) or any significant change in the 
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sensitivity of the animals toward mildly noxious heat stimulus (post baseline paw 

withdrawal latencies were not significantly different from the pre-infusion baseline (23±2 

s; p > 0.05). Intrathecal pretreatment with the PKA-selective siRNA alone did not alter 

response thresholds in rats receiving continuous saline-infusions for 6 days (p > 0.05 

relative to transfection reagent-pretreated rats at each testing time point). Acute (6 h) 

morphine (45 nmol/µl/h) administration significantly increased radiant heat paw-

withdrawal latencies in vehicle-pretreated rats (31±1 s; ** p < 0.01 relative to the pre-

infusion baseline of 22±2 s or the saline infused control). PKA-selective siRNA 

pretreatment had no effect on the acute antinociceptive effectiveness of morphine (paw 

withdrawal latencies after 6 h of s.c. morphine infusion was 32±2 s, respectively; *** p < 

0.001 relative to saline-infused control). Sustained continuous morphine administration 

led to a decline in the apparent antinociceptive effect of vehicle pre-treated animals (Fig. 

7.3). Finally, longer (>2 days) continuous subcutaneous (s.c.) morphine infusion led to a 

gradual development of thermal hypersensitivity in vehicle pretreated animals. Thermal 

hyperalgesia in these animals was detectable after 3 days of morphine treatment (Fig 7.3) 

and reached maximal level (12±1 s and 10±2 s respectively; ** p < 0.01 relative to the 

saline-infused control) after day 5 of morphine infusion.  

Interestingly however, intrathecal pretreatment of the rats with the PKA-selective 

siRNA mixture completely blocked the development of thermal hypersensitivity upon 

sustained morphine treatment. Thus, paw withdrawal latencies in the PKA siRNA 

pretreated animals were not significantly different from the saline control or the pre 

baseline even after 6 days of continuous morphine infusion (23±1 s, p > 0.05 relative to 
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the pre-infusion baseline of 21±2 s). These data indicate that intrathecal PKA-selective 

siRNA treatment prevents sustained morphine mediated thermal hyperalgesia.  

 

Intrathecal PKA-selective siRNA treatment blocks sustained morphine-induced 

mechanical allodynia. Sustained administration of morphine by subcutaneous infusion 

through an osmotic pump (45 nmol/µl/h) produced tactile allodynia in vehicle pretreated 

rats. Thus, on day 6 of continued morphine infusion, paw withdrawal threshold in the von 

Frey filament test was significantly lower (4±1 g) in morphine infused animals compared 

to that in saline-infused animals (12±1 g; **p < 0.01 (Fig. 7.4)). Intrathecal 

administration of PKA-selective siRNA followed by s.c. saline infusion did not produce a 

significant alteration in baseline response threshold (12±1 g on day 6 of saline infusion).  

Interestingly however, the intrathecal PKA-selective siRNA treatment significantly 

prevented sustained morphine-mediated tactile allodynia (paw withdrawal threshold was 

10.1 ± 1 g after 6 days of morphine treatment; **p <0.01 relative to the morphine group). 

These data indicate that PKA has an important role in the development of sustained 

morphine- mediated tactile allodynia.  

 

Intrathecal PKA-selective siRNA treatment blocks the development of 

antinociceptive tolerance. Acute morphine dose–antinociceptive response curves were 

measured after continuous systemic morphine or saline infusions in vehicle and PKA 

siRNA pretreated rats using the 52°C water tail-flick nociceptive test. Acute intrathecal 

morphine  injections (1 µg/5 µl, 3 µg/5 µl, 10 µg/5 µl) produced antinociception in a dose 
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dependent manner with an A90 value of 10 µg  (10 µg dose produced 90% 

antinociception) in control animals (pretreated with vehicle followed by s.c. saline 

infusion). Sustained (6 days) systemic morphine (45 nmol/µl/h) infusion caused a 

rightward shift in the dose-response curve, with the previous A90 dose causing only 20±1 

% of the maximal possible effect (MPE) (Fig 7.5), indicating the development of 

antinociceptive tolerance. Intrathecal administration of PKA-selective siRNA had no 

effect on the antinociceptive efficacy of acute i.th morphine (89±2% of MPE at the 

control A90 dose). Interestingly however, the intrathecal PKA-selective siRNA pre-

treatment greatly attenuated sustained morphine-mediated rightward shift in the morphine 

dose response curve. Thus, re-challenge with the control A90 dose (10 µg/5 µl) produced 

93±2 % antinociception in the PKA-selective siRNA treated rats (**p < 0.01 relative to 

morphine group and p > 0.05 relative to control). These data indicate that PKA plays an 

important role in the development of sustained morphine- mediated antinociceptive 

tolerance. 

 

Discussion 

In this chapter, we demonstrate that reduction of PKA protein levels in the spinal 

cord of rats using intrathecal PKA selective siRNA treatment significantly attenuates the 

development of sustained morphine mediated thermal hyperalgesia, tactile allodynia and 

antinociceptive tolerance. In addition, our studies show that i.th. PKA-selective siRNA 

treatment also attenuates sustained morphine-mediated augmentation of CGRP 

immunoreactivity in the lumbar dorsal horn of the spinal cord.  These data suggest that 



 96

nociceptor and spinal PKA may have an important role in the development of sustained 

morphine mediated paradoxical pain and antinociceptive tolerance and provides a 

putative cellular mechanism for sustained morphine-mediated effects in vivo. 

Peripheral sensitization can contribute to the development of persistent pain and 

involves numerous cellular processes. An important receptor in this process is the 

vanilloid receptor 1 or TRPV1. The TRPV1 is nociceptive calcium (Ca2+) channel that is 

activated by capsaicin, the pungent constituent of chilli peppers, as well as protons 

and heat (Caterina et al., 1997, 2000). The TRPV1 is mainly expressed on nociceptive 

peripheral neurones and appears to be critical in the development of inflammatory 

hyperalgesia (Amaya et al., 2003; Caterina et al., 1997), as axonal transport of TRPV1 

mRNA as well as TRPV1 protein expression are significantly increased in inflamed 

tissues (Amaya et al., 2003; Tohda et al., 2001), while mice lacking the TRPV1 develop 

less thermal hyperalgesia (Caterina et al., 1997) and TRPV1 antagonists reversed thermal 

hyperalgesia in inflammation (Pomonis et al., 2003). Phosphorylation of the TRPV1 by 

numerous kinases, including cAMP-dependent protein kinase A (PKA), have been shown 

to regulate the function of the receptor (De Petrocellis et al., 2001; Lopshire and Nicol, 

1998; Mohapatra and Nau, 2003). cAMP levels are elevated in inflamed tissues 

(Malmberg et al., 1997; Elattar and Lin, 1981) and the cAMP/PKA pathway appears to 

be essential in sensitizing inflammatory nociception and contributes to the development 

of inflammatory hyperalgesia induced by proinflammatory mediators such as 

prostaglandin E2 (PGE2) (Malmberg et al., 1997). In line with reported sensitization of 

the TRPV1 in inflammatory conditions (Amaya et al., 2003; Tohda et al., 2001), PKA-
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mediated phosphorylation of the TRPV1 occurs in isolated neurons as well as 

heterologous expression systems treated with adenylate cyclase activators such as 

forskolin, or direct PKA activators such as 8-Br-cAMP. PKA has also been shown to be 

involved in PGE2- and anandamide- mediated TRPV1 sensitization as well as 

potentiation of capsaicin responses through the metabotropic glutamate receptor 5 (Hu et 

al., 2002; Mohapatra and Nau., 2005; Moriyama et al., 2005; Rathee et al., 2002; Yang et 

al., 2002).  

 In the previous chapters, we have shown that sustained morphine treatment 

mediated CGRP release in primary sensory neurons is attenuated by PKA inhibitors H-89 

and PKI (14-22) amide indicating that PKA modulates pain neurotransmitter release upon 

sustained treatment and recently, it was shown that acute morphine treatment inhibits 

thermal hyperalgesia and capsaicin-induced TRPV1 channel activation via cAMP/PKA-

dependent pathway in DRG neurons (Endres-Becker et al., 2007) indicating an important 

role of the cAMP/PKA pathway in morphine-mediated regulation of pain 

neurotransmission. We now show that sustained morphine mediated thermal hyperalgesia 

is attenuated by intrathecal administration of PKA-specific siRNA (Fig 7.3).  

It was also demonstrated that spinothalamic tract neurons become sensitized to 

innocuous mechanical stimuli following capsaicin injection (Simone et al., 1991; 

Dougherty et al., 1992a). It was shown that capsaicin induced mechanical allodynia in 

rats can be reduced by blockade of the cAMP transduction cascade in the spinal cord 

using PKA inhibitors. (Sluka, 1997) indicating that PKA is involved in the development 

of mechanical allodynia. As capsaicin induced mechanical allodynia is blocked by 
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injecting PKA inhibitors in the spinal cord, accordingly, we show that chronic morphine 

treatment mediated mechanical allodynia (Fig 7.4) is attenuated by intrathecal PKA 

siRNA administration in vivo.  Altogether, based on our results, we anticipate that by 

blocking PKA signaling at the level of nociceptor, we can block the pain neurotransmitter 

release from the central terminals of the primary nociceptors.    

           Studies have demonstrated that the PKA inhibitor, PKI-(14-22)-amide, 1 h before 

and 24 and 48 h after morphine pellet implantation in mice completely prevented the 

development of morphine antinociceptive tolerance. Also, pre-treatment with antisense 

oligodeoxynucleotide to PKA mRNA prevented the development of morphine tolerance 

in mice, clearly demonstrating that PKA is critical to the formation of morphine mediated 

antinociceptive tolerance (Shen et al., 2000). In support of this data, we also show that 

intrathecal administration of PKA-specific siRNA in rats attenuates sustained morphine 

mediated antinociceptive tolerance (Fig 7.5) indicating that PKA signaling has an 

important role in sustained morphine mediated tolerance in vivo. 

  In conclusion, we propose that PKA plays a pivotal role in regulation of 

sustained morphine mediated antinociceptive tolerance and paradoxical pain 

sensitization. Further more, sustained opioid analgesic-mediated intracellular adaptations 

in the primary sensory neurons play a crucial trigger role in further downstream neural 

system-wise adaptations. Consequently, we expect that by inhibiting sustained morphine 

mediated cellular adaptations in the nociceptive population of the primary sensory DRG 

neurons, we can prevent the development of chronic opioid-mediated pain sensitization 

and antinociceptive tolerance. 
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CHAPTER 8: SUSTAINED INVIVO MORPHINE TREATMENT MEDIATED 

THERMAL HYPERALGESIA, MECHANICAL ALLODYNIA AND 

ANTINOCICEPTIVE TOLERANCE INVIVO ARE ATTENUATED BY 

SELECTIVE RAF-1 SIRNA  

Taken in parts from (Tumati et al., 2008, 2009a) 

 

Introduction 

Sustained opioid exposure results in antinociceptive tolerance and paradoxical 

pain sensitization (Ossipov et al., 2003, 2005; Vanderah et al., 2000, 2001). It has been 

shown earlier that the time course of onset of paradoxical pain states exhibited by 

prolonged morphine administration corresponds to an upregulation of CGRP levels in 

primary sensory neurons and an enhancement in evoked CGRP release in the spinal cord 

of rats (Gardell et al., 2002). The cellular molecular mechanisms underlying sustained 

morphine treatment-mediated augmentation of spinal pain neurotransmitter release are 

currently not entirely clear.  

Sustained morphine medaited AC superactivation was proposed to be a cellular 

mechanism of opioid tolerance since the overactive AC requires greater extent of 

inhibitory input from the opioid receptor/ Gi-coupled pathway. We have demonstrated 

earlier in recombinant cells stably expressing human opioid receptor types and recently in 

neonatal rat DRG neurons that sustained opioid agonist treatment causes (AC) 

superactivation in a Raf- 1-dependent manner (Varga et al., 2003b, c; Yue et al., 2006; 

Yue et al., 2008). We demonstrated in chapter 5 that inhibition of Raf-1 activity in 
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cultured neonatal rat primary sensory neurons attenuates sustained morphine-mediated 

augmentation of basal and capsaicin evoked CGRP release from cultured neonatal rat 

DRG neurons in vitro.  We speculate that Raf-1 depedent cAMP overshoot mediated by 

sustained morphine treatment might play a trigger role in morphine induced tolerance and 

pain hypersensitivity. In this chapter, we evaluate the in vivo role of Raf-1 in the 

development of sustained morphine-mediated paradoxical pain sensitization and 

antinociceptive tolerance.  

 

Results 

The experimental design for surgery and drug treatment has been described in the 

methods section and is represented in Fig 7.1. 

 

The effect of intrathecal Raf-1-selective siRNA treatment on Raf-1 protein levels 

in the lumbar spinal cord. Raf-1 protein levels in the lumbar spinal cords of naïve rats 

and animals pretreated with a Raf-1 selective siRNA mixture or with a control, non-

targeting dsRNA were assessed by Western blots. In lumbar spinal cord extracts from 

naïve rats, the Raf-1-selective antibody recognized a diffuse band in the molecular weight 

range of 72-74 kDa (Fig. 8.2A, lanes 1, 2). Intrathecal pretreatment with Raf-1-selective 

siRNA significantly reduced Raf-1 protein levels in the lumbar spinal cord (Fig. 8.2A, 

lanes 3-8). Quantitative analyses of the immunoreactive bands (Raf-1 immunoreactive 

bands vs respective β-actin protein bands) indicate that i.th treatment with 2 µg dose of 

Raf-1-selective siRNA, once daily for 3 days reduced Raf-1 protein levels to 85±7 % 



 101

relative to control (Fig 8.2A, lanes 3-5). Since i.th pretreatment with a larger siRNA dose 

(4µg/day; 3 days) did not cause any further reduction in spinal Raf-1 protein levels (Fig. 

8.2A, lanes 6, 7, 8), we selected the 2 µg dose for Raf-1-selective siRNA treatment in the 

further experiments. 

In order to determine the time schedule for Raf-1 siRNA treatment, western blot 

analyses was performed using lumbar spinal cord tissue extracts from animals treated 

with Raf-1-selective siRNA every day until a significant reduction in the Raf-1 protein 

levels was noticed (3 days) and then Raf-1 protein levels were allowed to recover by 

stopping the Raf-1 siRNA administration and were monitored for a period of 9 days (Fig 

8.2B). Our experiments indicate that Raf-1 protein levels remained at reduced levels for 

two days after cessation of the siRNA treatment but started to recover from the third day 

(Fig 8.2B). Thus, in order to maintain reduced Raf-1 protein levels, a maintaining dose of 

2 µg Raf-1 siRNA was given every alternate day throughout the whole experimental 

protocol.  

 

Intrathecal administration of Raf-1-selective siRNA attenuates sustained 

morphine-mediated augmentation of CGRP-immunoreactivity in the dorsal horn of the 

lumbar spinal cord. CGRP concentration in lumbar spinal cord dorsal horn homogenates 

was measured by enzyme immunoassay. Basal CGRP content in the lumbar dorsal horn 

tissue was 1470±260 pg/mg tissue. Sustained (6 d) morphine treatment augmented CGRP 

content by 125% (3300±290 pg/mg; **  p < 0.01 relative to saline infused control group; 

n = 4) (Fig 8.3). Interestingly, intrathecal pretreatment with a Raf-1-selective siRNA 
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mixture significantly attenuated sustained (6 d) morphine-mediated augmentation of 

CGRP immunoreactivity in the dorsal horn of the lumbar spinal cord. CGRP 

immunoreactivity in Raf-1-selective siRNA-treated group was 1880±440 pg/mg tissue 

(43% reduction relative to vehicle-morphine control, *  p < 0.05; n = 4). The CGRP 

content in animals pretreated with the control, non-targeting dsRNA was similar to that in 

both the vehicle-pretreated control (1410±230 pg/mg and 1468±260 pg/mg in control 

dsRNA and vehicle treated groups, respectively; p > 0.05) and in the sustained morphine-

treated groups (3220±370 pg/mg and 3300±300 pg/mg, respectively; p > 0.05).  

We also performed immunofluorescence histochemistry in lumbar spinal cord slices to 

confirm these data. CGRP-like immunoreactivity was chiefly apparent in the outer 

laminas (laminae I and II) of the lumbar spinal cord of saline treated rats. Sustained 

morphine treatment greatly increased immunofluorescent intensities in these areas and 

also extended immunolabeling into the deeper laminas (Fig 8.4). Intrathecal pretreatment 

of the rats with a Raf-1selective siRNA mixture attenuated the effect of sustained 

morphine treatment on CGRP-like imunoreactivity in the lumbar spinal cord slices (Fig 

8.4). In summary, data from the immunofluorescent histochemistry and CGRP enzyme 

immunoassay are in good correlation with each other and demonstrate the role of Raf-1 in 

regulation of pain neurotransmitter synthesis and/or release in the dorsal horn of the 

lumbar spinal cord of rats.  
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Intrathecal Raf-1 siRNA administration attenuates sustained morphine-mediated 

increase in the number of CGRP and Raf-1 co-expressing neurons in the dorsal root 

ganglion. Double immunostaining was performed in DRG slices from naive and 

morphine-treated rats to determine the effect of sustained morphine treatment on the 

number and morphological characteristics of Raf-1 and CGRP expressing neurons (Fig. 

8.5). Interestingly, Raf-1-immunoreactivity seemed to localize exclusively to the small 

diameter primary sensory neurons in both naïve and morphine-treated animals. Sustained 

morphine exposure produced an increase in the number of Raf-1 expressing small 

diameter DRG neurons. Similarly, CGRP-like immunoreactivity was primarily seen in 

small diameter DRG neurons in both naïve and morphine-treated animals. Raf-1 and 

CGRP was co-coexpressed in nearly 25% of all DRG neurons in naïve rats.   

Sustained morphine treatment increased the number of both Raf-1 and CGRP positive 

neurons without any change in the nature (size and shape) of the immunoreactive neurons 

(Fig 8.5). I.th pretreatment of the animals with the Raf-1-selective siRNA mixture 

completely attenuated morphine mediated upregulation of both Raf-1 and CGRP 

imunoreactivity in the DRG slices.  

 

Sustained morphine-induced thermal hypersensitivity is blocked by intrathecal 

Raf-1-selective siRNA treatment. After vehicle or siRNA pretreatments (see Fig 8.2) each 

rat groups underwent a minor surgery to implant a subcutaneous minpump for continuous 

drug (saline or morphine) delivery. The surgeries caused no behavioral abnormalities 

(ataxia, catatonia, loss of righting, or placement response) in either animal group and 
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caused no significant change in the sensitivity of the animals toward mildly noxious heat 

stimulus (baseline paw withdrawal latencies were similar to the pre-infusion baseline 

(22.4± 1 s); p > 0.05). Intrathecal pretreatments with the control, non-targeting dsRNA or 

with the Raf-1-selective siRNAs alone did not alter response thresholds in rats receiving 

continuous saline-infusions for 6 days (p > 0.05 relative to vehicle-pretreated rats at each 

testing time point).  

Acute (6 h) morphine (45 nmol/µl/h) administration significantly increased 

radiant heat paw-withdrawal latencies in vehicle-pretreated rats (30.4±1 s; **p < 0.01 

relative to the pre-infusion baseline of 22.3±1 s. Raf-1-selective or non-targeting 

(control) dsRNA pretreatment had no effect on the acute antinociceptive effectiveness of 

morphine (paw withdrawal latencies after 6 h of s.c. morphine infusion were 29.3±2 s 

and 29.2±2 s, respectively; ** p <0.01 in each group relative to saline-infused control). 

Sustained continuous morphine administration led to a decline in the apparent 

antinociceptive effect of morphine in vehicle and in non-targeting dsRNA pre-treated 

animals (Fig. 8.6).  Finally, longer (>2 days) continuous s.c. morphine infusion led to a 

gradual development of thermal hypersensitivity in control (vehicle and non-targeting 

dsRNA pretreated) animals. Thermal hyperalgesia in these animals was detectable after 3 

days of morphine treatment (Fig. 8.6) and reached maximal level (11.8±2 s and 12.6±2 s 

respectively; ** p < 0.01 relative to the saline-pretreated control) after >5 days of 

morphine infusion. Interestingly however, intrathecal pretreatment of the rats with the 

Raf-1-selective siRNA mixture completely blocked the development of thermal 

hypersensitivity upon sustained morphine treatment. Thus, paw withdrawal latencies in 
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the Raf-1 siRNA pretreated animals were not significantly different from the baseline 

even after 6 days of continuous morphine infusion (21.8±1 s, p > 0.05 relative to the pre-

infusion baseline of 21.1±2 s (Tumati et al., 2008)). These data indicate that the effects of 

the intrathecal Raf-1-selective siRNA treatment were not due to non-specific effect of 

intrathecal treatment with a ds RNA.  

 

Intrathecal Raf-1-selective siRNA treatment blocks sustained morphine-induced 

mechanical allodynia. Sustained administration of morphine by subcutaneous infusion 

through an osmotic pump (45 nmol/µl/h) produced tactile allodynia in vehicle pretreated 

rats. Thus, on day 6 of continued morphine infusion, paw withdrawal threshold in the von 

Frey filament test was significantly lower (3.5±1 g) than that in saline-infused animals 

(11.8±1 g; ***p < 0.01 (Fig 8.7)). Intrathecal administration of Raf-1-selective siRNA 

(2µg/10 µl) did not produce significant alteration in baseline response threshold (9.9±1 g 

on day 6 of saline infusion). Interestingly however, the intrathecal Raf-1-selective siRNA 

treatment significantly attenuated sustained morphine-mediated tactile allodynia (paw 

withdrawal threshold was 9.3±1 g after 6 days of morphine treatment; *p < 0.05 relative 

to the vehicle+morphine group). Intrathecal administration of a control, non-targeting 

dsRNA construct into the lumbar region of the spinal cord did not produce significant 

alteration in response threshold to non-noxious mechanical stimulation (10.3±2 g in 

saline-infused rats; p > 0.05 relative to the vehicle-pretreated control). In the non-

targeting siRNA-treated group sustained (6 days) morphine treatment produced a tactile 

allodynia similar to the vehicle-treated control (3.0±1 g; p > 0.05 relative to control). The 
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data indicate that Raf-1 also have an important role in the development of sustained 

morphine- induced tactile allodynia.  

 

Intrathecal Raf-1-selective siRNA treatment blocks the development of 

antinociceptive tolerance. Acute morphine dose–antinociceptive response curves were 

measured after continuous systemic morphine or saline (control) infusions in vehicle, 

Raf-1 siRNA or control dsRNA pretreated rats using the 52°C water tail-flick nociceptive 

test. Acute intrathecal morphine injections (1 µg/5 µl, 3 µg/5 µl, 10 µg/5 µl) produced 

antinociception in a dose dependent manner with an A90 value of 10 µg  in control, saline 

infused animals. Sustained (6 days) systemic morphine (45 nmol/µl/h) infusion caused a 

rightward shift in the dose-response curve, with the previous A90 dose causing only 20.3 

±1% of the maximal possible effect (MPE) (Fig 8.8), indicating the development of 

antinociceptive tolerance. Intrathecal administration of Raf-1-selective siRNA had no 

effect on the antinociceptive efficacy of acute i.th morphine in saline infused animals 

(86.8±2% of MPE at the naïve A90 dose). Interestingly however, the intrathecal Raf-1-

selective siRNA pre-treatment greatly attenuated sustained morphine-mediated rightward 

shift in the morphine dose response curve. Thus, re-challenge with the naive A90 dose (10 

µg/5 µl) produced 63.8±2 % antinociception in the Raf-1-selective siRNA treated rats 

(** p < 0.01 relative to vehicle pretreated-morphine infused rats). Intrathecal treatment 

with the control, non-targeting dsRNA had no effect on the development of 

antinociceptive tolerance in the warm water tail-flick assay (Fig 8.8). 
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Discussion 

The results of the present study demonstrate that reduction of Raf-1 protein levels 

in the lumbar spinal cord of rats using intrathecal Raf-1 selective siRNA treatment 

significantly attenuated the development of sustained morphine mediated thermal 

hyperalgesia, tactile allodynia and antinociceptive tolerance. In addition, our studies 

show that i.th. Raf-1-selective siRNA treatment also attenuated sustained morphine-

mediated augmentation of CGRP-like immunoreactivity in the lumbar spinal cord and 

sustained morphine treatment increased the number of CGRP and Raf-1 immunoreactive 

neurons in L5 DRG of rats and Raf-1 siRNA attenuated this effect. These data suggest 

that spinal Raf-1 may have an important role in the development of sustained morphine 

mediated paradoxical pain and antinociceptive tolerance and provides a putative cellular 

mechanism for the development of sustained morphine-mediated thermal hyperalgesia, 

tactile allodynia, antinociceptive tolerance at the spinal cord level. 

Chronic opioid-mediated facilitation of nociceptive inputs from the dorsal root 

ganglion to the level of the spinal cord, and from there to the higher CNS centers 

(ascending pain facilitation) has been well established indicating that regulation of the 

pain transmission at the level of DRG neurons might be a crucial event in the 

development of antinociceptive tolerance (Kolesnikov et al., 1996; Stein et al., 2009). We 

expect that further understanding of sustained opioid analgesic-mediated intracellular 

adaptations in the primary sensory neurons may aid the identification of the crucial initial 

step that triggers further downstream neural system-wise adaptations.  In addition, we 

expect that identification of potential molecular targets to inhibit sustained morphine 
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mediated cellular adaptations in the nociceptive population of the primary sensory DRG 

neurons, we will be able to design novel pharmacological agents to prevent the 

development of chronic opioid-mediated pain sensitization and antinociceptive tolerance. 

Augmented pain neurotransmitter synthesis and/or release in the dorsal horn of 

the spinal cord may provide a physiological basis for opioid-induced paradoxical pain 

and antinociceptive tolerance (Gardell et al., 2002, 2006). Thus, an increase in SP and 

CGRP immunoreactivity was found in the spinal dorsal horn of sustained morphine (6 

days)-exposed rats (Gardell et al., 2002; Ma et al., 2000). Earlier studies as well as our 

current data indicates that in addition to increased spinal CGRP immunoreactivity in 

laminae I and II, in sustained morphine-treated animals, CGRP immunoreactivity also 

extends into deeper laminas of the dorsal horn. Interestingly, our immunohistochemistry 

co-staining data indicate that although B-Raf is considered to be the neuronal Raf-

isoform, the small diameter peptidergic DRG neurons highly express the Raf-1 isoform 

and sustained morphine treatment increases the number of Raf-1 positive small neurons 

in the DRG as well as the number of Raf-1 and CGRP co-expressing cells. Finally the 

current data demonstrate that i.th pretreatment with a Raf-1-selective siRNA mixture 

greatly reduces Raf-1 immunoreactivity in the lumbar spinal cord and in small diameter 

L5 DRG neurons and attenuates sustained morphine-mediated augmentation of CGRP 

immunoreactivity in the dorsal horn of the lumbar spinal cord and in small diameter DRG 

neurons. Taken together, these results indicate that Raf-1 may play an important role in 

sustained morphine-mediated regulation of CGRP synthesis and/or release from the 

central termini of the small diameter primary sensory neurons. 
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Raf-1 may regulate CGRP synthesis and/or release in primary sensory neurons by 

at least two different molecular mechanisms. The most studied physiological role of Raf-

1 is its role as a MAPKKK in the p42/44 MAPK pathway (Morrison and Cutler., 1997). 

Earlier data indeed has shown that inhibition of the p42/44 MAPK pathway downstream 

of Raf-1 (by using the MEK inhibitor, PD98059) attenuates sustained morphine-mediated 

augmentation of CGRP content in the dorsal horn and in primary sensory neurons (Trang  

et al., 2005), indicating that the p42/44 MAPK pathway may play an important role in 

regulation of CGRP synthesis. On the other hand, recent data also indicate that regulation 

of the p42/44 MAPK pathway may not be the only (possibly not even the most 

important) physiological role of Raf-1 (Ding et al., 2004).  Thus, it was shown earlier that 

Raf-1 also directly phosphorylates certain adenylyl cyclase isoenzymes increasing their 

sensitivity to excitatory modulators (AC superactivation) (Tan et al., 2001). 

Interestingly, sustained opioid-treatment was also shown to lead to AC 

superactivation (Avidor-Reiss et al., 1997; Rubenzik et al., 2001; Sharma et al., 

1975,1977; Varga et al., 2003b,c; Yue et al., 2006) and our earlier investigations show 

that in recombinant Chinese hamster ovary (CHO) cells stably expressing human δ or µ-

opioid receptors sustained opioid agonist treatment leads to AC superactivation in a Raf- 

1-dependent manner (Varga et al., 2003b,c; Yue et al., 2006). Recently we also 

demonstrated the physiological importance of Raf-1 in sustained-morphine-mediated AC 

superactivation in cultured neonatal rat primary sensory neurons in vitro. Our data 

indicate that sustained morphine treatment causes an increase in both basal cAMP 
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formation (Chapter 4) and in the response of primary sensory neuron adenylyl cyclase(s) 

toward the direct stimulator, forskolin (Yue et al., 2008) in a Raf-1 dependent manner.  

Since earlier data (Vasko et al., 1995; Richardson and Vasko, 2002) and our 

current results (Tumati et al., 2009) indicate that augmented intracellular cAMP 

concentrations may cause CGRP release from cultured primary sensory neurons, 

subsequently we have tested the role of Raf-1- in sustained morphine-mediated regulation 

of basal and evoked CGRP release in vitro, in cultured neonatal rat DRG neurons. Our 

data demonstrate that indeed, augmentation of cellular cAMP formation (by either a 

direct AC stimulator, forskolin or by sustained morphine treatment) increases basal and 

evoked CGRP release from cultured neonatal rat DRG neurons. Inhibition of cAMP-

dependent protein kinase (PKA) on the other hand completely inhibited sustained 

morphine-mediated augmentation of basal (Yue et al., 2008) and capsaicin-evoked 

(chapter 5) CGRP release in cultured neonatal rat primary sensory neurons. These in vitro 

experiments indicate that a. in addition to neural system adaptations sustained morphine 

treatment also causes intracellular adaptations in the sensory neurons themselves that are 

sufficient to augment CGRP release from isolated sensory neurons b. sustained 

morphine-mediated intracellular adaptations increase the sensitivity of the sensory 

neurons toward spinal excitatory modulators (produced by sustained opioid-mediated 

central descending facilitatory mechanisms and/or by inflammation).  Our earlier in vitro 

work also demonstrated that Raf-1-mediated cAMP overshoot may play an important role 

in regulating CGRP release from primary sensory neurons since inhibition of either PKA 

or Raf-1 completely attenuated sustained morphine-mediated augmentation of basal (Yue 
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et al., 2008) and capsaicin-evoked (Chapter 5) CGRP release from cultured neonatal rat 

DRG neurons. Collectively, based on our previous findings we hypothesize that in 

addition to regulation of MAPK-mediated regulation of CGRP transcription rate in the 

primary sensory neurons, Raf-1 may also play a crucial role in PKA-mediated regulation 

of pain neurotransmitter release mechanisms in cultured primary sensory neurons. 

Activation of PKA augments sensory neuron excitability by phosphorylating 

tetrodotoxin-resistant sodium channels (Vijayaragavan et al., 2004), and elevates 

calcium-dependent neurotransmitter release in sensory neurons by regulating the activity 

of the VR1 vanilloid receptors (Rathee et al., 2002) and voltage-dependent calcium 

channels (Fraser and Scott, 1999) as well as by phosphorylating proteins involved in 

neurotransmitter vesicle traffic such as snapin I or synapsins (Leenders and Sheng, 2005). 

It was suggested earlier that augmented spinal pain neurotransmitter release may 

contribute to the molecular mechanism of sustained opioid analgesic-mediated pain 

sensitization (Gardell et al., 2002, 2006) and apparent analgesic tolerance (Ossipov et al., 

2005) in vivo. Therefore, in the present work we investigated the hypothesis that selective 

knockdown of Raf-1 protein levels in the dorsal horn of the lumbar spinal cord - by i.th. 

pre-treatment with a Raf-1-selective siRNA - may prevent the development of sustained 

morphine-mediated thermal hyperalgesia, tactyle allodynia antinociceptive tolerance. 

Importantly, the Raf-1-selective siRNA pretreatment had no effect on the ability of 

morphine to produce antinociception upon acute treatment, indicating that intrathecal 

Raf-1-selective siRNA does not affect the normal sensory thresholds. Continuous 

systemic morphine infusion to vehicle pretreated rats for >3 days caused thermal 
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hyperalgesia, tactile allodynia and shifted acute morphine antinociceptive dose-

antinociceptive to the right, accompanied by a highly decreased analgesic efficiency of its 

naïve A90 dose (analgesic tolerance), in agreement with the previous results in naïve 

animals (Vanderah et al., 2000, 2001). Interestingly however, animals intrathecally pre-

treated with a Raf-1-selective siRNA mixture exhibited no significant thermal 

hyperalgesia or tactile allodynia even upon 6 days of continuous morphine infusion and 

the dose-response curve of i.th morphine upon acute re-challenge returned to close to the 

control (saline-infused) levels. The effects of this siRNA mixture were specific to Raf-1, 

because i.th. pretreatment of the animals with a control, non-targeting dsRNA construct 

had no effect on pain sensitivity in either saline- or morphine infused rats. 

In summary, our data indicate that spinal Raf-1 plays an important role in the 

regulation of CGRP content and release from primary sensory DRG neurons in vitro and 

in vivo, and that selective siRNA-mediated knock-down of spinal Raf-1 levels 

significantly attenuates sustained morphine-mediated thermal hyperalgesia, tactile 

allodynia and antinociceptove tolerance in rats. Based on the experimental data we 

suggest that co-administration of opioid analgesics with a Raf-1 inhibitor may prove to be 

useful to prevent paradoxical pain sensitization and analgesic tolerance in the treatment 

of chronic pain.  
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CHAPTER 9: SUMMARY AND CONCLUSION  
 

 
The development of antinociceptive tolerance to opioids is a major impediment to 

pharmacological alleviation of chronic, severe pain and in addition (Ossipov et al., 2005). 

Opioid tolerance can be attenuated by co-administration of the opioid with pain 

neurotransmitter receptor antagonists or by the development of multifunctional 

compounds that exhibit both opioid agonist and pain transmitter antagonist activities 

(King et al., 2005). Such bifunctional compounds are indeed able to alleviate the 

symptoms of antinociceptive tolerance. These compounds however, although may be 

very useful clinically, do not target the underlying molecular cause of chronic opioid-

mediated neuroplasticity. Therefore, upon cessation of drug treatment, an increased pain 

sensitivity can still be expected. Determination of the molecular and cellular mechanisms 

leading to augmented nociception after chronic opioid treatment on the other hand, may 

enable us to eliminate the primary cause of increased pain sensitivity, and to prevent the 

development of antinociceptive tolerance. 

Studies show that excitation of the peripheral terminals by painful stimuli (such as 

heat, capsaicin, TRPV1- receptor agonists) leads to pain-neurotransmitter (such as 

CGRP) release from the central terminals of small-diameter DRG neurons (Caterina et 

al., 1997). The released CGRP activates secondary dorsal horn neurons that convey pain 

sensation to the brain. Chronic opioid receptor stimulation has been shown to increase 

evoked CGRP release from sensory DRG neurons (Belanger et al., 2002; Gardell et al., 

2002; Trang et al., 2006). Sustained morphine treatment was also shown to augment 

forskolin-stimulated cAMP formation (Sharma et al., 1977) due to superactivation of 
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adenylyl cyclase by Raf-1 (Varga et al., 2003b, c) leading to augmented cAMP-

dependent protein kinase (PKA) activity in DRG neurons (Crain and Shen, 1998; 

Terwilliger et al., 1991). It is well known that PKA plays a crucial role in the modulation 

of presynaptic neurotransmitter release by regulating the activity of Na+- and Ca2+-

channels, neurotransmitter synthesis and vesicle transport (Leenders and Sheng, 2005; 

Vijayaragavan et al., 2004; Richardson and Vasko, 2002; Rathee et al., 2002). Based on 

all the above findings, in this study, we proposed that Raf-1-mediated phosphorylation of 

adenylyl cyclase isoenzymes is the underlying cause of the augmented basal and/or 

capsaicin-evoked CGRP release from DRG neurons upon chronic morphine treatment. 

Our data demonstrates the importance of Raf-1-mediated AC superactivation and 

subsequent PKA activity in the regulation of CGRP release from the central termini of 

DRG neurons and in the development of thermal hyperalgesia, mechanical allodynia, 

antinociceptive tolerance upon chronic morphine treatment.  

We utilized neonatal DRG neurons as a physiological system to study the 

regulation of pain neurotransmitter release upon sustained morphine treatment. We first 

showed that sustained morphine treatment augments basal and forskolin stimulated 

cAMP formation in these neurons through Raf-1 mediated adenylyl cyclase activation 

(Chapter 4). We then showed that sustained morphine treatment augments basal and 

capsaicin evoked CGRP release from the DRG neurons in a Raf-1 and PKA dependent 

manner (Chapter 5). Sustained morphine treatment has been shown to augment PGE2 

concentrations in various tissues of the nervous system (Vanderah et al., 2001) and PGE2 

has been shown to stimulate cAMP formation and mediate CGRP release in a PKA 
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dependent manner (Moncada et al., 1978; Park and Vasko, 2005; Schnizler et al., 2008). 

In Chapter 6, we showed that sustained morphine treatment augments DRG neurons 

towards PGE2 mediated cAMP formation and evoked CGRP release. We finally showed 

that in vivo in rats, PKA or Raf-1- specific siRNAs attenuate sustained morphine 

mediated augmentation CGRP levels in the dorsal horn of the spinal cord, paradoxical 

pain sensitization (thermal hyperalgesia, mechanical allodynia) and antinociceptive 

tolerance (Chapters 7,8). 

 Therefore, in summary, based on our results and previous findings, we propose a 

putative molecular mechanism (Fig 9.1) underlying sustained morphine mediated 

sensitization of basal and evoked CGRP release from primary sensory neurons. 

Stimulation of the opioid receptor (OR) by an opioid agonist (morphine) in the primary 

sensory DRG neurons liberates G protein βγ subunits. The free G protein βγ subunits 

interact with multiple effectors, leading to the activation of Raf-1 through multiple 

parallel pathways (Varga et al., 2002, 2003b, c). Activated Raf-1 phosphorylates and 

sensitizes adenylyl cyclase VI (AC VI), leading to upregulation of cAMP (cAMP 

overshoot). This mechanism increases the efficacy of Gs protein coupled receptor 

agonists (stimulators such as PGE2) towards cAMP formation. Increased cAMP activity 

leads to increased activation of cAMP-dependent protein kinase (PKA). PKA by means 

of phosphorylation of CREB, sodium channels, calcium channels, TRPV1 channels and 

vesicular trafficking proteins (Leenders and Sheng, 2005; Vijayaragavan et al., 2004; 

Richardson and Vasko, 2002; Rathee et al., 2002) augments basal CGRP release and 

increases the efficacy of capsaicin to stimulate calcium influx into the sensory neurons, 
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leading to augmented evoked pain neurotransmitter (CGRP) release. The CGRP thus 

released, activates secondary dorsal horn neurons that convey pain sensation to the brain 

leading to increased pain sensitivity. We suggest that this increased pain sensitivity can 

lead to antinociceptive tolerance. 

In conclusion, our results indicate that in addition to neuronal system adaptations, 

sustained morphine treatment causes intracellular compensatory adaptations that may 

play a crucial trigger role in further neural system adaptations in the central nervous 

system. Our data suggests that co-administration of opioid analgesics with a Raf-1 

inhibitor may prove to be effective in preventing chronic opioid mediated paradoxical 

pain sensitization. We expect that this novel pharamocological approach should enable us 

to reduce antinociceptive tolerance by the elimination of the primary cause of chronic 

morphine-induced paradoxical pain.  

Further, this study provides a platform for future studies to look at the 

involvement of Raf-1 in descending pain facilitation pathway and/or glial activation 

pathways mediated by sustained morphine treatment. An easier method to test the trigger 

role of Raf-1 would be by blocking peripheral pain transmission by application of 

lidocaine (a sodium channel blocker) and thereby looking at the role of Raf-1 in 

modulating the spinal excitatory neurotransmitter release as sustained morphine treatment 

has been shown to cause an increase in spinal excitatory neurotransmitter release by 

means of descending pain facilitation pathway.  Also, it would be interesting to look at 

the role of voltage sensitive Ca+2 and inward rectifier K+ channels in sustained morphine 

mediated pain sensitization by using electrophysiological experiments (patch clamp) as 



 117

PKA which is regulated by sustained morphine treatment has putative binding sites on 

these channels.   
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APPENDIX A: FIGURES  
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Fig 1.1. Schematic representation of opioid receptor signaling. Upon binding of opioid 

(agonist) to the opioid receptor, conformational changes allow intracellular coupling of 

mainly Gi/oproteins to the C-terminus of opioid receptors. At the Gαi subunit, GDP is 

replaced by GTP resulting in activation of G-protein complex leading to dissociation of 

the trimeric G-protein complex into Gαi and Gβγ subunits. The Gαi subunit inhibits the 

activity of adenylate cyclase, thus significantly decreasing intracellular basal levels of 

cAMP. cAMP activates protein kinases such as PKA and subsequent phosphorylation of  



 119

gene transcription proteins results in altered gene expression of various cellular proteins. 

In addition, cAMP downstream signaling may also indirectly result in the inhibition of 

voltage dependent calcium channels on presynaptic neurons. The activated Gβγ- subunits 

activate inward rectifier K+ channels and inhibit voltage sensitive Ca2+ channels leading 

to opening of K+ and closure of Ca2+ channels at the postsynaptic membrane. This results 

in hyperpolarization of the neurons and inhibition of neurotransmitter release resulting in 

blocking of pain propagation. (Modified from Taylor and Fleming, 2001).  
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Fig 1.2 
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Fig 1.2. Schematic representation of the working hypothesis demonstrating the putative 

role of Raf-1-mediated AC superactivation in the regulation of CGRP release from the 

central termini of DRG neurons upon chronic morphine treatment. Excitation of the 

peripheral terminals of DRG neurons by painful stimuli (such as capsaicin or heat, VR1-

vanilloid receptor agonists or inflammatory mediators) causes Ca2+ influx leading to pain-

neurotransmitter (such as CGRP) release from the central terminals of DRG neurons. 

Sustained opioid receptor stimulation by morphine leads to activation of Raf-1 leading to 

upregulation of cAMP formation due to phosphorylation of AC by Raf-1. This cAMP 

subsequently results in activation of cAMP-dependent protein kinase (PKA) in DRG 
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neurons. PKA plays a crucial role in the modulation of presynaptic neurotransmitter 

(such as CGRP) release by regulating the activity of Na+- , Ca2+-, VR1- channels, 

neurotransmitter synthesis and vesicle transport. Thus, this enhanced PKA activity may 

result in augmentation of basal and/or capsaicin-evoked CGRP release from DRG 

neurons upon chronic morphine treatment leading to enhanced pain sensitivity. On the 

other hand, as physiological stimulators (such as PGE2) augment basal cAMP and CGRP 

levels in the DRG neurons, it is possible that the Raf-1 mediated phosphorylation of AC 

isoenzymes upon sustained morphine treatment provides a threshold, thereby increasing 

the efficacy of the physiological stimulators in augmentation of CGRP release, leading to 

enhanced pain sensitivity.  
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Fig 2.1 
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Fig 2.1. Structures of compounds used in the study. (A) Morphine, (5α,6α)-7,8-

didehydro-4,5-epoxy-17-methylmorphinan-3,6-diol (B) Naltrexone, 17-

(cyclopropylmethyl)-4,5α-epoxy- 3,14-dihydroxymorphinan-6-one (C) Capsaicin, 8-
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methyl-N-vanillyl-6-nonenamide (D) PGE2, 11α, 15S-dihydroxy-9-oxo-prosta-5Z, 13E-

dien-1-oic acid  (E) H-89, N-[2-((p-bromocinnamyl)amino)ethyl]-5-isoquinoline 

sulfonamide, 2HCl (F) GW5074, 3-(3,5-dibromo-4-hydroxybenzylidene-5-iodo-1,3-

dihydro-indol-2-one.  
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Fig 3.1 
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Fig. 3.1. (A) Opioid receptor expression in cultured neonatal rat DRG neurons. [3H] 

DPN specific binding in primary sensory neurons reaches a maximal value of 725 

fmol/mg of protein by 9 days in culture (n=3). Nonspecific binding was determined in the 

presence of 10 µM naltrexone.  (B) TRPV1 receptor expression in cultured neonatal rat 

DRG neurons. Saturation binding isotherm for specific [3H] RTX in cultured (7 days) 

neonatal rat DRG neuron cell membranes (n=3). Specific binding was obtained by 

subtracting total [3H] RTX binding (0.1 nM-5 nM) from [3H] RTX binding in presence of 
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10 µM cold resiniferatoxin (non-specific binding). (C) PGE2 receptor expression in 

cultured neonatal rat DRG neurons. The number of [3H] PGE2 specific binding sites 

steadily increased during the first 7-9 days in culture and subsequently remained at a 

maximal level of 0.7±0.2 pmol/mg protein. Non-specific binding was measured in 

presence of 10 µM unlabeled PGE2. Values are represented as mean±SEM.  
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Fig 3.2 
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Fig. 3.2. Characterization of 7 day old neonatal rat DRG neurons in culture for CGRP 

immunoreactivity and presence of non-neuronal cells. A majority of the cells in the 7 day 

old neonatal rat DRG neuronal culture are neurons and most fraction of the neurons are 

CGRP immunoreactive (A) Immunofluorescence labeling of cultured neonatal rat DRG 

neurons for β-tubulin III (red), CGRP (green) and Merge (yellow) of the images. Scale 

bar represents 250 µm. (B) Characterization of 7 day old neonatal rat DRG neurons in 
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culture for the presence of non-neuronal cells. Immunofluorescence co-labeling of 

cultured neonatal rat DRG neurons for β-tubulin III (red) and glial fibrillary acidic 

protein (GFAP, green). Scale bar represents 250 µm.  

. 
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Fig 3.3 
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Fig 3.3. (A) Immunoprecipitation of Raf-1 from cultured neonatal rat DRG cell lysates. 

Western blot with a monoclonal anti-Raf-1 antibody (AM223), after immunoprecipitation 

with a polyclonal (lanes 2,4) or a monoclonal ( AM223, lanes 3, 5) anti-Raf-1 antibody.  

Lane 1: crude DRG lysate; Lanes 2, 3: immunoprecipitated DRG lysates; Lanes 4, 5: 

precleared and immunoprecipitated DRG cell lysates; Lane M: Molecular weight marker. 

(B) The mRNAs of Raf-1 regulated AC isoenzymes are expressed in cultured neonatal rat 

DRG cells. Agarose gel electrophoresis of the RT-PCR products obtained upon 

amplification of total mRNA from cultured rat DRG neurons, using primer pairs selective 
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for rat AC VI (lane 2) and AC II (lane 3) and AC V (lane 4). Lane 1: 100 kb molecular 

weight marker. 
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Fig 4.1 
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Fig. 4.1. Sustained morphine treatment augments basal cAMP formation in DRG cells. 

Treatment of cultured neonatal rat DRG neurons with 1 µM morphine (Mor) for 24 h 

augmented basal cAMP formation to 231 ± 27% of control (*p < 0.05, one-sample t test, 

n=4) which is an increase of 131% over the control. The results (mean ± S.E.M) are 

expressed as the percentage of cAMP formation in control unstimulated DRG neurons. 
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Fig 4.2 
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Fig. 4.2. Sustained morphine treatment augments forskolin-stimulated cAMP formation 

in cultured neonatal rat DRG neurons in a Raf-1-dependent manner. Treatment of 

cultured neonatal rat DRG neurons with 1 µM morphine (Mor) for 24 h augmented 

forskolin (1 µM)-stimulated cAMP formation to 160 ± 18% of control (*p < 0.05, one-

sample t test, n = 7). Pretreatment (1 h) of the cells with the selective Raf-1 inhibitor, 

GW5074 (10 µM), followed by a 24 h co-incubation with 1 µM morphine (Mor+GW) 

dramatically attenuated sustained morphine-mediated adenylyl cyclase superactivation to 

107 ± 16% of the control (*p < 0.05, one way ANOVA, n = 7). Treatment of DRG 

neurons with 10 µM GW alone caused no statistical difference in forskolin-stimulated 

cAMP formation relative to the medium-treated control (GW, 97 ± 13% of control, 
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p > 0.05; one-sample t test). The results (mean ± SEM) are expressed as the percentage 

of cAMP formation in control DRG neurons.  
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Fig 5.1 

 

 

 

 

 

 

Fig. 5.1. cAMP regulates CGRP release in cultured neonatal rat DRG neurons. Basal 

CGRP release from control DRG cells was 563±35 pg/ml which is normalized to 100% 

(Control). Treatment of cultured neonatal rat DRG neurons with 100 µM forskolin, a 

direct activator of adenylyl cyclase for 20 min augmented basal CGRP release to 

1243±21 pg/ml which is a 154±19% increase relative to the control (***p < 0.001, one-

sample t test, n=4) (Forskolin).  The results (mean ± S.E.M) are expressed as the 

percentage of basal CGRP release from control DRG neurons. 
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Fig 5.2 
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Fig. 5.2. Acute morphine treatment inhibits capsaicin-evoked CGRP release from 

cultured neonatal rat DRG neurons. Basal CGRP release from un-stimulated neonatal rat 

DRG neurons after 7 days in culture was 549±11 pg/ml.  Incubation with morphine (100 

µM) for 30 min resulted in a 70±5% reduction of basal CGRP release (**p < 0.01, one-

sample t test, n=4). Treatment of cultured neonatal rat DRG neurons with 1 µM capsaicin 

for 10 min (Cap) increased CGRP release to 492±29% of basal (***p < 0.001, one-

sample t test, n=4). Acute treatment (30 min) of cultured DRG neurons with morphine 

(100 µM) (Mor + Cap) attenuated capsaicin (1 µM, 10 min)-evoked CGRP to 179±23% 

of basal which is a 64% reduction relative to capsaicin alone (***p < 0.001, one way 

ANOVA, n=4). The results (mean ± S.E.M) are expressed as the percentage of basal 

CGRP release from unstimulated DRG neurons.  
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Fig 5.3 
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Fig. 5.3 Sustained morphine treatment augments basal CGRP release from cultured 

neonatal rat DRG neurons. Basal CGRP release in medium-treated neonatal rat DRG 

neurons was 684 ± 38 pg/ml. 24 h morphine (1 µM) treatment augmented basal CGRP 

release to 1012 ± 47 pg/ml (***p < 0.001, n=8, unpaired t test). Data are presented as 

mean ± SEM. 
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Fig 5.4 
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Fig. 5.4. (A) Dose- response relationship for H-89 attenuated basal CGRP release after 

sustained morphine treatment. DRG neurons (7 days in culture) were pretreated for 1h 

with various doses of H-89 ranging from 100 nM to 10 µM and subsequently co-
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incubated without (■) or with (▲) morphine (1 µM) for 24h. CGRP release (mean ± 

S.E.M) is expressed as the percentage of basal CGRP release (621±33 pg/ml) from un-

stimulated DRG neurons. The dose response curves show the mean ± S.E.M of 3 

individual experiments, performed in duplicates. (B) Dose- response relationship for PKI 

attenuated basal CGRP release after sustained morphine treatment. DRG neurons (7 

days in culture) were pretreated for 1h with various doses of PKI ranging from 10 nM to 

300 nM and subsequently co-incubated without (■) or with (▲) morphine (1 µM) for 

24h. CGRP release (mean ± S.E.M) is expressed as the percentage of basal CGRP release 

(598±17 pg/ml) from un-stimulated DRG neurons. The dose response curves show the 

mean ± S.E.M of 3 individual experiments, performed in duplicates. (C) The selective 

PKA inhibitors, H-89 and PKI attenuate sustained morphine-mediated augmentation of 

basal CGRP release from neonatal rat DRG neurons. 24 h incubation of cultured DRG 

neurons with 1µM morphine (Mor) augmented basal CGRP release to 162 ± 13% relative 

to control (*p < 0.05 in both experiments, one-sample t test; n=3 and n=4, respectively). 

Pretreatment (1 h) of the cells with 1 µM H-89 or 50 nM PKI, followed by 24 h co-

incubation in the presence of 1 µM morphine (Mor+H-89, Mor+PKI) attenuated 

morphine-mediated CGRP release to 111 ± 9% and 112 ± 8% of the control, a reduction 

of approximately 82% of the morphine treated group (**p < 0.01, one way ANOVA, 

n=3). Treatment of the DRG neurons with 1 µM H-89 alone (H-89) or 50 nM PKI alone 

caused no difference in basal CGRP release relative to control (92 ± 9%, 98 ± 2% relative 

to control, p > 0.05; one-sample t test, n=3).  
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Fig 5.5 
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Fig 5.5 (A) Cultured neonatal rat DRG cells are efficiently transfected with fluorescent 

siRNA. Differentiated DRG neurons were incubated with a BLOCK-IT fluorescein 

isothiocyanate-labeled control dsRNA (green), in the presence of the Lipofectamine 2000 

transfection agent. The cells were fixed and stained with a neuronal specific marker β-

tubuilin antibody (red) and fluorescent images were obtained by a Nikon epifluorescent 
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microscope. (B) Raf-1 specific siRNA pretreatment effectively silences Raf-1 protein 

expression.  DRG neurons were incubated with a Raf-1-specific siRNA mixture 

(SMARTPool, 20 pmol/well) or non-targeting siRNA (20 pmol/well) in the presence of 

the lipofectamine transfection agent. After SDS-PAGE, and Western blotting with an 

anti-Raf-1 antibody, the membranes were stripped and re-blotted with an anti-β-actin 

antibody to determine total protein load. Quantification of the Raf-1 immunoreactive 

bands show that Raf-1 selective siRNA significantly reduced Raf-1 protein levels while 

non-targeting siRNA treatment did not change the Raf-1 protein levels. 
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Fig 5.6 
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Fig. 5.6. (A) The selective Raf-1 inhibitor, GW5074 attenuates sustained morphine-

mediated augmentation of basal CGRP release from neonatal rat DRG neurons. 24 h 
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incubation of cultured DRG neurons with 1µM morphine (Mor) augmented basal CGRP 

release to 179 ± 24% relative to control (*p < 0.05, n = 4). Pretreatment (1 h) of the cells 

with 10 µM GW5074, followed by 24 h co-incubation with 1 µM morphine (Mor+GW) 

attenuated sustained morphine-mediated CGRP release to 115 ± 14% of the control (**p 

< 0.01 compared with Mor group, one way ANOVA, n=3). Sustained morphine-mediated 

CGRP release was completely prevented by co-incubation with the opioid antagonist, 

naltrexone (100 ± 12% relative to control; Mor+NTX; **p < 0.01, compared with Mor 

group; one way ANOVA, n=3). Treatment of the DRG neurons with GW 5074 (GW) or 

naltrexone (NTX) alone caused no difference in basal CGRP release relative to control 

(89 ± 11%  of GW group and 93 ± 6% of NTX group relative to control, p > 0.05 for both 

groups; one-sample t test, n=3). The results (mean ± SEM) are expressed as the 

percentage of basal CGRP release from control DRG neurons. (B) Raf-1 selective siRNA 

attenuates sustained morphine-mediated augmentation of basal CGRP release from 

neonatal rat DRG neurons. 24 h incubation of cultured DRG neurons with 1µM 

morphine (Mor) augmented basal CGRP release to 157 ± 11% relative to control (*p < 

0.05, n = 4). Pretreatment (24 h) of the cells with Raf-1 siRNA, followed by 24 h co-

incubation with 1 µM morphine (Raf-1siRNA+Mor) attenuated sustained morphine-

mediated CGRP release to 104 ± 6% of the control (**p < 0.01 compared with Mor 

group, one way ANOVA, n=3), a reduction of 90% relative to morphine treatment group. 

Treatment of with Raf-1 siRNA (Raf-1 siRNA) alone caused no difference in basal 

CGRP release relative to control (94 ± 23% of control, p > 0.05 relative to control; one-

sample t test, n=3). 
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Fig 5.7 
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Fig. 5.7.  Dose- response relationship for capsaicin-evoked CGRP release before and 

after sustained morphine treatment. DRG neurons (7 days in culture) were incubated 

without (■) or with (▲) morphine (1 µM) for 24h followed by stimulation (10 min) with 

various doses of capsaicin ranging from 10 nM to 3 µM. CGRP release (mean ± S.E.M) 

is expressed as the percentage of basal CGRP release (610±22 pg/ml) from un-stimulated 

DRG neurons. The dose response curves show the mean ± S.E.M of 3 individual 

experiments, performed in quadruplicates. 
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Fig 5.8 

Mor
Cap

Mor+
Cap

Mor+
NTX+C

ap
0

250

500

750

1000

***

*** ***

C
G

R
P

 r
el

ea
se

(%
 o

f 
co

n
tr

o
l)

**

 

Fig. 5.8. Sustained morphine-mediated augmentation of capsaicin-evoked CGRP release 

is opioid receptor-mediated in cultured neonatal rat DRG neurons. 24 h incubation of 

cultured DRG neurons with 1 µM morphine augmented CGRP release to 171±11% of 

basal (**p < 0.01, one sample t-test, n=5) (Mor). Treatment of cultured neonatal rat DRG 

neurons with 1 µM capsaicin for 10 min evoked CGRP release to 489±52% of basal 

(***p < 0.001, one sample t-test, n=5) (Cap). 24 h incubation of cultured DRG neurons 

with 1 µM morphine  followed by removal of morphine and  stimulation with 1 µM 

capsaicin for 10 min augmented CGRP release to 991±120% of basal, that is 104% 

increase relative to capsaicin alone (***p < 0.001, one way ANOVA, n=5) (Mor + Cap). 

Sustained morphine-mediated sensitization of capsaicin evoked CGRP release was 

completely prevented by co-incubation with the opioid antagonist, naltrexone (464±44% 
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of basal; ***p < 0.001 compared with Mor+Cap group; p > 0.05 compared with Cap 

group; one way ANOVA, n=5) (Mor+NTX+Cap). The results (mean ± S.E.M) are 

expressed as the percentage of basal CGRP release in unstimulated DRG neurons.  
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Fig 5.9 
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Fig. 5.9. Selective PKA inhibitors attenuate sustained morphine-mediated sensitization of 

capsaicin evoked CGRP release from neonatal rat DRG neurons. Capsaicin (1 µM) 

treatment (10 min) of neonatal rat DRG neurons evokes CGRP release to 487±48% of 

basal (n=5) (Cap). Sustained morphine (1 µM) treatment augmented capsaicin-evoked 

CGRP release to 946±71% of basal which is a 94% increase relative to Cap alone (***p 

< 0.001 relative to Cap , one way ANOVA, n=5). Pretreatment (1 h) of the cells with 50 

nM PKI followed by 24 h co-incubation with morphine(1 µM) attenuated the effect of 

sustained morphine treatment on capsaicin (1 µM, 10 min)-evoked CGRP release by 67% 
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relative to Mor+Cap group(**p < 0.01 relative to Mor+Cap, one way ANOVA, n=5) 

(Mor+PKI+Cap); Treatment of the DRG neurons with 50 nM PKI followed by 

stimulation with 1 uM capsaicin had no effect on capsaicin-evoked CGRP release 

(542±61% of basal, p > 0.05 relative to Cap (487±48% of basal) ; one way ANOVA, 

n=5) (PKI+Cap); Pretreatment (1 h) of the cells with H-89 (1 µM), followed by 24 h co-

incubation with the inhibitor in the presence of morphine (1 µM) attenuated sustained 

morphine-mediated augmentation of capsaicin (1 µM, 10 min)-evoked CGRP release by 

57% relative to Mor+Cap group (**p < 0.01, one way ANOVA, n=5) (Mor+H-89+Cap); 

Treatment of the DRG neurons with 1 µM H-89 alone caused no difference in basal 

CGRP release relative to capsaicin alone (478±53% of basal, p > 0.05 relative to Cap 

(487±48% of basal); one way ANOVA, n=5) (H-89+Cap). The results (mean ± S.E.M) 

are expressed as the percentage of basal CGRP release from unstimulated DRG neurons.  
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Fig 5.10 
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Fig. 5.10. The selective Raf-1 inhibitor, GW5074 attenuates sustained morphine-

mediated augmentation of capsaicin evoked CGRP release from neonatal rat DRG 

neurons. (Cap), Capsaicin (1 µM) treatment (10 min) of neonatal rat DRG neurons 

evokes CGRP release to 514±33% of basal (n=5) (Cap); Sustained morphine (1 µM) 

treatment augmented capsaicin-evoked CGRP release by 92% (989±62% of basal, *** p < 

0.001 relative to Cap , one way ANOVA, n=5) (Mor+Cap); Pretreatment (1 h) of the 

cells with GW5074 (10 µM), followed by 24 h co-incubation in the presence of morphine 

(1 µM) attenuated capsaicin (1 µM, 10 min)-evoked CGRP release to 691±47% of basal 

which is  a 67% reduction of CGRP release to that of Mor+Cap group (**p < 0.01, one 

way ANOVA, n=5) (Mor+GW+Cap); Treatment of the DRG neurons with GW5074 (10 
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µM) alone had no effect on capsaicin-evoked CGRP release (498±53% of basal, p > 0.05 

to Cap (514±33% of basal), one way ANOVA, n=5) (GW+Cap). The results (mean ± 

S.E.M) are expressed as the percentage of basal CGRP release from un-stimulated DRG 

neurons. 
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Fig 6.1 
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Fig. 6.1.  Time- response relationship for PGE2 stimulated cAMP formation. DRG 

neurons (7 days in culture) were incubated with PGE2 (1 µM) for various time points 

ranging from 10 min to 90 min.  The time response curves show the mean ± S.E.M of 3 

individual experiments, performed in duplicates. 
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Fig 6.2 
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Fig. 6.2.  Dose- response relationship for PGE2 stimulated cAMP formation before and 

after sustained morphine treatment. DRG neurons (7 days in culture) were incubated 

without (■) or with (▲) morphine (1 µM) for 24h followed by stimulation (1h) with 

various doses of PGE2 ranging from 50 nM to 10 µM.  The dose response curves show 

the mean ± S.E.M of 3 individual experiments, performed in triplicates. 
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Fig 6.3 
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Fig. 6.3. Sustained morphine treatment augments PGE2-stimulated cAMP formation in 

cultured neonatal rat DRG neurons. Basal cAMP formation in cultured neonatal rat DRG 

neurons was 423±45 fmol/50 µl. PGE2 (250 nM) stimulated cAMP formation in the 

control cells was 933±31 fmol/50 ul supernatant (100%, Control). Treatment of cultured 

neonatal rat DRG neurons with 1 µM morphine for 24h followed by a 10 min naltrexone 

(10 µM) treatment to precipitate withdrawal augmented PGE2- stimulated cAMP 

formation to 1662±19 fmol/50 ul supernatant, a 78% increase over the control (*p < 0.05, 

one-sample t test, n=4) (Morphine). 
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Fig 6.4 
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Fig. 6.4. Sustained morphine treatment augments PGE2 -evoked CGRP release from 

neonatal rat DRG neurons. Basal CGRP release from control neonatal rat DRG neurons 

after 7 days in culture was 498±23 pg/ml and this value was normalized as 100%. 24 h 

incubation of cultured DRG neurons with 1µM morphine augmented basal CGRP release 

by 69% over control (**p < 0.01, one-sample t test; n=5) (Mor). Stimulation of the DRG 

neurons with 250nM PGE2 for 1h evoked CGRP release (207±14% of basal; ***p < 

0.001, one-sample t test; n=5) (PGE2). 24 h incubation of cells in the presence of 1 µM 

morphine augmented PGE2 evoked CGRP release to 284±25% of basal, an increase of 

37% over PGE2 treatment alone (*p < 0.05, one way ANOVA, n=5) (Mor+ PGE2). 

Sustained morphine-mediated augmentation of PGE2-evoked CGRP release was 
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completely prevented by co-incubation with the opioid antagonist, naltrexone, (197±12% 

of basal; *p < 0.05 relative to the Mor+ PGE2 group; one way ANOVA, n=5) 

(Mor+NTX+ PGE2).  Treatment of the DRG neurons with 10 µM naltrexone alone 

caused no difference in basal CGRP release relative to control (p>0.05; one-sample t test, 

n=5) (NTX). The results (mean ± S.E.M) are expressed as the percentage of basal CGRP 

release from control DRG neurons. 
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Fig 6.5 
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Fig. 6.5. Sustained morphine treatment augments PGE2 mediated sensitization of 

capsaicin evoked CGRP release from neonatal rat DRG neurons. 24 h incubation of 

cultured DRG neurons with 1µM morphine  augmented basal CGRP release to 189 ± 8% 

relative to control (*p < 0.05, one-sample t test; n=3) (Mor).  Treatment of cultured 

neonatal rat DRG neurons with 1 µM capsaicin for 10 min evoked CGRP release to 451± 

30% of control (***p < 0.001, one-sample t test, n=3) (Cap). 24 h incubation of cultured 

DRG neurons with 1 µM morphine  followed by removal of morphine and  stimulation 

with 1 µM capsaicin for 10 min resulted in augmentation of capsaicin evoked CGRP 

release which is 923± 72% of the basal, an increase of 105 % over capsaicin treatment 
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alone (**p < 0.01, one way ANOVA, n=3) (Mor + Cap). Stimulation of the DRG neurons 

with 250nM PGE2 for 1h followed by stimulation with 1 µM capsaicin for 10 min 

sensitized capsaicin evoked CGRP release to 915± 76% relative to control, an increase of 

102 % over capsaicin treatment alone (**p < 0.01, one-sample t test; n=3) (PGE2+Cap). 

24 h incubation of cells in the presence of 1 µM morphine followed by stimulation with 

250 nM PGE2 for 1h and stimulation with 1 µM capsaicin for 10 min augmented PGE2 

mediated sensitization of capsaicin evoked CGRP release to 1202 ± 105% of the control, 

an increase of 64 % and 61% over over PGE2+Cap and Cap+Mor treatments (*p < 0.05, 

one way ANOVA, n=3) (Mor+PGE2+Cap). The results (mean ± SEM) are expressed as 

the percentage of basal CGRP release from control DRG neurons.  
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Fig 7.1 
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Fig 7.1. Experimental design (Day., D; Intrathecal., Ith; PKA selective siRNA delivered 

via intrathecal catheter., siRNA; Baseline., BL; Infrared heat., IR; Von Frey filament., 

VF; Tail-flick., TF).  PKA selective siRNA was delivered intrathecally @ 2 µg dose once 

daily for 3 days continuously (D-3 to D-1) and from there on every alternate day until day 

6 (D6), as a maintenance dose. (This figure is a modified version of that published by 

Tumati et al., 2008). 
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Fig 7.2 
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Fig 7.2. Intrathecal PKA selective siRNA treatment attenuates sustained morphine-

mediated augmentation of CGRP levels in lumbar spinal cord homogenates. Male 

Sprague Dawley rats were subcutaneously implanted with osmotic minipumps delivering 

continuous saline (open bars) or 45 nmol/µl/h morphine (dark bars) infusion for 6 days 

(refer to Fig 7.1 for drug treatment schedule). CGRP content in the supernatants of 

lumbar dorsal horn homogenates were measured using a rat CGRP EIA kit (Cayman 

Chemicals). Sustained morphine treatment significantly augmented CGRP concentration 

in the lumbar dorsal horn of rats (**  p < 0.01 relative to saline-infused control; Student’s 

t test; n = 4). On the other hand, in the lumbar dorsal horn of rats pre-treated with the 

PKA selective siRNA, CGRP content after sustained morphine treatment  was not 

significantly different from that in saline-treated animals ( p > 0.05 relative to saline 

control; Student’s t test; n = 4).   
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Fig 7.3 
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Fig 7.3. Sustained morphine-induced thermal hypersensitivity is blocked by intrathecal 

PKA selective siRNA pretreatment. Male Sprague Dawley rats were subcutaneously 

implantated with saline or morphine osmotic minipumps delivering 45 nmol-1. µl-1. h-1 

continuous infusion for 7d. Paw withdrawal latencies to radiant heat applied to the plantar 

surface of the hindpaw of the rats were determined 6 h after osmotic minipump 

implantation and once daily afterwards for 6 d while the morphine continuous infusion 

was still maintained. Morphine infusion via osmotic minipump initially produced 

antinociception (6 h) in the radiant heat paw-flick test. Subsequently, thermal 
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hyperalgesia as indicated by a decrease in paw withdrawal latencies was observed upon 

sustained treatment. Thermal hyperalgesia was quite significant (**  p < 0.01; Student’s t 

test; n = 6) by the sixth day after morphine pump implantation. Intrathecal administration 

of PKA siRNA to the morphine treated rats significantly (**  p < 0.05; Student’s t test; n 

=  6) attenuated sustained-morphine treatment mediated thermal hyperalgesia. The 

following groups were used: rats implanted with saline pumps (clear inverted triangles; 

Control ); rats implanted with morphine pumps (solid inverted triangles; Morphine); rats 

pretreated with PKA siRNA (2µg, i.th) for 3 days, implanted with saline pumps, 

continued PKA siRNA injection every alternate day until day 6 post saline pump 

implantation (clear circle; PKA siRNA); rats pretreated with PKA siRNA  (2µg, i.th) for 

3 days, implanted with morphine pumps, continued PKA siRNA injection every alternate 

day until day 6 post morphine pump implantation (solid circle; PKA siRNA+Morphine). 

Six individual animals were used for each group. i.th., Intrathecal.  
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Fig 7.4 
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Fig 7.4. Intrathecal PKA-selective siRNA treatment blocks sustained morphine-mediated 

mechanical allodynia. Male Sprague Dawley rats were subcutaneously implanted with 

osmotic minipumps delivering continuous saline (open bars) or 45 nmol/µl/h morphine 

(dark bars) infusion for 6 days (refer to Fig 7.1 for drug treatment schedule). Paw 

withdrawal thresholds in response to probing with von Frey filaments on the plantar 

surface of the hindpaw of the rats were determined 6 d after saline or morphine pump 

implantation. Tactile allodynia, indicated by a significant reduction in the paw 

withdrawal threshold when compared with that obtained before any manipulations was 

measured on day 6 after morphine pump implantation while the morphine continuous 

infusion was still maintained. Tactile allodynia was quite significant (**  p < 0.01; 

Student’s t test; n = 6) in animals receiving morphine by the sixth day. Intrathecal 
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administration of PKA siRNA to the morphine treated rats significantly (** p < 0.01; 

Student’s t test; n = 6) attenuated sustained morphine treatment mediated tactile 

allodynia. Six separate animals were used for each group.  
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Fig 7.5 
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Fig 7.5. Intrathecal PKA-selective siRNA treatment blocks the development of 

antinociceptive tolerance. Male Sprague Dawley rats were subcutaneously implantated 

with saline or morphine osmotic minipumps delivering 45 nmol-1. µl-1. h-1 continuous 

infusion across a 7-day period. Antinociceptive dose-response curves for intrathecal 

morphine (1, 3, 10 µg doses) were generated in the 52°C water tail flick test at the time of 

peak effect of morphine (30 min as described by Vanderah et al., 2001) on day 6 after 

minipump implantation for the saline- and morphine-infused rats. Antinociceptive 

tolerance, indicated by a significant reduction in tail-flick latency after challenge with an 

A90 dose of morphine delivered intrathecally in the sustained morphine treated rats is 

significantly (*  p < 0.05; Student’s t test; n = 5) attenuated by PKA siRNA 

administration. The following groups were used: rats implanted with saline pumps and 
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challenged with morphine (clear inverted triangle; control group), rats implanted with 

morphine pumps and challenged with morphine (solid inverted triangle; morphine 

group), rats pretreated with PKA siRNA (2µg, i.th) for 3 days, implanted with saline 

pumps, continued Raf-1 siRNA injection every alternate day until day 6 and challenged 

with morphine (clear circle; PKA siRNA/saline group) and rats pretreated with PKA 

siRNA (2µg, i.th) for 3 days, implanted with morphine pumps, continued PKA siRNA 

injection every alternate day until day 6 and challenged with morphine (solid circle; PKA 

siRNA/morphine group). Five separate animals were used for each point on the dose-

response curve. i.th., Intrathecal. 
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Fig 8.1 
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Fig. 8.1. Experimental design. (D: Day, I.th: Intrathecal, siRNA: Raf-1-selective siRNA 

or non-targeting dsRNA, BL: Baseline, IR: Infrared heat test, VF: Von Frey filament test, 

TF: Tail-flick test, modified from Tumati et al., 2008). 
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Fig 8.2 
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Fig. 8.2. ( A) Intrathecal Raf-1 selective siRNA treatment reduces Raf-1 protein levels in 

rat lumbar spinal cord homogenates. Male Sprague-Dawley rats received intrathecal 

injections of saline (lanes 1-2); 2µg / 10 µl Raf-1 specific siRNA once (lanes 3-5) or 

twice lanes 6-8 daily (a total of 4µg/day) for 3 days. After i.th. pre-treratment, lumbar 

spinal cord homogenates from each rat were loaded on 8% SDS-polyacrylamide gel and 

Western blots were performed with primary antibodies against Raf-1 and β-actin. β-actin 

is used as a loading control. Lane M: molecular weight markers. (B) Recovery of Raf-1 

protein levels in rat lumbar spinal cord homogenates after 3 days of intrathecal Raf-1 

(A) 
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siRNA administration. Male Sprague-Dawley rats received intrathecal injection of 2µg / 

10 µl Raf-1 specific siRNA once daily on day 1, day 2 and day 3 (lanes 1-3). Starting 

from day 4, the Raf-1 levels were allowed to recover until day 9 ( lanes 3-9). After i.th. 

pre-treratment, lumbar spinal cord homogenates from each rat were loaded on 8% SDS-

polyacrylamide gel and Western blot was performed with primary antibody against Raf-

1. Lane M: molecular weight markers. Hence, Raf-1 siRNA was decided to be 

administered on alternative days for maintaining the knock down levels of Raf-1.  
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Fig 8.3 
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Fig. 8.3. Intrathecal Raf-1 selective siRNA treatment attenuates sustained morphine-

mediated augmentation of CGRP level in lumbar spinal cord homogenates. Male Sprague 

Dawley rats were subcutaneously implanted with osmotic minipumps delivering 

continuous saline (open bars) or 45 nmol/µl/h morphine (dark bars) infusion for 6 days 

(refer to Fig. 8.2 for drug treatment schedule). CGRP content in the supernatants of 

lumbar dorsal horn homogenates was measured using a rat CGRP EIA kit (Cayman 

Chemicals). Sustained morphine treatment significantly augmented CGRP concentration 

in the lumbar dorsal horn of rats (**  p < 0.01 relative to saline-infused control; Student’s 

t test; n = 4). In the lumbar dorsal horn of rats pre-treated with the Raf-1-selective siRNA 

on the other hand, CGRP content after sustained morphine treatment  was not 

significantly different from that in saline-treated animals ( p > 0.05 relative to saline 

control; Student’s t test; n = 4).  In rats pretreated with a control non-targeting dsRNA, 
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sustained morphine infusion caused a similar increase in CGRP content as in the control, 

vehicle-pre-treated rats.  
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Fig 8.4 
 

d

a b

c

 
 

 

Figure 8.4. Intrathecal Raf-1 selective siRNA treatment attenuates sustained morphine-

mediated augmentation of CGRP immunoreactivity in the lumbar spinal cord of rats. 

Male Sprague-Dawley rats received i.th vehicle (a, b) or Raf-1-selective siRNA (c, d) 

treatments for 3 days (see Fig. 8.2). After pretreatment, each animal group was divided 

into two sub-groups and received continuous subcutaneous saline (a, c) or morphine (45 

nmol-1µl-1h-1) infusion (b, d) for 7 days.  Lumbar spinal cord slices were incubated with 

an anti-CGRP primary antibody followed by a fluorescent-labeled secondary antibody 

(Alexa Fluor 594-conjugated goat anti-rabbit secondary antibody). Immunofluorescent 
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images were collected using a Nikon E800 fluorescence microscope. Scale bar represents 

100 µm. 
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Fig 8.5 
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Fig 8.5. Intrathecal Raf-1 selective siRNA treatment attenuates sustained morphine-

mediated augmentation of Raf-1- and CGRP immunoreactivity in rat DRG slices. Male 

Sprague-Dawley rats received i.th vehicle (upper panels) or Raf-1-selective siRNA 

(lower panel) treatments for 3 days (see Fig. 8.2). After pretreatment, the animals 

received continuous subcutaneous saline (upper panel) or morphine (45 nmol-1. µl-1. h-1 ) 

infusion (lower panels) for 7 days.  Dorsal root ganglia (L5 level) slices were incubated 
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with anti-Raf-1 (first column) or anti-CGRP (second column) primary antibodies 

followed by Cy3-conjugated goat anti-rabbit or Alexa Fluor 594-conjugated goat anti-

guinea pig secondary antibodies, respectively. The third column in each row is a merge of 

the two previous images. Immunofluorescence images were digitally captured using a 

Nikon (Tokyo, Japan) E800 fluorescence microscope. Scale bar represents 50 µm. 
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Fig 8.6 
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Fig 8.6. Intrathecal Raf-1-selective siRNA treatment attenuates sustained morphine-

mediated thermal hyperalgesia. Male Sprague-Dawley rats received i.th vehicle (open 

and dark triangles), Raf-1-selective siRNA (open and dark circles) or non-targeting 

dsRNA (open and dark diamonds) treatments for 3 days (see Fig. 8.2). After 

pretreatment, the animals received continuous subcutaneous saline (open symbols) or 

morphine (45 nmol-1.µl-1 h-1 ) infusions (closed symbols) for 7 days. Paw withdrawal 

(C) 
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latencies in response to radiant heat applied to the plantar surface of the hind-paw were 

determined 6 h after osmotic minipump implantation and once daily during 6 days of 

morphine (or saline) treatment. (siRNA treatment continued on alternative days during 

morphine infusion (see Fig 8.2)). Acute (6 h) morphine treatment produced a 50% 

increase in paw-withdrawal latencies in vehicle, Raf-1-selective siRNA and non-targeting 

dsRNA pretreated groups, respectively. Thermal hypersensitivity was significant (*  p < 

0.05; Student’s t test; n = 6) in vehicle and non-targeting dsRNA pre-treated animals on 

the third day of continuous morphine infusion. Intrathecal pretreatment with the Raf-1-

selective siRNA on the other hand, significantly attenuated sustained morphine-mediated 

thermal hyperalgesia even after 6 days of continuous morphine treatment (*  p < 0.05; 

Student’s t test; n = 6). Six individual animals were used in each treatment group.  
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Fig 8.7 
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Figure 8.7.  Intrathecal Raf-1-selective siRNA treatment attenuates sustained morphine-

mediated tactile allodynia. Male Sprague Dawley rats received i.th vehicle (control), Raf-

1-selective siRNA (Raf-1 siRNA) or non-targeting dsRNA (mismatch siRNA) treatments 

for 3 days, as shown in Fig. 8.2. After pretreatment, the animals received continuous 

subcutaneous saline (open bars) or morphine (45 nmol-1. µl-1. h-1 ) infusions (dark bars) 

for 7 days. siRNA treatment continued on alternative days during the morphine infusion 

period (see Fig 8.2). After continuous morphine or saline infusion for 6 days, paw 

withdrawal thresholds were measured by probing the plantar surface of their hind-paw of 

each rat with von Frey filaments. Tactile hypersensitivity was significant in vehicle and 

non-targeting dsRNA pre-treated animals (**  p < 0.01 compared to saline control; 
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Student’s t- test; n = 6) after 6 days of morphine infusion, while intrathecal pretreatment 

with the Raf-1-selective siRNA significantly attenuated sustained morphine-mediated 

tactile allodynia (*  p < 0.05 relative to vehicle-pretreated saline control; Student’s t test; n 

=  6). Six individual animals were used in each treatment group.  
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Fig 8.8  
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Fig 8.8. Intrathecal Raf-1-selective siRNA treatment attenuates sustained morphine-

mediated antinociceptive tolerance. Male Sprague-Dawley rats (n=5 in each group) 

received i.th vehicle (open and dark triangles), Raf-1-selective siRNA (open and dark 

circles) treatment for 3 days (Fig. 8.2). After pre-treatment, the animals received 

continuous subcutaneous saline (open symbols) or morphine (45 nmol-1. µl-1. h-1 ) 

infusions (dark symbols) for 7 days. siRNA treatment continued on alternative days 

during morphine infusion. After sustained morphine (or saline) treatment the animals 

were challenged with acute (30 min) morphine doses and antinociceptive dose- 

nociceptive response curves were measured using the 52°C water tail-flick test. 

Antinociceptive tolerance is indicated by a significant rightward shift in the dose-

response curves and by a significant reduction in the % antinociceptive effect of the naïve 
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A90 dose (10 µg/kg) of morphine (20.3±1 %, a 77% reduction compared to saline control 

or naïve control).  
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Fig 9.1 
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Fig 9.1. The putative molecular mechanism underlying sustained morphine mediated 

pain sensitization. Stimulation of the opioid receptor (OR) by an opioid agonist 

(morphine) in the primary sensory DRG neurons liberates G protein βγ subunits. The free 

G protein βγ subunits interact with multiple effectors, leading to the activation of Raf-1 

through multiple parallel pathways (Varga et al., 2003a). Activated Raf-1 phosphorylates 

and sensitizes adenylyl cyclase VI (AC VI), leading to upregulation of cAMP (cAMP 

overshoot). This mechanism increases the efficacy of Gs protein coupled receptor 

agonists (such as PGE2) towards cAMP formation. Increased cAMP activity leads to 

increased activation of cAMP-dependent protein kinase (PKA). PKA by means of 
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phosphorylation of sodium channels, calcium channels, TRPV1 channels, transcription 

regulatory proteins such as cAMP response element binding protein and vesicular 

trafficking proteins (Leenders and Sheng, 2005; Vijayaragavan et al., 2004; Richardson 

and Vasko, 2002; Rathee et al., 2002) augments basal CGRP release and increases the 

efficacy of capsaicin to stimulate calcium influx into the sensory neurons, leading to 

augmented evoked pain neurotransmitter (CGRP) release. The CGRP thus released, 

activates secondary dorsal horn neurons that convey pain sensation to the brain leading to 

increased pain sensitivity. We suggest that this increased pain sensitivity can lead to 

antinociceptive tolerance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 181

REFERENCES 
 
 

Acosta CG, Fabrega AR, Masco DH, Lopez HS (2001) A sensory neuron subpopulation 
with unique sequential survival dependence on nerve growth factor and basic fibroblast 
growth factor during development. J Neurosci 21: 8873–8885. 
 
Adler JE, Kessler JA, Black IB (1984) Development and regulation of substance P in 
sensory neurons in vitro. Dev Biol 102: 417–425.  
 
Akins PT, McCleskey EW (1993) Characterization of potassium currents in adult rat 
sensory neurons and modulation by opioids and cyclic AMP. Neuroscience 56: 759–769. 
 
Alberts B, Bray D, Lewis J, Raff M, Roberts K, Watson JD (1989) Cell signaling. In 
Molecular Biology of The Cell, 2nd ed. Garlan Publishing, New York, 681-726.  
 
Amaya F, Oh-hashi K, Naruse Y, Iijima N, Ueda M, Shimosato G, Tominaga M, Tanaka 
Y, Tanaka M (2003) Local inflammation increases vanilloid receptor 1 expression within 
distinct subgroups of DRG neurons. Brain Res 963: 190–196. 
 
Ammer H, Schulz R (1998) Adenylyl cyclase supersensitivity in opioid-withdrawn 
NG108-15 hybrid cells requires Gs but is not mediated by the Gsalpha subunit. J 
Pharmacol Exp Ther 286: 855-862. 
 
Angst MS, Clark JD (2006) Opioid-induced hyperalgesia: a qualitative systematic 
review. Anesthesiology 104: 570–587.  
 
Antonijevic I, Mousa SA, Schäfer M, Stein C (1995) Perineurial defect and peripheral 
opioid analgesia in inflammation. J Neurosci 15: 165–172. 
 
Avidor-Reiss T, Nevo I, Saya D, Bayewitz M, Vogel Z (1997) Opiate-induced adenylyl 
cyclase superactivation is isoenzyme-specific. J Biol Chem 272: 5040-5047. 
 
Baccaglini PI, Hogan PG (1983) Some rat sensory neurons in culture express 
characteristics of differentiated pain sensory cells. Proc Natl Acad Sci USA 80: 594–598.  
 
Ballet S, Conrath M, Fischer J, Kaneko T, Hamon M, Cesselin F (2003) Expression and 
G-protein coupling of mu-opioid receptors in the spinal cord and dorsal root ganglia of 
polyarthritic rats. Neuropeptides 37: 211–219. 
 
Banerjee P, Berry-Kravis E, Bonafede-Chhabra D, Dawson G (1993) Heterologous 
expression of the serotonin 5-HT1A receptor in neural and non-neural cell lines. Biochem 
Biophys Res Commun 192: 104–110.  
 



 182

Barber LA, Vasko MR (1996) Activation of protein kinase C augments peptide release 
from rat sensory neurons. J Neurochem 67: 72–80.  
 
Barde Y-A (1989) Trophic factors and neuronal survival. Neuron 2: 1525–1534. 
 
Bartho L, Stein C, Herz, A (1990) Involvement of capsaicin-sensitive neurones in 
hyperalgesia and enhanced opioid antinociception in inflammation. Naunyn 
Schmiedeberg's Arch Pharmacol 342: 666–670. 
 
Basbaum AI (1999) Distinct neurochemical features of acute and persistent pain. Proc 
Natl Acad Sci USA 96: 7739–7743.  
 
Belanger S, Ma W, Chabot JG, Quirion R (2002) Expression of calcitonin gene-related 
peptide, substance P and protein kinase C in cultured dorsal root ganglion neurons 
following chronic exposure to mu, delta and kappa opiates. Neuroscience 115: 441-453. 
 
Beazely MA, Alan JK, Watts VJ (2005) Protein kinase C and epidermal growth factor 
stimulation of Raf1 potentiates adenylyl cyclase type 6 activation in intact cells. Mol 
Pharmacol 67: 250-259. 
 
Beazely MA, Watts VJ (2005) Activation of a novel PKC isoform synergistically 
enhances D2L dopamine receptor-mediated sensitization of adenylate cyclase type 6. Cell 
Signal 17: 647-653.  
 
Berg KA, Patwardhan AM, Sanchez TA, Silva YM, Hargreaves KM, Clarke WP (2007a) 
Rapid modulation of mu-opioid receptor signaling in primary sensory neurons. J 
Pharmacol Exp Ther 321: 839–847. 
 
Berg KA, Zardeneta G, Hargreaves KM, Clarke WP, Milam SB (2007b) Integrins 
regulate opioid receptor signaling in trigeminal ganglion neurons. Neuroscience 144: 
889–897. 
 
Bie B, Peng Y, Zhang Y, Pan ZZ (2005) cAMP-mediated mechanisms for pain 
sensitization during opioid withdrawal. J Neurosci 25: 3824-3832. 
 
Bilecki W, Hollt V, Przewlocki R (2000) Acute deltaopioid receptor activation induces 
CREB phosphorylation in NG108-15 cells. Eur J Pharmacol 390: 1–6. 
 
Blackstone C, Murphy TH, Moss SJ, Baraban JM, Huganir RL (1995) Cyclic AMP and 
synaptic activity dependent phosphorylation of AMP preferring glutamate receptors. J 
Neurosci 14: 7585-7593. 
 
Bohn LM (2000) Mu-opioid receptor desensitization by beta-arrestin-2 determines 
morphine tolerance but not dependence. Nature 408: 720–723.  



 183

Boie Y, Styocco R, Sawyer N, Slipetz DM, Ungrin MD, Neuschaffe-Rube F, Metters 
KM, Abramowitz M (1997) Molecular cloning and characterization of the four rat 
prostaglandin E2 receptor subtypes. Eur J Pharmacol 340: 227-241. 
 
Bonica J (1990) The management of pain: 2nd ed. Lea & Febiger, Philadelphia. 
 
Bradford  MM (1976) A rapid and sensitive method for the quantitation of microgram 
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem 7: 248–
254.  
 
Buchman VL, Davies AM (1993) Different neurotrophins are expressed and act in a 
developmental sequence to promote the survival of embryonic sensory neurons. 
Development 118: 989–1001. 
 
Burgess M, Mullaney I, McNeill M, Dunn PM, Rang HP (1989) Second messengers 
involved in the mechanism of action of bradykinin in sensory neurons in culture. J 
Neurosci 9: 3314–3325.  
 
Burkey TH, Hingtgen CM, Vasko MR (2004) Isolation and culture of sensory neurons 
from the dorsal-root ganglia of embryonic or adult rats. Methods Mol Med 99: 189-202. 
 
Buzas B, Cox BM (1997) Quantitative analysis of mu and delta opioid receptor gene 
expression in rat brain and peripheral ganglia using competitive polymerase chain 
reaction. Neuroscience 76: 479–489. 
 
Caterina MJ, Leffler A, Malmberg AB, Martin WJ, Trafton J, Petersen-Zeitz KR, 
Koltzenburg M, Basbaum AI, Julius D (2000) Impaired nociception and pain sensation in 
mice lacking the capsaicin receptor. Science 288: 306–313. 
 
Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D (1997) The 
capsaicin receptor: a heat-activated ion channel in the pain pathway. Nature 389: 816–
824. 
 
Chakrabarti S, Wang L, Tang W, Ginzler AR (1998) Chronic morphine augments 
adenylyl cyclase phosphorylation: Relevance to altered signaling during 
tolerance/dependence. Mol Pharmacol 54: 949-953.  
 
Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL (1994) Quantitative assessment 
of tactile allodynia in the rat paw. J Neurosci Methods 53: 55– 63. 
 
Chaudhary P, Martenson ME, Baumann TK (2001) Vanilloid receptor expression and 
capsaicin excitation of rat dental primary afferent neurons. J Dent Res 80: 1518–1523.  
 



 184

Chen GG, Chalazonitis A, Shen KF, Crain SM (1988) Inhibitor of cyclic AMP-dependent 
protein kinase blocks opioid-induced prolongation of the action potential of mouse 
sensory ganglion neurons in dissociated cell cultures. Brain Res 462: 372-377. 
 
Chen JJ, Dymshitz J, Vasko MR (1997) Regulation of opioid receptors in rat sensory 
neurons in culture. Mol Pharmacol 51: 666–673. 
 
Childers SR (1991) Opioid receptor-coupled second messenger systems. Life Sci 48: 
1991–2003. 
 
Chizhmakov I, Yudin Y, Mamenko N, Prudnikov I, Tamarova Z, Krishtal O (2005) 
Opioids inhibit purinergic nociceptors in the sensory neurons and fibres of rat via a G 
protein-dependent mechanism. Neuropharmacology 48: 639–647. 
 
Coggeshall RE, Zhou S, Carlton SM (1997) Opiate receptors on peripheral sensory 
axons. Brain Res 764: 126–132. 
 
Cohen SP, Christo PJ, Wang S, Chen L, Stojanovic MP, Shields CH, Brummett C, Mao J 
(2008) The effect of opioid dose and treatment duration on the perception of a painful 
standardized clinical stimulus. Reg Anesth Pain Med 33: 199–206. 
 
Collin E, Cesselin F (1991) Neurobiological mechanisms of opioid tolerance and 
dependence. Clin Neuropharmacol 14: 465–488. 
 
Crain SM, ShenK-F (1998) Modulation of opioid analgesia, tolerance and dependence by 
Gs-coupled, GM1 ganglioside-regulated opioid receptor functions. Trends in Pharm Sci 
19: 358-365. 
 

Ding Q, Gros R, Gray ID, Taussig R, Ferguson SS, Feldman RD (2004) Raf kinase 
activation of adenylyl cyclases: isoform-selective regulation. Mol Pharmacol 66: 921-
928. 
 

Dixon WJ (1980) Efficient analysis of experimental observations. Annu Rev Pharmacol 
Toxicol 20: 441– 462. 
 
Dodd J, Jessell TM (1985) Lactoseries carbohydrates specify subsets of dorsal root 
ganglion neurons projecting to the superficial dorsal horn of rat spinal cord. J Neurosci 5: 
3278–3294. 

Donnerer J, Schuligoi R, Stein C (1992) Increased content and transport of substance P 
and calcitonin gene-related peptide in sensory nerves innervating inflamed tissue: 
evidence for a regulatory function of nerve growth factor in vivo. Neuroscience. 49: 693–
698.  



 185

Donnerer J, Schuligoi R, Stein C, Amman R (1993) Upregulation, release and axonal 
transport of substance P and calcitonin gene-related peptide in adjuvant inflammation and 
regulatory function of nerve growth factor. Regul Pept 46: 150–154. 

Dougherty PM, Palecek J, Paleckova V, Sorkin LS, Willis WD (1992a) The role of 
NMDA and non-NMDA excitatory amino-acid receptors in the excitation of primate 
spinothalamic tract neurons by mechanical, chemical, thermal, and electrical stimuli. J 
Neurosci 12: 3025-3041. 
 
Drolet G, Dumont EC, Gosselin I, Kinkead R, Laforest S, Trottier JF (2001) Role of 
endogenous opioid system in the regulation of the stress response. Prog 
Neuropsychopharmacol Biol Psychiatry 25: 729-741. 
 
Dymshitz J, Vasko MR (1994) Nitric oxide and cyclic guanosine 3′,5′-monophosphate do 
not alter neuropeptide release from rat sensory neurons grown in culture. Neuroscience 
62: 1279–1286.  
 
Eckert SP, Taddese A, McCleskey EW (1997) Isolation and culture of rat sensory 
neurons having distinct sensory modalities. J Neurosci Methods 77: 183–190.  
 

Elattar TM, Lin HS (1981) The relationship between inflammation and cAMP level in 
human gingiva. J Dent Res 60: 674-676. 

 
Endres-Becker J, Heppenstall PA, Mousa SA, Labuz D, Oksche A, Schäfer M, Stein C, 
Zöllner C (2007) Mu-opioid receptor activation modulates transient receptor potential 
vanilloid 1 (TRPV1) currents in sensory neurons in a model of inflammatory pain. Mol 
Pharmacol 71: 12–18. 
 
Evans CJ, Keith Jr DE,  Morrison H, Magendzo K, Edwards RH (1992) Cloning of a 
delta opioid receptor by functional expression. Science 258: 1952–1955.  
 
Evans AR, Vasko MR, Nicol GD (1999) The cAMP transduction cascade mediates the 
PGE2-induced inhibition of potassium currents in rat sensory neurones. J Physiol 516: 
163–178.  
 
Fraser IDC, Scott JD (1999) Modulation of Ion Channels: A Current View of AKAPs. 
Neuron 23: 423-426. 
 
Gardell LR, King T, Ossipov MH, Rice KC, Lai J, Vanderah TW, Porreca F (2006) 
Opioid receptor-mediated hyperalgesia and antinociceptive tolerance induced by 
sustained opiate delivery. Neurosci Lett 396: 44–49. 
 



 186

Gardell LR, Wang R, Burgess SE, Ossipov MH, Vanderah TW, Malan TP Jr, Lai J, 
Porreca F (2002) Sustained morphine exposure induces a spinal dynorphin-dependent 
enhancement of excitatory transmitter release from primary afferent fibers. J Neurosci 
22: 6747-6755. 
 
Gendron L, Lucido AL, Mennicken F, O'Donnell D, Vincent JP, Stroh T, Beaudet A 
(2006) Morphine and pain-related stimuli enhance cell surface availability of somatic 
delta-opioid receptors in rat dorsal root ganglia. J Neurosci 26: 953–962. 
 
Gold MS, Levine JD (1996) DAMGO inhibits prostaglandin E2-induced potentiation of a 
TTX-resistant Na+ current in rat sensory neurons in vitro. Neurosci Lett 212: 83–86. 
 
Guitart X, Thompson MA, Mirante CK, Greenberg ME, Nestler EJ (1992) Regulation of 
cyclic AMP response element-binding protein (CREB) phosphorylation by acute and 
chronic morphine in the rat locus coeruleus. J Neurochem 58: 1168–1171. 
 
Hardie G, Hanks S (1995) Protein Kinase Factbook. Academic Press, San Diego.  
 
Hargreaves K, Dubner R, Brown F, Flores C, Joris J (1988) A new and sensitive method 
for measuring thermal nociception in cutaneous hyperalgesia. Pain 32: 77–88. 
 
Hassan AHS, Ableitner A, Stein C, Herz A (1993) Inflammation of the rat paw enhances 
axonal transport of opioid receptors in the sciatic nerve and increases their density in the 
inflamed tissue. Neuroscience 55: 185–195. 
 
Hell JW, Yokoyama CT, Breeze LJ, Chavkin C, Catterall WA (1995) Phosphorylation of 
presynaptic and postsynaptic calcium channels by cAMP dependent protein kinase in 
hippocampal neurons. EMBO J 14: 3036-3044. 
 
Herlitze S, Garcia DE, Mackie K, Hille B, Scheuer T, Catterall WA (1996) Modulation 
of Ca2+ channels by G-protein beta gamma subunits. Nature 380: 258–262. 
 
Hingtgen CM, Vasko MR (1994) Prostacyclin enhances the evoked-release of substance 
P and calcitonin gene-related peptide from rat sensory neurons. Brain Res 655: 51–60.  
 
Hingtgen CM, Waite KJ, Vasko MR (1995) Prostaglandins facilitate peptide release from 
rat sensory neurons by activating the adenosine 3,5-cyclic monophosphate transduction 
cascade. J Neurosci 15: 5411-5419. 
 
Hu H-J, Bhave G, Gereau RW (2002) Prostaglandin and PKA-dependent modulation of 
vanilloid receptor function by metabotropic glutamate receptor 5: potential mechanism 
for thermal hyperalgesia. J Neurosci 22: 7444-7452. 
 



 187

Ingram SL, Williams JT (1994) Opioid inhibition of Ih via adenylyl cyclase. Neuron 13: 
179–186. 
 
Inturrisi CE (2002) Clinical pharmacology of opioids for pain. Clin J Pain 18: S3-13. 
 
Ishikawa Y (1998) Regulation of cAMP signaling by phosphorylation. Adv Second 
Messenger Phosphoprotein Res 32: 99–120. 
 
Ji R-R, Zhang Q, Law P-Y, Low HH, Elde R, Hökfelt T (1995) Expression of µ-, δ-, and 
κ-opioid receptor-like immunoreactivities in rat dorsal root ganglia after 
carrageenan-induced inflammation. J Neurosci 15: 8156–8166. 
 
Junger H, Moore AC, Sorkin LS (2002) Effects of full-thickness burns on nociceptor 
sensitization in anesthetized rats. Burns 28: 772–777. 
 
Khasabova IA, Harding-Rose C, Simone DA, Seybold VS (2004) Differential effects of 
CB1 and opioid agonists on two populations of adult rat dorsal root ganglion neurons. J 
Neurosci  24: 1744-1753.  
 
Khodorova A, Navarro B, Jouaville LS, Murphy JE, Rice FL, Mazurkiewicz JE, Long-
Woodward D, Stoffel M, Strichartz GR, Yukhananov R, Davar G (2003) Endothelin-B 
receptor activation triggers an endogenous analgesic cascade at sites of peripheral injury. 
Nat Med 9: 1055–1061. 
 
Kieffer BL (1999) Opioids: first lessons from knock out mice. Trends Pharmacol Sci  20: 
19-26. 

Kieffer BL, Befort K, Gaveriaux-ruff C, Hirth CG (1992) The delta-opioid receptor: 
isolation of a cDNA by expression cloning and pharmacological characterization. Proc 
Natl Acad Sci USA 89: 12048–12052. 

Kieffer BL, Gaveriaux-Ruff C (2002) Exploring the opioid system by gene knock out. 
Prog Neurobiol 66: 285-306. 
 
King T, Ossipov MH, Vanderah TW, Porreca F, Lai F (2005) Is Paradoxical Pain 
Induced by Sustained Opioid Exposure an Underlying Mechanism of Opioid 
Antinociceptive Tolerance?. Neurosignals 14: 194–205. 
 
Kolesnikov YA, Jain S, Wilson R, Pasternak GW (1996) Peripheral morphine analgesia: 
synergy with central sites and a target of morphine tolerance. J Pharmacol Exp Ther 279: 
502–506. 
 



 188

Kondo I, Marvizon JC, Song B, Salgado F, Codeluppi S, Hua XY, Yaksh TL (2005) 
Inhibition by spinal mu- and delta-opioid agonists of afferent-evoked substance P release. 
J Neurosci 25: 3651–3660. 
 
Kraus J, Borner C, Giannini E, Hickfang K, Braun H, Mayer P, Hoehe MR, Ambrosch A, 
Konig W, Höllt V (2001) Regulation of mu-opioid receptor gene transcription by 
interleukin-4 and influence of an allelic variation within a STAT6 transcription factor 
binding site. J Biol Chem 276: 43901–43908. 
 
Law PY, Wong YH, Loh HH (2000) Molecular mechanisms and regulation of opioid 
receptor signaling. Ann Rev Pharmacol Toxicol 40: 389–430. 
 
Leenders AG, Sheng ZH (2005) Modulation of neurotransmitter release by the second 
messenger-activated protein kinases: implications for presynaptic plasticity. Pharmacol 
Ther 105: 69-84. 
 
Levi-Montalcini R (1987) The nerve growth factor thirty-five years later. EMBO J 6: 
1145–1154. 
 
Lewin G, Barde Y-A (1996) Physiology of the neurotrophins. Ann Rev Neurosci 19: 
289–317. 
 
Li X, Clark JD (1999) Morphine tolerance and transcription factor expression in mouse 
spinal cord tissue. Neurosci Lett 272: 79–82.  
 
Li JL, Ding YQ, Li YQ, Li JS, Nomura S, Kaneko T, Mizuno N (1998) 
Immunocytochemical localization of mu-opioid receptor in primary afferent neurons 
containing substance P or calcitonin gene-related peptide. A light and electron 
microscope study in the rat. Brain Res 794: 347–352. 
 
Li JL, Kaneko T, Mizuno N (1996) Effects of peripheral nerve ligation on expression of 
mu-opioid receptor in sensory ganglion neurons: an immunohistochemical study in dorsal 
root and nodose ganglion neurons of the rat. Neurosci Lett 214: 91–94. 
 
Lin C-R, Amaya F, Barrett L, Wang H, Takada J, Samad TA, Woolf CJ (2006) 
Prostaglandin E2 Receptor EP4 Contributes to Inflammatory Pain Hypersensitivity. J 
Pharmacol Expt Ther 319: 1096–1103. 
 
Lindsay RM, Wiegand S, Altar CA, DiStefano PS (1994) Neurotrophic factors: From 
molecule to man. Trends Neurosci 19: 182–190. 
 
Lioudyno M, Skoglosa Y, Takei N, Lindholm D (1998) Pituitary adenylate cyclase-
activating polypeptide (PACAP) protects dorsal root ganglion neurons from death and 



 189

induces calcitonin gene-related peptide (CGRP) immunoreactivity in vitro. J Neurosci 
Res 51: 243–256. 
 
Lopshire JC, Nicol GD (1998) The cAMP transduction cascade mediates the 
prostaglandin E2 enhancement of the capsaicin-elicited current in rat sensory neurons: 
whole-cell and single-channel studies. J Neurosci 18: 6081-6092. 
 
Luo MC, Zhang DQ, Ma SW, Huang YY, Shuster SJ, Porreca F, Lai J (2005) An 
efficient intrathecal delivery of small interfering RNA to the spinal cord and peripheral 
neurons. Mol Pain 28: 1-29. 
 
Ma W, Zheng WH, Kar S, Quirion R (2000) Morphine treatment induced calcitonin 
gene-related peptide and substance P increases in cultured dorsal root ganglion neurons. 
Neuroscience 99: 529–539. 
 
Ma W, Zheng WH, Powell K, Jhamandas K, Quirion R (2001) Chronic morphine 
exposure increases the phosphorylation of MAP kinases and the transcription factor 
CREB in dorsal root ganglion neurons: an in vitro and in vivo study. Eur J Neurosci 14: 
1091–1104.  
 
Makman MH, Dvorkin B, Crain SM (1998) Modulation of adenylate cyclase activity of 
mouse spinal cord-ganglion explants by opioids, serotonin and pertussis toxin. Brain Res 
445: 303-313. 
 
Malmberg AB, Brandon EP, Idzerda RL, Liu H, McKnight GS, Basbaum AI (1997) 
Diminished inflammation and nociceptive pain with preservation of neuropathic pain in 
mice with a targeted mutation of the type I regulatory subunit of cAMP-dependent 
protein kinase. J Neurosci 17: 7462-7470. 
 
Mansour A, Fox CA, Burke S, Meng F, Thompson RC, Akil H, Watson SJ (1994) Mu, 
delta, and kappa opioid receptor mRNA expression in the rat CNS: an in situ 
hybridization study. J Comp Neurol 350: 412–438. 
 
Mao J, Price JD, Mayer DJ (1995) Mechanisms of hyperalgesia and morphine tolerance: 
a current view of their possible interactions. Pain 62: 259-274. 
 
Martin DJ, McClelland D, Herd MB, Sutton KG, Hall MD, Lee K, Pinnock RD, Scott 
RH (2002) Gabapentin-mediated inhibition of voltage-activated Ca2+ channel currents in 
cultured sensory neurones is dependent on culture conditions and channel subunit 
expression. Neuropharmacology 42: 353–366.  
 
Mayer DJ, Mao J, Holt J, Price DD (1999) Cellular mechanisms of neuropathic pain, 
morphine tolerance, and their interactions. Proc Natl Acad Sci USA 96: 7731-7736. 
 



 190

Mayer DJ, Mao J, Price DD (1995) The association of neuropathic pain, morphine 
tolerance and dependence, and the translocation of protein kinase c. NIDA Research 
Monograph 147: 269–298. 
 
Mei M, Su B, Harrison K, Chao M, Siedlak SL, Previll LA, Jackson LM, Cai DX, Zhu X  
(2006) Distribution, levels and phosphorylation of Raf-1 in Alzheimer's disease J 
Neurochem  99: 1377–1388. 
 
Menard DP, van Rossum D, Kar S, Jolicoeur FB, Jhamandas K, Quirion R (1995a) 
Tolerance to the antinociceptive properties of morphine in the rat spinal cord: alteration 
of calcitonin gene-related peptide-like immunostaining and receptor binding sites. J 
Pharmacol Exp Ther 273: 887–894. 
 
Menard DP, van Rossum D, Kar S, Quirion R (1995b) Alteration of calcitonin gene 
related peptide and its receptor binding sites during the development of tolerance to mu 
and delta opioids. Can J Physiol Pharmacol 73: 1089–1095. 

Meng F, Xie G, Thompson RC, Mansour A, Goldstein A, Watson SJ, Akil H (1993) 
Cloning and pharmacological characterization of a rat kappa opioid receptor. Proc Natl 
Acad Sci USA 90: 9954-9958.  

Minami M, Maekawa K, Yabuuchi K, Satoh M (1995) Double in situ hybridization study 
on coexistence of mu-, delta- and kappa-opioid receptor mRNAs with preprotachykinin A 
mRNA in the rat dorsal root ganglia. Brain Res Mol Brain Res 30: 203–210. 
 
Minami T, Nakano H, Kobayashi T, Sugimoto Y, Ushikubi F, Ichikawa A, Narumiya 
S, Ito S (2001) Characterization of EP receptor subtypes responsible for 
prostaglandin E2-induced pain responses by use of EP1 and EP3 receptor knockout 
mice. Br J Pharmacol 133: 438–444. 
 
Mohapatra DP, Nau C (2005) Regulation of Ca2+-dependent desensitization in the 
vanilloid receptor TRPV1 by calcineurin and cAMP-dependent protein kinase. J Biol 
Chem 280: 13424–13432.  
 
Molliver DC, Wright DE, Leitner ML, Parsadanian AS, Doster K, Wen D, Yan Q, Snider 
WD (1997) IB4-binding DRG neurons switch from NGF to GDNF dependence in early 
postnatal life. Neuron 19: 849–861. 
 
Moriyama T, Higashi T, Togashi K, Iida T, Segi E, Sugimoto Y (2005) Sensitization of 
TRPV1 by EP1 and IP reveals peripheral nociceptive mechanism of prostaglandins. Mol 
Pain 1: 3–12.  
 



 191

Mousa SA, Cheppudira BP, Shaqura M, Fischer O, Hofmann J, Hellweg R, Schafer M 
(2007a) Nerve growth factor governs the enhanced ability of opioids to suppress 
inflammatory pain. Brain 130: 502–513. 
 
Mousa SA, Machelska H, Schäfer M, Stein C (2002) Immunohistochemical localization 
of endomorphin-1 and endomorphin-2 in immune cells and spinal cord in a model of 
inflammatory pain. J Neuroimmunol 126: 5–15. 
 
Mousa SA, Straub RH, Schafer M, Stein C (2007b) Beta-endorphin, Met-enkephalin and 
corresponding opioid receptors within synovium of patients with joint trauma, 
osteoarthritis and rheumatoid arthritis. Ann Rheum Dis 66: 871–879. 
 
Mousa SA, Zhang Q, Sitte N, Ji R, Stein C (2001) beta-Endorphin-containing memory-
cells and mu-opioid receptors undergo transport to peripheral inflamed tissue. 
J Neuroimmunol 115: 71–78. 
 
Muldberry PK (1994) Neuropeptide expression by newborn and adult rat sensory neurons 
in culture: effects of nerve growth factor and other neurotrophic factors. Neuroscience 
59:  673-688. 
 
Nestler E, Aghajanian GK (1997) Molecular and cellular basis of addiction. Science 278: 
58-63. 
 
Nestler EJ, Alreja M, Aghajanian GK (1994) Molecular and Cellular Mechanisms of 
Opiate Action: Studies in the Rat Locus Coeruleus. Brain Res Bulletin 516: 521-528. 
 
Nestler EJ, Tallman JF (1988) Chronic morphine treatment increases cyclic AMP-
dependent protein kinase activity in the rat locus coeruleus. Mol Pharmacol 33: 127–132.   
 
Ossipov MH, Lai J, King T, Vanderah TW, Porreca F (2005) Underlying mechanisms of 
pronociceptive consequences of prolonged morphine exposure. Biopolymers 80: 319-324. 
 
Ossipov MH, Lai J, Vanderah TW, Porreca F (2003) Induction of pain facilitation by 
sustained opioid exposure: relationship to opioid antinociceptive tolerance. Life Sci 73: 
783–800. 
 
Patwardhan AM, Berg KA, Akopain AN, Jeske NA, Gamper N, Clarke WP, Hargreaves 
KM (2005) Bradykinin-induced functional competence and trafficking of the delta-opioid 
receptor in trigeminal nociceptors. J Neurosci 25: 8825–8832. 
 
Perney TM, Hirning LD, Leeman SE, Miller RJ (1986) Multiple calcium channels 
mediate neurotransmitter release from peripheral neurons. Proc Natl Acad Sci USA 83: 
6656–6659.  



 192

Petersen M, Zhang J, Zhang JM, LaMotte RH (1996) Abnormal spontaneous activity and 
responses to norepinephrine in dissociated dorsal root ganglion cells after chronic nerve 
constriction. Pain 67: 391–397.  
 
Petrocellis LD, Harrison S, Bisogno T, Tognetto M, Brandi I, Smith GD (2001) The 
vanilloid receptor (VR1)-mediated effects of anandamide are potently enhanced by the 
cAMP-dependent protein kinase. J Neurochem 77: 1660–1663. 
 
Pomonis JD, Harrison JE, Mark L, Bristol DR, Valenzano KJ, Walker K (2003) N-(4-
tertiarybutylphenyl)-4-(3-cholorphyridin-2-yl)tetrahydropyrazine-1(2H)-carbox-amide 
(BCTC), a novel, orally effective vanilloid receptor 1 antagonist with analgesic 
properties: II. In vivo characterization in rat models of inflammatory and neuropathic 
pain. J Pharmacol Exp Ther 306: 387–393. 
 
Powell KJ, Ma W, Sutak M, Doods H, Quirion R, Jhamandas K (2000) Blockade and 
reversal of spinal morphine tolerance by peptide and non-peptide calcitonin gene-related 
peptide receptor antagonists. Br J Pharmacol 131: 875-884. 
 
Przewłocki R, Przewłocka B (2001) Opioids in chronic pain. Eur J Pharmacol 429: 79-
91. 
 
Pühler W, Rittner HL, Mousa SA, Brack A, Krause H, Stein C, Schafer M (2006) 
Interleukin-1 beta contributes to the upregulation of kappa opioid receptor mRNA in 
dorsal root ganglia in response to peripheral inflammation. Neuroscience 141: 989–998. 
 
Pühler W, Zollner C, Brack A, Shaqura MA, Krause H, Schafer M, Stein C (2004) Rapid 
upregulation of mu opioid receptor mRNA in dorsal root ganglia in response to 
peripheral inflammation depends on neuronal conduction. Neuroscience 
129: 473–479. 
 
Puntambekar P, Van Buren J, Raisinghani M, Premkumar LS, Ramkumar V (2004) 
Direct interaction of adenosine with the TRPV1 channel protein. J Neurosci 24: 3663-
3671. 
 
Rasenick MM, Childers SR (1989) Modification of Gs-stimulated adenylate cyclase in 
brain membranes by low pH pretreatment: correlation with altered guanine nucleotide 
exchange. J Neurochem 53: 219–225. 
 
Rathee PK, Distler C, Obreja O, Neuhuber W, Wang GK, Wang SY, Nau C, Kress M 
(2002)  PKA/AKAP/VR-1 module: A common link of Gs-mediated signaling to thermal 
hyperalgesia. J Neurosci 22: 4740-4745. 
 



 193

Rau KK, Caudle RM, Cooper BY, Johnson RD (2005) Diverse immunocytochemical 
expression of opioid receptors in electrophysiologically defined cells of rat dorsal root 
ganglia. J Chem Neuroanat 29: 255–264. 
 
Richardson JD, Vasko MR (2002) Cellular mechanisms of neurogenic inflammation. J 
Pharmacol Exp Ther 302: 839-845. 
 
Rubenzik M, Varga E, Stropova D, Roeske WR, Yamamura HI (2001) Expression of 
alpha-transducin in Chinese hamster ovary cells stably transfected with the human delta-
opioid receptor attenuates chronic opioid agonist-induced adenylyl cyclase 
superactivation. Mol Pharmacol 60: 1076-1082.  
 
Sabbe MB, Yaksh TL (1990) Pharmacology of spinal opioids. Journal of Pain and 
Symptom Management 5: 191–203. 
 
Salvarezza SB, Lopez HS, Masco DH (2003) The same cellular signaling pathways 
mediate survival in sensory neurons that switch their trophic requirements during 
development. J Neurochem 85: 1347–1358. 
 
Schultzberg M, Ebendal T, Hokfelt T, Nilsson G, Pfenninger K (1978) Substance P-like 
immunoreactivity in cultured spinal ganglia from chick embryos. J Neurocytol 7: 107–
117.  
 
Sculptoreanu A, Figourov A, Degroat WC (1995) Voltage dependent potentiation of 
neuronal L-type calcium channels due to state dependent phosphorylation. Am J Physiol 
269: C725-C734. 
 
Selley DE, Breivogel CS, Childers SR (1993) Modification of G protein-coupled 
functions by low pH pretreatment of membranes from NG108-15 cells: increase in opioid 
agonist efficacy by decreased inactivation of G proteins. Mol Pharmacol 44: 731–741. 
 
Shaqura MA, Zöllner C, Mousa SA, Stein C, Schäfer M (2004) Characterization of mu 
opioid receptor binding and G protein coupling in rat hypothalamus, spinal cord, and 
primary afferent neurons during inflammatory pain. J Pharmacol Exp Ther 308: 712–
718. 
 
Sharma SK, Klee WA, Nirenberg M (1975) Dual regulation of adenylyl cyclase accounts 
for narcotic dependence and tolerance. Proc Natl Acad Sci USA 72: 3092-3096. 
 
Sharma SK, Klee WA, Nirenberg M (1977) Opiate-dependent modulation of adenylate 
cyclase. Proc Natl Acad Sci USA 74: 3365-3369. 
 



 194

Shen J, Gomes AB, Gallagher A, Stafford K, Yoburn BC (2000) Role of cAMP-
dependent protein kinase (PKA) in opioid agonist-induced mu-opioid receptor 
downregulation and tolerance in mice. Synapse 38: 322–327. 
 
Silbert SC, Beacham DW, McCleskey EW (2003) Quantitative single-cell differences in 
mu-opioid receptor mRNA distinguish myelinated and unmyelinated nociceptors. J 
Neurosci 23: 34–42. 
 
Simone DA, Sorkin LS, Oh U, Chung JM, Owens C, Lamotte RH, Willis WD (1991) 
Neurogenic hyperalgesia - central neural correlates in responses of spinothalamic tract 
neurons. J Neurophysiol 66: 228-246. 
 
Sluka KA (1997) Activation of the cAMP transduction cascade contributes to the 
mechanical hyperalgesia and allodynia induced by intradermal injection of capsaicin. Br 
J Pharmacol 122: 1165-1173. 
 
Smith JA, Amagasu SM, Eglen RM, Hunter JC, Bley KR (1998) Characterization of 
prostanoid receptor-evoked responses in rat sensory neurones. Br J Pharmacol 124: 513–
523 
 
Smith JA, Davis CL, Burgess GM (2000) Prostaglandin E2-induced sensitization of 
bradykinin-evoked responses in rat dorsal root ganglion neurons is mediated by cAMP-
dependent protein kinase A. Eur J Neurosci 12: 3250-3258. 
 
Smith DO, Lowe D, Temkin R, Jensen P, Halt H (1995) Dopamine enhances glutamate 
activated currents in spinal motor neurons. J Neurosci 15: 3905-3912. 
 
Southall MD, Vasko MR (2000) Prostaglandin E(2)-mediated sensitization of rat sensory 
neurons is not altered by nerve growth factor. Neurosci Lett 287: 33–36.  
 
Southall MD, Vasko MR (2001) Prostaglandin receptor subtypes EP3C and EP4 mediate 
the prostaglandin E2-inducad cAMP production and sensitization of sensory neurons. J 
Biol Chem 276: 16083-16091. 
 
Ständer S, Gunzer M, Metze D, Luger T, Steinhoff M (2002) Localization of mu-opioid 
receptor 1A on sensory nerve fibers in human skin. Regulatory Pept 110: 75–83. 
 
Stein C (1995) The control of pain in peripheral tissue by opioids. N Engl J Med 332: 
1685–1690. 
 
Stein C, Clark JD, Oh U, Vasko MR, Wilcox GL, Overland AC, Vanderah TW, Spencer 
RH (2009) Peripheral mechanisms of pain and analgesia. Brain res rev 60: 90-113. 
 



 195

Stein C, Hassan AH, Przewlocki R, Gramsch C, Peter K, Herz A (1990) Opioids from 
immunocytes interact with receptors on sensory nerves to inhibit nociception in 
inflammation. Proc Natl Acad Sci USA 87: 5935–5939. 
 
Stein C, Schäfer M, Machelska H (2003) Attacking pain at its source: new perspectives 
on opioids. Nat Med 9: 1003–1008. 
 
Supowit SC, Christensen MD, Westlund KN, Hallman DM, DiPette DJ (1995) 
Dexamethasone and activators of the protein kinase A and C signal transduction 
pathways regulate neuronal calcitonin gene-related peptide expression and release. Brain 
Res 686: 77-86. 
 
Takeda M, Tanimoto T, Ikeda M, Kadoi J, Nasu M, Matsumoto S (2004) Opioidergic 
modulation of excitability of rat trigeminal root ganglion neuron projections to the 
superficial layer of cervical dorsal horn. Neuroscience 125: 995-1008. 
 
Tan CM, Kelvin DJ, Litchfield DW, Ferguson SSG, Feldman RD (2001) Tyrosine 
kinase-mediated serine phosphorylation of adenylyl cyclase. Biochemistry 40: 1702-
1709. 
 
Taylor DA, Fleming WW (2001) Unifying perspectives of the mechanisms  
underlying the development of tolerance and physical dependence to opioids. J 
Pharmacol Exp Ther 297: 11–18. 
 
Terwilliger RZ, Beitner-Johnson D, Sevarino KA, Crain SM, Nestler EJ (1991) A general 
role for adaptations in G-proteins and the cyclic AMP system in mediating the chronic 
actions of morphine and cocaine on neuronal function. Brain Res 548: 100-110. 
 
Tohda C, Sasaki M, Konemura T, Sasamura T, Itoh M, Kuraishi Y (2001) Axonal 
transport of TRPV1 capsaicin receptor mRNA in primary afferents and its participation in 
inflammation-induced increase in capsaicin sensitivity. J Neurochem 76: 1628–1635. 
 
Trang T, Ma W, Chabot J-Q, Quirion R,  Jhamandas K (2006) Spinal modulation of 
calcitonin gene-related peptide by endocannabinoids in the development of opioid 
physical dependence. Pain 126: 256-71.  
 
Trang T, Quirion R, Jhamandas K (2005) The spinal basis of opioid tolerance and 
physical dependence: Involvement of calcitonin gene-related peptide, Substance P and 
arachidonic acid-derived metabolites. Peptides 26:1346-1355. 
 
Tumati S, Largent-Milnes T, Yamamura HI, Vanderah TW, Roeske WR, Varga EV 
(2008) Intrathecal Raf-1-selective siRNA attenuates sustained morphine-mediated 
thermal hyperalgesia. Eur J Pharmacol 601: 207-208.  
 



 196

Tumati S, Largent-Milnes T, Yamamura HI, Vanderah TW, Roeske WR, Varga 
EV(2009a). Intrathecal Raf-1-selective siRNA attenuates sustained morphine-mediated 
paradoxical pain and antinociceptive tolerance in vivo. J Neurosci. (manuscript in 
preparation). 
 
Tumati S, Yamamura HI, Vanderah TW, Roeske WR, Varga EV (2009b). Sustained 
morphine treatment augments PGE2 evoked CGRP release from primary sensory 
neurons. Life Sci. (submitted). 
 
Tumati S, Yamamura HI, Vanderah TW, Roeske WR, Varga EV (2009c). Sustained 
morphine treatment augments capsaicin evoked CGRP release in a PKA and Raf-1 
dependent manner. J Pharmacol Exp Ther (accepted). 
 
Vanderah TW (2007) Pathophysiology of Pain. Med Clin N Am 91: 1–12. 
 
Vanderah TW, Gardell LR, Burgess SE, Ibrahim M, Dogrul A, Zhong CM, Zhang ET, 
Malan Jr TP, Ossipov MH, Lai J, Porreca F (2000). Dynorphin promotes abnormal pain 
and spinal opioid antinociceptive tolerance. J Neurosci 20: 7074-7079.  
 
Vanderah TW, Largent-Milnes T, Lai J, Porreca F, Houghten RA, Menzaghi F, 
Wisniewski K, Stalewski J, Sueiras-Diaz J, Galyean R, Schteingart C, Junien JL, Trojnar 
J, Riviere PJ (2008) Novel D-amino acid tetrapeptides produce potent antinociception by 
selectively acting at peripheral kappa-opioid receptors. Eur J Pharmacol 583: 62–72. 
 
Vanderah TW, Suenaga NM, Ossipov MH, Malan TP, Lai J, Porreca F (2001) Tonic    
descending facilitation from the rostral ventromedial medulla mediates opioid-induced 
abnormal pain and antinociceptive tolerance.  J Neurosci 21: 279-86. 
 
Varga EV (2003a) The molecular mechanisms of cellular tolerance to delta-opioid 
agonists: A minireview. Acta Biol Hung 54: 203-218. 
 
Varga EV, Rubenzik M, Grife V, Sugiyama M, Stropova D, Roeske WR, Yamamura HI 
(2002) Involvement of Raf-1 in chronic delta-opioid receptor agonist-mediated adenylyl 
cyclase superactivation. Eur J Pharmacol 451: 101-102. 
 
Varga EV, Rubenzik MK, Stropova D, Sugiyama M, Grife V, Hruby VJ, Rice KC, 
Roeske WR, Yamamura HI (2003b) Converging protein kinase pathways mediate 
adenylyl cyclase superactivation upon chronic delta-opioid agonist treatment. J 
Pharmacol Exp Ther 306: 109-115.  
 
Varga EV, Stropova D, Rubenzik M, Waite S, Roeske WR, Yamamura HI (1999) 
Phosphorylation of adenylyl cyclase VI upon chronic delta-opioid receptor stimulation. 
Eur J Pharmacol 364: R1-3.  
 



 197

Varga EV, Yamamura HI, Rubenzik MK, Stropova D, Navratilova E, Roeske WR 
(2003c) Molecular mechanisms of excitatory signaling upon chronic opioid agonist 
treatment. Life Sci 74: 299-311.  
 
Vasko MR (1995) Prostaglandin-induced neuropeptide release from spinal cord. Prog 
Brain Res 104: 367-380. 
 
Vasko MR, Campbell WB, Waite KJ (1994) Prostaglandin E2 enhances bradykinin-
stimulated release of neuropeptides from rat sensory neurons in culture. J Neurosci 14: 
4987–4997.  
 
Vetter I, Kapitzke D, Hermanussen S, Monteith GR, Cabot PJ (2006) The effects of pH 
on beta-endorphin and morphine inhibition of calcium transients in dorsal root ganglion 
neurons. J Pain 7: 488–499. 
 
Von Zastrow M (2004a) A cell biologist’s perspective on physiological adaptation to 
opiate drugs. Neuropharmacol 47: 286-292. 
 
Von Zastrow M (2004b) Opioid receptor regulation. Neuromolecular Med 5: 51-58. 
 
Von Zastrow M, Svingos A, Haberstock-Debic H and Evans C (2003) Regulated 
endocytosis of opioid receptors: cellular mechanisms and proposed roles in physiological 
adaptation to opiate drugs. Curr Opin Neurobiol 13: 348-353. 
 
Wang J-B, Johnson PS, Persico AM, Hawkins AL, Griffin CA, Uhl GR (1994) Human µ 
opiate receptor-cDNA and genomic clones, pharmacologic characterization and 
chromosomal assignment. FEBS Letters 338: 217-222. 
 
Wang H, Wessendorf MW (2001) Equal proportions of small and large DRG neurons 
express opioid receptor mRNAs. J Comp Neurol 429: 590–600. 
 
Watkins LR, Hutchinson MR, Johnston IN, Maier SF (2005) Glia: novel counter-
regulators of opioid analgesia. Trends Neurosci 28: 661-669. 
 
Watts VJ, Neve KA (2005) Sensitization of adenylate cyclase by Galpha(i/o)-coupled 
receptors. Pharmacol Ther 106: 405-421. 
 
Whistler JL, Enquist J, Marley A, Fong J, Gladher F, Tsuruda P, Murray SR, Von 
Zastrow M (2002) Modulation of postendocytic sorting of G protein-coupled receptors. 
Science 297: 615–620. 
 
Williams JT, Christie MJ, Manzoni O (2001) Cellular and synaptic adaptations mediating 
opioid dependence. Physiol Rev 81: 299-343. 
 



 198

Wood JN, Coote PR, Minhas A, Mullaney I, McNeill M, Burgess GM (1989) Capsaicin-
induced ion fluxes increase cyclic GMP but not cyclic AMP levels in rat sensory 
neurones in culture. J Neurochem 53: 1203–1211.  
 
Wood JN, Winter J, James IF, Rang HP, Yeats J, Bevan S (1988) Capsaicin-induced ion 
fluxes in dorsal root ganglion cells in culture. J Neurosci 8: 3208–3220.  
 
Woolf CJ, Reynolds ML, Molander C, O’Brien C, Lindsay RM, Benowitz LI (1990) The 
growth-associated protein GAP-43 appears in dorsal root ganglion cells and in the dorsal 
horn of the rat spinal cord following peripheral nerve injury. Neuroscience 34: 465–478.  
 
Woolf CJ, Salter MW (2000) Neuronal plasticity: increasing the gain in pain. Science 
288: 1765–1769. 
 
Xu P, Van Slambrouck C, Berti-Mattera L, Hall AK (2005) Activin induces tactile 
allodynia and increases calcitonin gene-related peptide after peripheral inflammation. J 
Neurosci 25: 9227-9235. 
 
Yaksh TL (1988) Substance P release from knee joint afferent terminals: modulation by 
opioids. Brain Res 458: 319–324. 
 
Yang D, Gereau RW (2002) Peripheral group II metabotropic glutamate receptors 
(mGluR2/3) regulate prostaglandin E2-mediated sensitization of capsaicin responses and 
thermal nociception. J Neurosci 22: 6388–93. 
 
Yue X, Tumati S, Navratilova E, Stropova D, St John PA, Roeske WR , Vanderah TW, 
Yamamura HI, Varga EV (2008) Sustained morphine treatment augments basal CGRP 
release from cultured primary sensory neurons in a Raf-1 dependent manner. Eur J 
Pharmacol  584: 272-277. 
 
Yue X, Varga EV, Stropova D, Vanderah TW, Yamamura HI, Roeske WR (2006) 
Chronic morphine-mediated adenylyl cyclase superactivation is attenuated by the Raf-1 
inhibitor, GW5074. Eur J Pharmacol 540: 57-59. 
 
Zhang X, Bao L, Guan JS (2006) Role of delivery and trafficking of delta-opioid peptide 
receptors in opioid analgesia and tolerance. Trends Pharmacol Sci 27: 324–329. 
Zhang X, Bao L, Shi TJ, Ju G, Elde R, Hökfelt T (1998c) Down-regulation of mu-opioid 
receptors in rat and monkey dorsal root ganglion neurons and spinal cord after peripheral 
axotomy. Neuroscience 82: 223–240. 
 
Zhang X, Bao L, Arvidsson U, Elde R, Hokfelt T (1998a) Localization and regulation of 
the delta-opioid receptor in dorsal root ganglia and spinal cord of the rat and monkey: 
evidence for association with the membrane of large dense-core vesicles. Neuroscience 
82: 1225–1242. 



 199

Zhang Q, Schäfer M, Elde R, Stein C (1998b) Effects of neurotoxins and hindpaw 
inflammation on opioid receptor immunoreactivities in dorsal root ganglia. Neuroscience 
85: 281–291. 
 
Zhang Q, Shi TJ, Ji RR, Zhang Y, Sundler F, Hannibal J, Fahrenkrug J, Hokfelt T (1995) 
Expression of pituitary adenylate cyclaseactivating polypeptide in dorsal root ganglia 
following axotomy: Time course and coexistence. Brain Res 705: 149–158. 
 
Zhu W, Galoyan SM, Petruska JC, Oxford GS, Mendell LM (2004) A developmental 
switch in acute sensitization of small dorsal root ganglion (DRG) neurons to capsaicin or 
noxious heating by NGF. J Neurophysiol 92: 3148–3152.  
 
Zöllner C, Shaqura MA, Bopaiah CP, Mousa SA, Stein C, Schäfer M (2003) Painful 
inflammation-induced increase in mu-opioid receptor binding and G-protein coupling in 
primary afferent neurons. Mol Pharmacol 64: 202–210. 
 
Zöllner C, Stein C (2007) Opioids. Handbook. Exp. Pharmacol 177: 31–63. 
 
 
 
 


