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ABSTRACT 

FUNCTIONAL STUDY OF AMYLIN AND REGULATION OF AMYLIN RECEPTOR 

Xiaofang Huang 

Doctor of Philosophy 

Temple University, 2011 

Doctoral Advisory Committee Chair: Nae J Dun, Ph.D. 

 

Amylin, a 37 amino acid peptide secreted from pancreatic beta cells upon 

stimulation by meal/glucose, belongs to the family of the calcitonin or calcitonin gene-

related peptide (CGRP) and shares up to 50% homology with CGRP, which is a well-

documented pain-related peptide. The amylin receptor is composed of a calcitonin 

receptor (CTR) and receptor activity modifying proteins (RAMPs). Numerous studies 

have shown that amylin plays an important role in glucose homeostasis and food intake. 

Few studies have been conducted with respect to the effect of amylin in the central or 

peripheral neuraxis.   

In this thesis, immunohistochemical study revealed a dense network of amylin-

immunoreactive (irAMY) cell processes in the superficial dorsal horn of the mice. 

Numerous dorsal root ganglion and trigeminal ganglion cells expressed moderate to 

strong irAMY. Reverse transcriptase-polymerase chain reaction (RT-PCR) revealed 

amylin receptor mRNA in the mouse spinal cord, brain stem, cortex, hypothalamus and 

hippocampus. The nociceptive or antinociceptive effects of amylin were evaluated in the 

tail flick and acetic acid-induced writhing test. Amylin (1-10 µg, i.t.) reduced the number 

of writhing in a dose-dependent manner. Pretreatment of the mice with the amylin 
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receptor antagonist salmon calcitonin (8-32) [sCT(8-32)]or AC187 by i.t. antagonized the 

effect of amylin on acetic acid-induced writhing test. Locomotor activity was not 

significantly modified by amylin injected either i.p. (0.01-1 mg/kg) or i.t. (1-10 µg). 

Measurement of c-fos mRNA by RT-PCR or proteins by Western blot showed that the 

levels were up-regulated in the spinal cord of mice in acetic acid-induced visceral pain 

model and the increase was attenuated by pretreatment with amylin. Pretreatment of 

sCT[8-32] or AC187 significantly reversed the effect of amylin on c-fos expression in the 

spinal cord. 

As the neuronal response to amylin is closely dependent on the molecular property 

of amylin receptor, the localization, internalization and regulation of the calcitonin and 

amylin receptor were examined in the second part of the thesis. Immunofluorescence 

microscopy demonstrated the surface expression of CTRa, and intracellular distribution 

of RAMP1. Moreover, co-expression of CTRa translocated the RAMP1 to the cell 

surface and generated the amylin receptor phenotype. Both immunocytochemistry and on 

cell western analysis showed the internalization of CTRa and amylin receptor 

(CTRa/RAMP1) stimulated by different agonists, which was partially ß-arrestin 

dependent. Moreover, RAMP1 did not change the surface expression pattern of CTRa, 

but co-localized with the receptor with and without agonist treatment. sCT and amylin 

activated the ERK1/2 in HEK293 cells stably expressing amylin receptors, indicating the 

involvement of MAPK in amylin receptor signaling cascade.  

Collectively, these results led us to conclude that 1) irAMY is expressed in dorsal 

root ganglion neurons with their cell processes projecting to the superficial layers of the 

dorsal horn, and that the peptide by interacting with amylin receptors in the spinal cord 
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may be antinociceptive; 2) RAMP1 does not change the pattern of CTR cell-surface 

localization and internalization, but receptor phenotype, presumably through a direct or 

indirect effect on the ligand-binding site; 3) amylin internalizes the amylin receptor 

(CTRa/RAMP1 complex); which is partially ß-arrestin dependent. 

Our studies extend the current knowledge of amylin in the spinal cord and new 

insight on the cellular and molecular mechanism underlying the antinociceptive effect of 

amylin. Also we demonstrate for the first time agonist induced-internalization of 

CTR/RAMP complex and its possible regulation pathway. 
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 CHAPTER 1 
 

INTRODUCTION 
 

 

1. Amylin 

Amylin, a 37 amino acid peptide, secreted from pancreatic β-cells upon 

stimulation by meals or glucose, was originally discovered by two research groups in 

1987 (Cooper et al., 1987; Westermark et al., 1987). This isolated peptide is a member of 

the calcitonin family which includes calcitonin (CT), calcitonin gene-related peptide 

(CGRP) and adrenomedullin (AM) (Muff et al., 2004). It is structurally similar to both 

salmon CT (sCT, about 30% homology) and CGRP (about 50% homology), but displays 

relatively weak homology with mammalian CTs (about 15% homology) (Fig.1) (van 

Rossum et al., 1997). Calcitonin family peptides share similar structures, i.e. a six or 

seven amino acid ring connected by disulfide bridges between cysteine residues and an 

amidated carboxyl tail, which are crucial for their biological activities (Muff et al., 2004).   

                                   10         20         30            
                       ....|....|....|....|....|....|....|.... 
Human Amylin          KC-NTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY- 37  
Rat Amylin            KC-NTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY- 37  
Cat Amylin            KC-NTATCATQRLANFLIRSSNNLGAILSPTNVGSNTY- 37  
Human Calcitonin     -CGNLSTCMLGTYTQDFNKFHTFPQTAIGVGAPGKK--- 35  
Salmon Calcitonin    -CSNLSTCVLGKLSQELHKLQTYPRTNTGSGTPGKK--- 35  
Human CGRP            AC-DTATCVTHRLAGLLSRSGGVVKNNFVPTNVGSKAFG 38  
 

Figure 1. Amino acid sequences of amylin, calcitonin and CGRP.  

 

1.1. Amylin in the brain 

Since the discovery of amylin, several groups have reported the presence of 

amylin mRNA as well as amylin-like immunoreactivity (irAMY) in various organs and 
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tissues. Amylin mRNA has been detected in rat pancreas, stomach, lung and dorsal root 

ganglion (Ferrier et al., 1989), but not in rat cortex, medulla, cerebellum or midbrain 

(Leffert et al., 1989). A recent study by Dobolyi reports that amylin mRNA is detected  in 

the medial preoptic nucleus and the ventral part of the bed nucleus, and the level 

increased in the preoptic region of lactating rats (Dobolyi, 2009).  

irAMY has been detected in the pancreatic ß cells and  islets (Bretherton-Watt et 

al., 1993; Eissele et al., 1993; In 't Veld et al., 1992), gut (Mulder et al., 1994), 

osteoblasts (Gilbey et al., 1991) and the central nervous system of the rat and monkey 

(D'Este et al., 2000; D'Este et al., 2001; Skofitsch et al., 1995). Areas with a moderate to 

dense appearance of irAMY include the cortex, anterior striatum, septum, hippocampus, 

the nucleus of the diagonal band, the magnocellular, dorso- and ventro-medial and 

mammillary nuclei of the hypothalamus, the habenula, substantia nigra, red and dorsal 

raphe nuclei, locus coeruleus, peripeduncular, parabigeminal, pontine, ventral tegmental 

and  parabrachial nuclei, the superior olive and the Purkinje cells of the cerebellum 

(Skofitsch et al., 1995). Numerous irAMY nerve fibers have been shown in the trigeminal 

spinal tract, solitary tract and area postrema (D'Este et al., 2000). irAMY is abundantly 

expressed in dorsal root ganglion cells, some of which contain substance P and pituitary 

adenylate cyclase-activating  polypeptide (Mulder et al., 1995). Further, irAMY and 

CGRP-immunoreactivity overlaps in the motor nuclei of the hindbrain and spinal cord 

(Gebre-Medhin et al., 1998; Skofitsch et al., 1995). Similarly, irAMY cell bodies are 

demonstrated in discrete areas of the monkey hypothalamus especially in the 

periventricular, ventromedial, arcuate and tuberomammillary nuclei. Numerous irAMY 

fibers are detected in the hypothalamo-neurohypophysical tract, the deep layer of the 
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median eminence and the tuberomammillary region (D'Este et al., 2001). Double staining 

with histidine decarboxylase (HDC) does not show any co-localization with irAMY. 

However, many HDC-immunoreactive cell bodies and dendrites, particularly those in the 

above mentioned regions, are surrounded by irAMY fibers (D'Este et al., 2001). 

 

1.2. Amylin secretion and circulating concentrations 

Amylin and insulin are co-localized in and co-secreted from pancreatic β-cells. 

Agents including glucose, arginine or carbachol stimulate the secretion of insulin as well 

as amylin (Young, 2005e), while somatostatin inhibits the secretion (Jamal et al., 1993). 

Radioimmunoassay detected the plasma amylin concentrations varying from 1.6 pM 

(Zapecka-Dubno et al., 1999) to 16.8 pM (van Jaarsveld et al., 1993) in fasted, non-

diabetic humans.  Several pathological conditions up- or down-regulate the circulating 

levels of amylin (see Table.1).  It appears that amylin excess associates with insulin 

excess, just as amylin deficiency parallels insulin deficiency both in animals and in 

humans.  
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Table 1. Change of circulating amylin under various pathological conditions 
 

Conditions Circulating 
amylin 

Reference 

Insulin deficient 
 Animal by streptozotocin 

 Animal by β cell 

destruction 

 Human type 1 diabetes 

 

 

↓ 

↓ 

↓ 

 
 

 
(Jamal et al., 1990) 
 
(Bretherton-Watt et al., 1991) 
 
(Tasaka et al., 1995) 

Insulin resistance 
 Animal by 

dexamethasone 

 Human with impaired 

glucose tolerance 

 

 
 
↑ 

↑ 

 

(Jamal et al., 1990) 

(Enoki et al., 1992) 

Type 2 diabetes ↑ (Gill and Yen, 1991) 

Hypertension ↑ (Dimsdale et al., 1996) 

Hyperinsulinemia ↑ (Gulli et al., 1997; Stridsberg et al., 

1995) 

Hyperparathyroidism ↑ (Valdermarsson et al., 1996) 

Renal failure ↑ (Ludvik et al., 1994) 
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1.3. Amylin binding sites 

High affinity amylin binding sites are distributed unevenly in many regions of the 

rat and monkey brains.  The areas with the highest binding densities in rat brain, 

identified by the radio-iodinate rat amylin (Kd=27pm) or autoradiographic image, present 

in the nucleus accumbens, various hypothalamic nuclei, amygdaloid body, dorsal raphe, 

tegmental and parabrachial nuclei, locus coeruleus, the subfornical organ, the vascular 

organ of the lamina terminalis, area postrema (AP) and nucleus of the solitary tract (NTS) 

(Beaumont et al., 1993; Christopoulos et al., 1995; Sexton et al., 1994; van Rossum et al., 

1994). The cerebellum is devoid any specific amylin binding sites (Sexton et al., 1994; 

van Rossum et al., 1994). The distribution of amylin binding sites is similar in monkey 

brains (Christopoulos et al., 1995; Paxinos et al., 2004). However, the highest density of 

amylin binding sites is in the hypothalamus and the binding density in the monkey 

nucleus accumbens is relatively low, when compared to the rat (Christopoulos et al., 

1995). These studies reveal that high binding affinity sites for amylin in the brain such as 

area postrema could react to circulating amylin, consistent with its low picomolar 

concentration. However, the cognate ligands for those within the blood brain barrier such 

as nucleus accumbens remain to be explored. 

Beaumont et al. (1993) who investigated the pharmacological specificity of  

binding sites in rat nucleus accumben membrane reported that sCT has high affinity for 

125 I-amylin binding sites while CGRP shows relatively lower affinity. Another report 

indicated amylin and sCT, which were similarly distributed in the brain, bound to various 

brain areas at low nanomolar affinities (2-19nM), while CGRP showed lower affinities 
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ranging between 13 to 150nM. Moreover, amylin does not show high affinity in those 

CGRP binding rich areas such as atrium and vas deferens (van Rossum et al., 1994).  

Several studies demonstrate that amylin or AC512 (amylin receptor antagonist) 

binds to MCF-7 human breast carcinoma cells (Chen et al., 1997; Zimmermann et al., 

1997) or mouse TSH thyrotroph cells (Hanna et al., 1995; Perry et al., 1997) with high 

affinity. Both MCF-7 and TSH cells express at least two isoforms of the calcitonin 

receptor gene and generate amylin receptors, which share the same peptide backbone 

with the calcitonin receptor by immunoprecipitation and glycosylation.  

Amylin receptor antagonists, defined as  binding to, but not activating, amylin 

receptors (Young, 2005d), include CGRP[8-37] (Wang et al., 1991; Young et al., 1992), 

sCT [8-32] (Silvestre et al., 1996), AC187 (Lutz et al., 2000a; Mollet et al., 2004) and 

AC253 (Lutz et al., 2000b). CGRP[8-37] was the first amylin receptor antagonist, but 

must be used in  high concentrations to block the effects of amylin (Young et al., 1992). 

Hence, it has been widely applied as a CGRP receptor antagonist (Young, 2005d). 

AC187 is a modification of sCT [8-32], which is a fragment of sCT. Both are more 

selective for amylin over calcitonin receptors in animal and cell systems (Kuwasako et al., 

2003b; Young et al., 1994). 

 

1.4. Amylin functions 

 A wide variety of biological effects on various tissues including the gut, skeletal 

muscle, liver, heart and brain have been reported for amylin (Lutz, 2010a; b; Roth et al., 

2009; Young, 2005f). Amylin has been proposed as an anorexigen affecting the 

gastrointestinal system and digestive behaviors (Edelman et al., 2008; Riediger et al., 
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2001; Young, 2005b; Young, 2005f). The peptide has also been shown to exert anti-

inflammatory activity (Clementi et al., 1995; Guidobono et al., 2000) and protect gastric 

mucosa in various ulcer models (Samonina et al., 2004).  It stimulates pancreatic β-cell 

mass in combination with other growth factors such as somatostatin (Wookey et al., 

2006), and induces development of proximal tubules (Wookey et al., 1998) and 

osteoblast (Cornish et al., 1995) or osteoclast differentiation (Cornish et al., 2001). 

 

1.4.1. Amylin and metabolic disease 

It is well documented that amylin and amylin analogs can inhibit food intake, 

slow gastric emptying and reduce glucagon secretion both in animals and humans (Roth 

et al., 2009; van Rossum et al., 1997; Young, 2005c).  Intraperitoneal injection of amylin 

leads to a reduction of meal size up to 57% in rodents (Bhavsar et al., 1998), with a ED50 

of 1nmol/kg (Bhavsar et al., 1998; Lutz et al., 1994), and the effect is rapid in onset, 

within 30 minutes (Lutz, 2010b). Pretreatment with amylin receptor antagonist (AC187) 

reverses the amylin mediated effect of decreasing food intake (Young, 2005c), and 

stimulates food intake when administrated alone systematically (Reidelberger et al., 2004) 

or  centrally (Mollet et al., 2004). Amylin deficiency is paralleled with insulin deficiency 

in patients with diabetes (Kruger et al., 1999; Makimattila et al., 2000).  Hence, amylin 

plays an important role in energy homeostasis. In 2005, pramlintide, an analogue of 

human amylin, has been approved to treat type 1 or 2 diabetes patients with the 

combination of mealtime insulin (Ryan et al., 2005). More recently, preclinical results 

suggest that amylin may be effective for treating obesity. Chronic peripheral (Roth et al., 

2006) or central (Rushing et al., 2000) infusion of amylin reduce body weight through fat 
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mass loss. An intracerebroventricular  (i.c.v.) delivery of AC187 for 14 days significantly 

increases body fat to 30%  without changing body weight (Rushing et al., 2001). Amylin 

knockout mice are heavier than the wild type, suggesting that amylin may serve as signal 

molecules in adipose tissue deposition (Lutz, 2010a). The combination of amylin and 

leptin shows a greater improvement in weight loss than amylin alone (Trevaskis et al., 

2010). 

 

1.4.2. Amylin and the brain 

Extensive studies have focused on the physiology and pharmacology of amylin in 

the field of diabetes or obesity. Little is known concerning the possible function of 

amylin in the mammalian central nervous system. An early report reveals that 

hypothalamic injection of amylin promotes the transportation of tyrosine and tryptophan 

into the brain, and facilitates the metabolism of dopamine and serotonin in the 

hypothalamus and striatum (Chance et al., 1992). Bouali et al. (1995) demonstrated  a 

dose-dependent hyperthermia in amylin treatment (1.25-20μg, i.c.v.), which is similar to 

sCT (Sellami and de Beaurepaire, 1993). Several lines of evidence indicate that amylin 

reduces locomotor activity and exploratory behavior via either the lateral ventricular 

route or direct injection to the nucleus accumbens (Baldo and Kelley, 2001; Bouali et al., 

1995; Clementi et al., 1996). In an open field test, amylin decreases the ambulatory 

activity while increasing the number of rearings (standing on the hind legs) and 

groomings, which suggests amylin only acted on locomotion, not by modifying learning 

or memory process (Kovacs and Telegdy, 1996). Several contradictory effects of amylin 

on body temperature increase and locomotion decrease remain to be clarified. 
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Possible effects of amylin on memory have been studied by Morley’s group, as 

the effect of amylin on energy homeostasis could provide additional impacts on cognition, 

reward and stress. Peripheral and central administration of amylin enhances memory in 

rats and mice (Flood and Morley, 1992; Morley et al., 1995). Other gastrointestinal 

peptides, such as cholecystokinin octapeptide (CCK), modulate learning and memory, in 

addition to regulating food intake (Young, 2005a). Preliminary animal experiments 

describe a potential role of amylin in neuropsychiatric disease (Laugero KD, 2005; Mack 

CM, 2007; Tryon M, 2006). When animals were given free access to standard diet or 

sucrose, the amylin treatment group significantly reduced sucrose seeking behavior and 

prevented stress-induced sucrose seeking movements (Laugero KD, 2005). Amylin is 

also found to produce antidepressant or anxiolytic activity in the forced swim test, marble 

burying model or 4-plate test (Mack CM, 2007; Tryon M, 2006). However, there is a lack 

of evidence concerning its psychiatric function and mechanism of action. 

irAMY is  present in sensory neurons, which also contain CGRP or substance P 

immunoreactivity (Mulder et al., 1995). Unlike CGRP, which is an important 

neurotransmitter in the nociceptive pathway (van Rossum et al., 1997), the effect of 

amylin on nociception varies. For example, i.c.v. administration of amylin fails to induce 

antinociception in either tail immersion (0.312-80 μg/rat) or tail flick test (5-10 μg/rat) 

(Bouali et al., 1995; Sibilia et al., 2000). Peripheral (0.001-10 mg/kg, i.p. or s.c.) and 

spinal cord (0.3-10 μg/mouse, i.t.) administration of amylin produce antinociception in a 

mouse model of visceral pain (Huang et al., 2010; Young, 1997).  The antinociception of 

amylin seems to be mediated via amylin receptors, not opiate receptors, as sCT [8-32] or 

AC187 (unpublished data), not naloxone, could block the antinociceptive effect of amylin 
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(Huang et al., 2010; Young, 1997). Amylin knockout mice show less nociceptive reaction 

in a paw formalin model (Gebre-Medhin et al., 1998), which contrasts with the 

antinociception observed above.  

Amylin is necessary for normal brainstem development, which has been reported 

by Lutz. Compared to control animals, amylin-deficient neonatal mice (day 10) showed a 

markedly reduced density of AP-NTS projections (Lutz, 2010b). Additionally, the 

number of DRG cell bodies were fewer in amylin-/- strain fetal mice (Wookey et al., 

2006). Together these observations, albeit limited in numbers, suggest a possible role of 

amylin as a growth factor for neurons. 

 

1.4.3. Others 

Although the soluble monomeric form of amylin acts as a partner hormone of 

insulin, the less-soluble oligomeric and insoluble polymeric form of human amylin may 

contribute to the establishment of a pathophysiological pathway leading to diabetes. Its 

amyloid form can insult pancreatic β-cells and lead to cell death (Wookey et al., 2006). 

Transgenic mice derived by over expression of human amylin and treated with a high fat 

diet developed the phenotype of hyperglycemia with islet amyloid plaque (Hull et al., 

2003; Verchere et al., 1996). Subsequent studies link the islet amyloid formation 

associated with obesity in leptin knockout (ob/ob) mice model, which also results in 

hyperglycemia (Hoppener et al., 1999). More recent research shows its neurotoxicity in 

hippocampal and cortical neurons that is similar to that of Aβ in terms of time- and 

concentration-dependent induction of apoptotic genes (Lim et al., 2008). 

1.5. Amylin in the brain pathways 
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Current knowledge concerning amylin mediated brain pathways is mainly on AP-

NTS-LPBN (lateral parabrachial nucleus)-hypothalamus circuit. It has been proposed that 

peripheral amylin activates the AP neurons, which transmits to the forebrain through 

NTS and LPBN, and produce an inhibitory effect on eating. In order to define these 

pathways, different techniques including site-specific brain lesions, c-fos 

immunohistochemistry, direct site injection of antagonists and retrograde/anterograde 

neuronal tracing have been applied (Lutz, 2010a; b; Roth et al., 2009; Wookey et al., 

2006).  

As described earlier, irAMY and high amylin binding areas are located in AP 

neurons (D'Este et al., 2000; Sexton et al., 1994). AP neurons can be activated by amylin 

and glucose in an extracellular single unit recording study (Riediger et al., 2002). Direct 

injection of amylin into the AP region blocks food intake, while AC187 alone into the 

same brain area increases food intake, and inhibits the peripheral amylin induced 

anorectic effect (Mollet et al., 2004). Lesions of AP/NTS or IPBN totally abolish or 

attenuate the anorectic effects by acute or chronic amylin administration (Becskei et al., 

2007; Lutz et al., 2001; Lutz et al., 1998). Peripheral injection of amylin increased the 

expression of c fos-immunoreactivity mainly in AP, caudal NTS, LPBN, as well as in the 

bed nucleus of the stria terminalis and central nucleus of the amygdala (Riediger et al., 

2004; Rowland et al., 1997). Moreover, amylin stimulated c fos expression was absent in 

the AP, or reduced in the NTS, LPBN and central amygdala in AP lesioned rats (Riediger 

et al., 2004). In the same study, AC187 blocked c-fos expression at the AP as well as 

inhibiting the effect of amylin. A recently published paper delineates the central 

projections from amylin activated AP neurons to the lateral hypothalamus by the 
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retrograde tracer cholera toxin-B and the anterograde tracer biotinylated dextran-amine 

(Potes et al., 2010).  

 

2. Pain 

Pain is, as defined by the International Association for the Study of Pain (IASP), 

“an unpleasant sensory and emotional experience associated with actual or potential 

tissue damage, or described in terms of such damage ”(Merskey and Watson, 1979). Pain 

of any type is the major reason for half of Americans to seek medical care annually. 

However, an effective treatment of pain, especially chronic pain derived from cancer or 

nerve injury, is currently unavailable. Although an increasing number of cellular 

substrates, such as channels, receptors and regulatory proteins have been identified, the 

pain signaling mechanisms are still largely not known, which hamper the development of 

novel analgesic agents targeting either the peripheral or spinal neuraxis (Okuse, 2007). 

 

2.1. Animal models of pain 

Animal pain models have been developed and widely used to discover and 

evaluate novel analgesic candidates. Generally, there are two levels of observation for 

animal response. The first one, known as the pain perception threshold, is the point at 

which the stimulus is perceived by animals as painful. The second, known as the latency, 

is the maximum duration of painful stimulus that can be endured (Besson, 1997). 

Conflicting results in various studies may be explained by differences in nociceptive 

model or study design. Even in the same model, many factors, for example, species/strain 

of animals, testing time, the area on the body, the size of the stimulated area, the interval 
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between consecutive stimuli, and the temperature of the stimulated region, may affect the 

outcome of the experiments (Le Bars et al., 2001). 

 

2.1.1. Tail flick test 

D’Amour and Smith first applied the tail flick test to rats (D'Amour, 1941). It is 

still used as a nociception test in rodents. Radiant heat is focused on the tail, and the 

duration of the tail under the beam is recorded. The advantage of the test is its simplicity. 

This test has been proven more successful for predicting the analgesic effect of opioid 

like drugs in human (Le Bars et al., 2001). A particular drawback of the test is that the 

tail flick latency may vary with the tail skin temperature (Taber, 1974). 

 

2.1.2. Hot plate test 

The hot plate test was first described in 1944 (Woolf, 1944). A constant 

temperature of about 55°C is frequently used to measure nociceptive responses. The 

hindpaw lick is chosen as the end point, as it is difficult to distinguish the difference 

between forepaw lick and grooming. Similar to the tail flick test, the skin temperature has 

the same impact on paw licking time (Besson, 1997).The reflexes from the heat stimulus 

are considered mainly  to be supraspinally integrated responses, which are affected only 

by opioids  (Le Bars et al., 2001). 
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2.1.3. Writhing test 

Compared to the above mentioned acute pain models, writhing test belongs to the 

group of visceral pain with a longer duration. Siegmund et al. (1957) first described the 

writhing test fifty years ago. Within 3-10 min after i.p. injection of an irritant, such as 

phenylquinone, bradykinin, acetic acid and acetylcholine, the rodent begins to writhe. 

Recently, the last two chemicals were most often used. The writhing response consists of 

arching of the back, extension of the hind limbs and contraction of the abdominal 

musculature. These responses may last up to 60min (Besson, 1997).  The writhing test is 

sensitive and good for screening molecules whose pharmacodynamic properties remain 

unknown, but lacks selectivity which can be improved with the performance of 

locomotor test. Also it has a fair correlation between the ED50 values obtained in rats and 

human dose of analgesic effects (Le Bars et al., 2001; Taber, 1974). 

 

2.1.4. Formalin test 

   The  formalin test was developed to study the analgesic effect of morphine as 

early as 1977 (Dubuisson and Dennis, 1977). Diluted formalin (usually 5% v/v) is s.c. 

injected into the dorsal surface of a rodent hind paw, and the reaction (either the number 

of licking and biting the injured paw or the accumulative time of licking and biting) is 

recorded. Typically, the responses are divided into two phases: the early (5-10 min post 

injection) and the late (20-45 min post injection) phase (Le Bars et al., 2001; Taber, 

1974). This test is of value in establishing a continuous rather than transient nature of the 

noxious stimulus and provides an evaluation for pain (acute phase) and inflammation 

(late phase). For example, opioid analgesics produce antinociceptive effects on both 
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phases, but more intense on the second phase. In contrast, non steroidal anti-

inflammatory drugs (NSAIDs) such as indomethacin only inhibits the second phase 

(Hunskaar and Hole, 1987), especially at a high concentration of formalin (Yashpal and 

Coderre, 1998). 

 

2.2. Spinal cord involved in the nociception 

The spinal cord is a critical gateway which transmits the peripheral pain signal to 

the brain. The mechanism of nociception including spinal cord dorsal horn neurons 

(SCDH), as well as glia cells has been widely investigated, especially in chronic pain and 

neuropathic pain (Bird et al., 2006; Bradesi, 2010; Svensson and Brodin, 2010; Thomas 

Cheng, 2010). Generally speaking, a noxious signal initiating from the peripheral primary 

sensory afferents (C or Aδ fibers) travels through the DRG to the secondary sensory 

neurons in the superficial layers of SCDH, which then transmit the signal to the higher 

levels of the brain via an ascending pathway (see Fig.2) (Furst, 1999; Thomas Cheng, 

2010). Along this pathway, multiple neuro-modulators and neurotransmitters may be 

released to regulate pain signaling cascade. Furthermore, the descending inhibitory 

pathways from the midbrain and brainstem communicate with the SCDH by chemical 

signals, including endogenous opioids, serotonin (5-HT) and norepinephrine (NE), and 

hence exert a strong inhibitory effect on dorsal horn transmission.  
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Figure 2.  The modulatory transmitters in the nociceptive pathway. (Modified from 

Furst, 1999) 

             

The superficial dorsal horn in the spinal cord can be divided into two layers: 

lamina I (the marginal zone) and lamina II (the substantia gelatinosa). Most biologically 

active neurotransmitters or neuropeptides are distributed in this region, including 

glutamate, substance P, CGRP, NE, 5-HT, γ-aminobutyric acid (GABA), neurotensin, 

and somatostatin (Furst, 1999). Additionally, the receptors for those peptides and non-

peptides are found in the same area. Particularly, neurokinin-1 receptor (the receptor for 

SP) is shown in the deeper layers of the dorsal horn neurons with peptidergic sensory 

fibers in lamina I (Todd, 2002). High CGRP binding sites have also been located in both 

lamina I and II of the rat spinal cord (van Rossum et al., 1997). Spinal delivery of CGRP 

facilitates painful reaction, sensitizes the dorsal horn neuron to noxious peripheral 

stimulus and releases excitatory amino acids (Bird et al., 2006) 

It has been widely accepted that SCDH sensitizing mechanisms may ultimately 

converge to reinforce transmission at NMDA receptors, thereby resulting in a pronounced 
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and sustained elevation in Ca2+ influx and levels (Millan, 1999). Activation of 

nociceptors causes the release of glutamate, aspartate or other excitatory amino acid 

(EAA) from central terminals, which evokes a fast excitatory postsynaptic potential 

(EPSP) mediated by the ionotropic AMPA receptor. The activation of AMPA receptors 

leads to a secondary activation of voltage dependent calcium channels (VDCCs) which 

further amplifies depolarization and triggers an increase in Ca2+ influx (Besson, 1997).  

Neurons in the SCDH receive input from primary afferents. The firing of SCDH 

projection neurons, which process and transfer information about the peripheral stimuli to 

brain, is determined not only by the excitatory input they receive, but also by inhibitory 

input that can be segmental or descending from the higher level of the neuroaxis. In the 

neuropathic pain, such as peripheral nerve injury, the amount of inhibitory control is 

reduced (Millan, 1999). There is an evidence for the reduction of GABA in a peripheral 

afferent fiber (PAF) injury, and the down-regulation of presynaptic and postsynaptic 

GABA and opioid receptors in SCDH (Ibuki et al., 1997).  This disinhibition causes 

hyperalgesia. Similarly, the action of glycine is attenuated during chronic pain (Thomas 

Cheng, 2010) 

More recently, spinal cord stimulation has been found to be effective in those 

patients unresponsive to conventional therapies for the purpose of treating neuropathic 

pain, including complex regional pain syndromes (Jeon and Huh, 2009; Shrivastav and 

Musley, 2009). 
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2.3. c-fos 

Hunt et al. (Hunt et al., 1987) first demonstrated that proto-oncogenes c-fos and c-

myc are up-regulated in spinal cord neurons upon physiological stimulation. It is 

documented that nociceptive signals are transmitted from the periphery to the spinal cord 

by C- or Aδ-fibers. Polysynaptic junctions in the dorsal horn of the spinal cord are 

involved in modulating nociceptive transmission to different brain regions. The 

immediate early gene c-fos is promptly expressed in neurons in response to polysynaptic 

activation (Sagar et al., 1988). Other factors including intracellular second messenger 

cAMP and calcium may increase the expression of c-fos in cultured fibroblast and 

pheochromocytoma cell lines (Kruijer et al., 1985; Morgan and Curran, 1986). Thus, c-

fos is involved in the signal transduction cascade that links extracellular event to 

intracellular adaptations. 

Several reports have shown that the expression of c-fos mRNA and 

immunoreactivity is up-regulated in the spinal cord following noxious visceral 

stimulation (de los Santos-Arteaga et al., 2003; Lee and Seo, 2008; Rodella et al., 1998). 

In contrast, expression of c-fos in the spinal cord was attenuated by pretreatment of 

analgesics (Lee and Seo, 2008). Thus, expression of c-fos mRNA or protein can be used 

as a marker of neurons activated by pain sensation (Harris, 1998).  

 

2.4. ERK 

The extracellular signal-regulated kinase (ERK, including ERK1/2), together with 

p38 mitogen-activated protein kinase (MAPK) and c-Jun N-terminal kinase, belongs to 

the family of MAPK which are highly conserved. As the first member to be identified, 
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ERK plays an important role in regulating mammalian cell mitosis, proliferation, 

differentiation and survival (Widmann et al., 1999). In addition, a large body of 

evidences support that ERK is involved in pain sensation, especially in central 

sensitization of inflammatory and neuropathic pain (Ji et al., 2009; Obata and Noguchi, 

2004). 

Ji et al. (1999) demonstrated the activation of ERK (phosphorylation ERK, pERK) 

after an intraplantar capsaicin injection. pERK immunoreactivity, which is found in many 

SCDH neurons ipsilateral to the injection site, is topographically located in the medial 

part, laminae I and II of the superficial SCDH; and is not detected contralateral to the 

injection site. It is also reported that only noxious stimuli (thermal or mechanical), not 

innocuous stimuli could induce pERK with an intensity-dependent manner. pERK is also 

induced in SCDH neurons in formalin test (Karim et al., 2001),  chronic bladder 

inflammation (Cruz et al., 2005), sciatic nerve injury (Ji et al., 2009). Moreover, the 

activation of ERK can be enhanced by high threshold C or Aδ fiber stimulation, not by 

low threshold Aß fiber (Dai et al., 2002; Ji et al., 1999). 

ERK activation in the pain pathway is found not only in the SCDH, but in primary 

afferent neurons and central nucleus of the amygdala (CeA) as well. Noxious stimulation 

of the peripheral tissue or electrical stimulation to the peripheral nerve induces pERK in 

DRG neurons, which indicate the involvement of pERK in acute pain status (Dai et al., 

2002). Unlike ERK activation in the SCDH, which normally occurs a few minutes after 

the noxious stimulation (Ji et al., 2009), pERK has been shown to occur in the CeA 

several hours after the injury (Carrasquillo and Gereau, 2007). It is not yet known how 

pERK in the CeA may play a role in the pain modulation or central sensitization. A 
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recent study, which  provides additional evidence regarding the role of pERK in the CeA 

using whole-cell patch-clamp recordings, shows that ERK contributes to pain-related 

synaptic facilitation and behavior by increasing NMDA receptor function (Fu et al., 

2008). 

Like other MAPKs, ERK is activated by phosphorylation via its upstream MAPK 

kinases (i.e. MEKs), and MEKs are activated by MAPK kinase kinases (MEKKs) 

(Widmann et al., 1999). Initial spinal pERK can be triggered by various protein kinases, 

such as tyrosine kinases B (TrkB) via growth factors with their receptors (Ji et al., 2009). 

Protein kinase A (PKA) or c (PKC) has been found to induce pERK in SCDH, too (Hu 

and Gereau, 2003; Hu et al., 2003). Direct or indirect inhibition of MEKwill block the 

activation of ERK in SCDH neurons. In a rat spinal slice study, PD98059 (MEK 

inhibitor), PKA and PKC inhibitors completely suppress the capsaicin induced pERK and 

cAMP production in the superficial dorsal horn neurons (Kawasaki et al., 2004). Similar 

findings have been examined at whole animal level. PD98059 inhibits not only the 

activation of ERK in SCDH neurons, but also central sensitization mediated allodynia or 

hyperalgesia (Kawasaki et al., 2004). Another MEK inhibitor, U0126, has been proved 

useful in preventing capsaicin induced allodynia (Kawasaki et al., 2004). 
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3. Amylin receptor and its regulation 

Amylin receptor is composed of CTR and RAMPs, and the CTR belongs to 

GPCR superfamily. The detailed information of amylin receptor signaling and its 

regulation is essential for a better understanding of the biological role and therapeutic 

potential of amylin.  

3.1. Seven-transmembrane receptors 

3.1.1. Overview 

The definition for a receptor is “a protein molecule, embedded in either the 

plasma membrane or the cytoplasm of a cell, to which one or more specific kinds of 

signaling molecules may attach”. Scientists have been attracted by the receptors for drugs, 

hormones and neurotransmitters for more than a century (Lefkowitz, 2004). There were 

more than 100,000 articles published on PubMed entitled “receptors” by 2010. Seven-

transmembrane (7TM) receptors, also known as G-protein coupled receptors (GPCRs), 

are one of the largest membrane receptor families. More than half of all drugs function 

through these receptors (Fredriksson et al., 2003). However, only a small number of 7TM 

receptors have been developed as drug targets due to limited knowledge of receptor and 

its signaling pathway. Hence, the potential for drug discovery in the field of 7TM 

receptors is huge. 

Generally speaking, 7TM receptor superfamily is categorized into three major 

groups, which are A (Rhodopsin-like), B (Secretin-like), C (Glutamate receptor-like). All 

of them have an extracellular N-terminal domain, followed by seven membrane-spanning 

domains, and finally linked to an intracellular C-terminal domain. When a ligand binds to 

the receptor, it activates the receptor through its conformation change. The receptor then 
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activates the associated G-protein via exchanging its bound GDP for a GTP. Dissociated 

G-protein α-subunit further induces intracellular signaling cascade by either cAMP or 

phosphatidylinositol pathway. Studies by Lefkowitz’s group demonstrate that G-protein 

regulated signaling can be desensitized or reduced by specific protein kinase, i.e. G 

protein coupled receptor kinases (GRKs). GRKs phosphorylate the receptor mainly in the 

intracellular C-terminal domain, then non-visual arrestin (β arrestin) is recruited which 

reduces G-protein coupled to the receptor and thus cause receptor desensitization and 

signal termination (Lefkowitz and Shenoy, 2005).   

 

3.1.2. Receptor membrane trafficking, internalization and degradation 

 

(Jean-Alphonse and Hanyaloglu, 2010) 

Figure 3. The trafficking life cycle of 7TM receptors. CCP: clathrin-coated pit; EE: 
early endosome; LE/MVB: late endosome/multivesicular body; LY: lysosome. 
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As illustrated in Fig. 3, the life cycle of 7TM receptors includes receptor synthesis, 

trafficking to the plasma membrane, activation, endocytosis, recycling or degradation etc 

(Jean-Alphonse and Hanyaloglu, 2010). It is a fairly complicated process which involves 

many protein kinases, accessory proteins and mediators. 

 7 TM receptors, as other membrane proteins, are synthesized in the endoplasmic 

reticulum (ER). They also undergo post-translational modifications including signal 

peptide cleavage, glycosylation, folding, disulfide-bond formation, association with 

accessory chaperone proteins in this compartment. After being modified and corrected, 

the receptor transport to Golgi via the ER and Golgi intermediate compartment (ERGIC). 

N-linked oligosaccharide modification is performed mainly in the Golgi complex. Each 

compartment along this protein synthesis and process pathway has a strict quality control 

system which will prevent misfolded proteins from accumulation (Enns, 1999). ER-

resident chaperones, such as calnexin and calreticulin, are part of the ER quality control 

system. For example, the misfolded protein will be re-glycosylated until it is correctly 

folded and binds to calnexin/calreticulin before released from the ER (Bergeron et al., 

1994). Other chaperones are also required in the trafficking of 7 TM receptors through 

the biosynthetic pathways to the cell surface. They are either receptor specific, e.g. 

melanocortin receptor accessory proteins (Webb and Clark, 2010), or binding to multiple 

7TM receptors, e.g. RAMP (Sexton et al., 2006).  Recent studies provide new insights 

that large dense-core vesicles (LDCVs) are involved in the receptor trafficking (Xu et al., 

2007). The LDCV-associated δ-opioid receptors (DOR) have been found in the plasma 

membrane upon agonist or pronociceptive stimulation (Bao et al., 2003;Guan et al., 2005). 

Guan et al. (2005) first showed that DOR is sorted into LDCV through its interaction 
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with substance P-containing protachykinin in small DRG neurons.  Whether or not 

LDCV plays a role in the transportation of other 7TM receptors remains to be elucidated. 

Receptor internalization is triggered after its activation by various ligands. It is 

well documented that GRKs and β arrestins play a key role in this process (Jean-

Alphonse and Hanyaloglu, 2010; Lefkowitz and Shenoy, 2005; Moore et al., 2007). The 

classic model shown in Fig. 3 reveals that β arrestin is recruited and binds to the 

phosphorylated GPCRs, which results in the receptor uncoupling from its G protein, 

followed by targeting to clathrin coated pits (CCPs). Other accessory proteins such as 

dynamin are involved in the formation of clathrin-coated vesicles (Enns, 1999). The 

formed vesicle is then scissored from the plasma membrane and transferred into the 

intracellular compartment by endocytosis. Rapid desensitization of G-protein signaling is 

one of the outcomes of receptor internalization. However, the endocytosized receptors, 

which can traffic to early endosomes and other post-endocytic compartments, are either 

degraded in the lysosome or recycled back to the cell surface resulting in resensitization 

and signal recovery (Jean-Alphonse and Hanyaloglu, 2010). 

Agonist induced receptor internalization can be regulated by many mediators, e.g. 

β arrestins. In a classic view, β arrestins are endocytic adaptors which only affect the 

receptor internalization and signal termination. β arrestin mutants have been 

demonstrated to block receptor internalization in various studies (Bilson et al., 2004; 

Desai et al., 2000; Desai and Ashby, 2001; Hilairet et al., 2001). The pattern for β 

arrestins bind to activated phosphorylated receptors varies according to receptor types. In 

the case of the β2-adrenergic receptor (type A GPCRs), β arrestins associate weakly with 

the receptor and dissociate quickly post internalization; while β arrestins bind firmly and 
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longer to the vasopressin receptor (type B GPCRs) even after its internalization, which 

may induce delayed sorting to lysosomes or a longer recycling time (Lefkowitz and 

Shenoy, 2005). In a new paradigm, β arrestin has been proposed not only as a receptor 

desensitization mediator but a signal transducer as well. Recent data indicate that β 

arrestins are actively involved in MAPK activation (Ricks and Trejo, 2009), inhibition of 

apoptosis (Revankar et al., 2004), GLUT4 (a glucose transmembrane transporter) 

translocation and subsequent glucose transport stimulation in response to activation of 

endothelin type A receptors (Imamura et al., 2001). 

It is widely accepted that receptor internalization occurs upon ligand stimulation, 

but ligand independent internalization (constitutive internalization) has been reported for 

the α1a adrenergic receptor (Morris et al., 2004), calcitonin receptor (Seck et al., 2003), 

and type 1 cannabinoid receptor (Leterrier et al., 2006). Moreover, some constitutive 

internalizations are clathrin or β arrestin independent, such as metabotropic glutamate 

receptor 5 (Fourgeaud et al., 2003) and protease-activated receptor-1 (Paing et al., 2006).  

There are several destinations following receptor internalization (see Fig.3): 1) 

GPCRs rapidly enter the lysosome for degradation and induce a complete shutdown of 

receptor activity, which can be regulated by Rab5/7 (the family of small GTPases); 2) 

“short cycle” receptors quickly move back to the plasma membrane via Rab4 and /or 

Rab5/Rab4 positive vesicles; 3) “long cycle” receptors stay in the endosomes, traffick to 

the late endosome/multivesicular body (LE/MVB) by Rab 7,  then either recycle to the 

plasma membrane via Rab 11 at a slower rate or degrade in the lysosomes (Jean-

Alphonse and Hanyaloglu, 2010). It is not fully understood what controls the receptor 

sorting pathway, whereas the sorting of GPCRs post internalization during repeated 
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stimulations of ligands plays a critical role in the G-protein signaling downregulation, 

desensitization, functional recovery, and resensitization.  

Opioid tolerance is one example of receptor downregulation or desensitization. It 

happens after repeated doses of opioids, which cause the requirement to increase the dose 

for maintaining an equivalent analgesic effect. Studies reveal that repeated morphine 

administrations cause μ-opioid receptor desensitization, downregulation or both at the 

cellular level (Bailey and Connor, 2005; Ballantyne and Mao, 2003). Interestingly, 

receptor downregulation or desensitization has been generated by chronic disease, such as 

neuropathic pain (Obara et al., 2010), which provides additional evidence regarding the 

lower analgesic potencies of opioids in neuropathic pain. 
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3.2. Amylin receptor  

The cloning of amylin receptors remained unsuccessful until the discovery of a 

family of accessory proteins (McLatchie et al., 1998). Comparable to CGRP receptors, 

amylin receptors are heterodimeric complex of calcitonin receptor (CTR) and receptor 

activity modifying proteins (RAMP) (Christopoulos et al., 1999; Muff et al., 1999). 

Theoretically, the combination of two CTRs and three RAMPs could provide six possible 

dimeric forms of amylin receptor. They are named amylin receptor 1(a), 2 (a), 3(a), 1(b), 

2(b), and 3(b) according to the alignment of CTRa or b with RAMP1, 2 or 3, respectively 

(Hay et al., 2004).  Transfection studies in cell-lines reveal that high affinity amylin 

binding sites arise from the co-expression of CTRa or b with RAMP 1 or 3 in rabbit 

aortic endothelial cells (RAEC) and green monkey kidney COS-7 cells (COS-7), with a 

pharmacology similar to that of amylin binding at the nucleus accumbens (Christopoulos 

et al., 1999; Muff et al., 1999). Tilakaratne et al. (2000) found a combination of RAMP2 

and CTRa did not generate any amylin receptor subtype, but could when replaced with 

CTRb in Chinese hamster ovary cells (CHO-P). Additionally, in situ hybridization shows 

the distribution of CTRa, CTRb, and RAMP 1 or 2 mRNA in the subfornical organ, but 

CTRb was not detected in the area postrema and RAMP 2/3 was not detected in the same 

region (Barth et al., 2004). In summary, two amylin receptor subtypes appear to 

predominate: amylin receptor 1(a) (CTRa+RAMP1) in the nucleus accumbens (Oliver et 

al., 2001), and amylin receptor 3(a) (CTRa+RAMP3) in the area postrema (Barth et al., 

2004), which has been demonstrated by the activation of c fos in the above mentioned 

regions. 
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3.2.1. Calcitonin receptor 

Two forms of CTR, CTRa and CTRb (longer form), which are differentiated by a 

16 amino acid insert in the first intracellular loop contained in the longer form, belong to 

the type B 7TM receptors superfamily (Albrandt et al., 1995; Goldring et al., 1993). The 

human CTR shares 55% homology of amino acid sequence with that of  rat CRLR, both 

of which have the conserved transmembrane proline residues (Bailey and Hay, 2007). 

They are coupled to Gs family and stimulate adenylate cyclase to cause an accumulation 

of cAMP. Additionally, CTRs couple to Gq/G11 family and activate its downstream 

signaling cascade (Sexton et al., 1999).  Compare to CTRb, CTRa is the more commonly 

used variant together with RAMPs for amylin receptor studies.  Several studies show that 

amylin receptors have been generated successfully from the co-transfection of CTRa and 

RAMP1 or 3 in COS-7 (Christopoulos et al., 1999), RAEC (Muff et al., 1999) or 

HEK293 cells (Morfis et al., 2008).  However, co-transfection of CTRb and RAMP2 in 

Chinese Hamster Ovary-P (CHO-P) cells also increases amylin binding affinity and 

potency (Tilakaratne et al., 2000). As RAMP2 only weakly produces an amylin receptor 

in COS-7 or RAEC cells, it is hypothesized that cell background especially the 

endogenous G protein levels may affect the whole process (Sexton et al., 2006). 

Furthermore, CTRb has been demonstrated a different behavior in terms of  receptor 

internalization, coupling to adenylyl cyclase (AC) or phospholipase C (PLC) and 

stimulation of a transient calcium response (Moore et al., 1995). 
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3.2.2. RAMPs  

RAMPs are single transmembrane proteins which comprise of three members 

designated RAMP 1, 2 and 3. RAMP1, a 148 amino acid protein, has a large extracellular 

domain, a single predicted transmembrane spanning domain and a short cytoplasmic 

domain. RAMP2 is 26 amino acids longer than both RAMP1 and RAMP3 (Sexton et al., 

2001).  All three RAMPs have four highly conserved cysteine residues in the N terminal 

domain which are predicted to form disulphide bonds as secondary structure of this 

regions, while RAMP1 and RAMP3 have an extra pair of cysteines (Sexton et al., 2006). 

The existing functions for RAMPs have been proposed as receptor chaperones, receptor 

switches and signaling modifiers. Firstly, RAMPs is required for translocating CRLR to 

the cell surface, forming CGRP or AM receptors and participating in ligand binding. 

Secondly, CTR will be switched to amylin receptor at the presence of RAMPs. Next, the 

vasoactive intestinal polypeptide/pituitary adenylate cyclase activating peptide (VPAC) 1 

receptor interacts with all three RAMPs. VPAC1 receptor mediated phosphatidylinositol 

(PI) hydrolysis is elevated, whereas the agonist binding and cAMP production remain 

unchanged with the overexpression of RAMP2 (Parameswaran and Spielman, 2006; 

Sexton et al., 2001; Sexton et al., 2006). 

   Although the exact binding pocket has not been identified in the RAMP-

CTR/CRLR complex, efforts are being made to identify the binding domains in RAMP1. 

Ligand binding and cAMP stimulation are fully abolished with CGRP or AM treatment 

following deletion of the N-terminal domain amino acid residues 91-94, 96-100 or 101-

103 (Kuwasako et al., 2003a) or N-terminal domain truncation (Fitzsimmons et al., 2003). 

A similar role of extracellular domain in ligand binding specificity has been demonstrated 
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in the amylin receptor. Moreover, the transmembrane domains of RAMP1 are shown to 

determine the maximal binding affinity from the same study (Udawela et al., 2006b). A 

recent study suggests that there is a binding pocket between the long N-terminal domain 

of the CTR and RAMP1, albeit no experimental data have been presented. Tryptophan 84 

mutation of RAMP1 induces a significant reduction in amylin potency and cell surface 

expression (Gingell et al., 2010). C-terminal truncation of RAMP1 shows no apparent 

effect on CGRP receptor function (Walker et al., 2010), while loss of amylin binding has 

been observed upon C-terminal deletion in transfected COS-7 cells (Udawela et al., 

2006a). 
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(Sexton et al., 2001) 

Figure 4.  Schematic diagram illustrating potential trafficking of CGRP, AM, CT 
and amylin receptors. A. RAMPs heterodimerize with CRLR to form either CGRP 
or AM receptor in ER; B. RAMP1 modifies the terminal glycosylation of CRLR; C. 
Surface expression of CGRP receptor (CRLR-RAMP1 complex); D, E. Surface 
expression of AM receptors (CRLR-RAMP2/3 complex); F, G. Homodimers of 
RAMPs; H. Surface expression of CTR; I, J. Surface expression of amylin receptors 
(CTR-RAMP1/3 complex); K. Internalization of CGRP receptor upon agonist 
stimulation; L. The internalized CGRP receptor complex targeted to the lysosomal-
degradation pathway. 
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3.2.3. Amylin receptor trafficking and internalization 

 If transfected alone, RAMP1 is retained inside the cells, mainly in ER and Golgi 

as a homodimer. When co-expressed with CRLR, RAMP1 translocates to the cell surface 

and forms CGRP receptor, which is a ligand-independent process. Upon CGRP 

stimulation, the RAMP1-CRLR complex internalizes, which is β-arrestin and dynamin 

dependent. Following endocytosis, CRLR is targeted to lysosomes in the presence of 

ligands. No receptor recycling or resensitization is shown in these studies (Bomberger et 

al., 2005; Hilairet et al., 2001; Kuwasako et al., 2000). Comparing to the study of CGRP 

receptors, there is no direct report on amylin receptor trafficking or internalization in the 

presence of ligands. As proposed in Fig.4, RAMP1 translocates to the plasma membrane 

with the aid of CTR, and switches the receptor phenotype from calcitonin to amylin 

(Sexton et al., 2001). Unlike CRLR, CTR traffics to the plasma membrane and acts as a 

high affinity receptor for CT. Radioligand binding and flow cytometry studies indicate 

the internalization of CTR alone in T47D human breast cancer cell line and HEK293 cell 

line (Schneider et al., 1988; Seck et al., 2003). Moreover, site-directed mutagenesis has 

shown that proline (P326A, P336A) is important for the functioning of CTR including 

agonist binding and receptor activation (Bailey and Hay, 2007).    

 

3.2.4. Amylin receptor signal transduction 

Earlier studies failed to detect the elevated cAMP level accompanied with amylin 

functions such as activating glycogen phosphorylase and inhibiting glycogen synthase or 

blocking bone resorption in isolate soleus muscles (Deems et al., 1991), cultured 

hepatocytes (Suzuki et al., 1992) and osteoblast-like cells (KS-4) (Tamura et al., 1992). 
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In the perfused rat pancreas, pretreatment of pertussis toxin can prevent the inhibitory 

effect of amylin on gastric inhibitory polypeptide (GIP) induced insulin release (Silvestre 

et al., 1994). More recent studies show that stimulation of adenylate cyclase and 

production of cAMP are involved in amylin receptor mediated signaling cascade (Casey 

et al., 1997; Christopoulos et al., 1999; Morfis et al., 2008; Muff et al., 1999; Sexton et al., 

2006). 

The amylin receptor-mediated cAMP production, downstream of Gαs, is 

currently the best understood signal transduction pathway for amylin. Like calcitonin, 

amylin binds to amylin receptors and activates the cAMP-dependent pathway by 

activating adenylate cyclase. All the existing studies evaluated the potency of the amylin 

receptors by cAMP assay as a consequence of amylin receptor activation (Sexton et al., 

2001; Sexton et al., 2006). The above mentioned conclusion has been examined by over-

expression of Gαs (Udawela et al., 2006a) and application of PKA inhibitors (Morfis et 

al., 2008). Additionally, amylin has been found to induce intracellular Ca2+ mobilization 

and ERK1/2 activation in a transfected system. Unlike the potent cAMP production, a 

small increase in amylin potency is noted with respect to Ca2+ mobilization and ERK1/2 

activation. In the same study, activation of ERK1/2 can be partially inhibited by PI 3-

kinase, PI-phospholipase C or receptor tyrosine kinase blockers; and fully abolished by 

PKC inhibitors (Morfis et al., 2008), suggesting the existence of other G proteins such as 

Gq/11 in amylin receptor downstream cascade. 
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4. Specific aims 

Immunohistochemical studies using an antiserum directed against the feline 

amylin show a dense network of amylin-immunoreactive (irAMY) cell processes in the 

superficial dorsal horn of the spinal cord in mice. In addition, moderate to intense irAMY 

is detected in a large population of dorsal root ganglion (DRG) and trigeminal ganglion 

(TRG) cells. Besides, if it is the case, the mechanism of this function will be the next 

target to explore. It is widely accepted that agonists activate their receptor signaling 

pathway to induce the pharmacological functions. However, it is still a puzzle whether 

amylin directly acts on the complex of CTR-RAMP and stimulates its signaling cascade. 

Additionally, it is unclear how RAMP affects the localization and internalization of 

calcitonin receptor upon various stimulations. 

The major goals of this research are to extend the current pharmacological 

function of amylin on the spinal cord, particularly on nociception via central and 

peripheral administration and to study the regulation of amylin receptor. In the proposed 

research,   immunohistochemistry, RT-PCR, western blotting (on cell or convention) will 

be carried out either in an in vivo or an in vitro model. It is anticipated that results from 

this study will:1) provide a new perspective relative to the pharmacological activity of 

amylin and a  new insight on the molecular mechanism underlying amylin’s 

antinociception; and 2)  demonstrate for the first time agonist induced internalization and 

regulation of CTR-RAMP complex. The two specific aims are as follows: 
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Specific Aim 1. 

Amylin activates its receptors in the spinal cord to produce antinociceptive effects  

1.1. To localize the distribution of amylin and amylin receptors in mouse central nervous      

system (CNS) 

1.2. Evaluation of the antinociceptive effect of amylin 

 determine peripheral antinociception in tail flick and writhing test 

 determine central antinociception in writhing test 

 determine whether amylin affects locomotor activity    

1.3. Investigation of the effects of amylin on spinal c-fos expression 

 To screen c-fos mRNA levels in various brain regions on writhing model by RT-

PCR 

 To detect spinal c-fos mRNA levels on writhing model and effects of amylin by 

RT-PCR 

 To detect protein expression of c-fos on spinal cord on writhing model and effects 

of amylin by Western blot 

 To detect spinal c-fos expression on writhing model pretreated with amylin 

receptor antagonists and amylin  

 

Specific Aim 2 

Amylin promotes internalization of amylin receptors (protein complex of CTRa and 

RAMP1) partially via ß-arrestin dependent pathway. 

2.1. Determination of cellular distribution of CTRa and RAMP1 transiently expressed in 

N2A and HEK293 cells. 
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 To localize CTRa with ER or Golgi marker when expressed alone 

 To localize RAMP1 with ER or Golgi marker when expressed alone 

 To detect surface expression of RAMP1 with or without the presence of CTRa 

2.2. Internalization of calcitonin receptor 

 To determine whether sCT or amylin induces internalization of CTRa  using 

confocal microscope 

 To quantitate cell-surface CTRa expression upon sCT or amylin treatment using 

on-cell western (OCW) analysis  

 To investigate the possible internalization pathway of CTRa with co-transfection 

of GFP- ß-arrestin I 

 To investigate the internalization of CTRa with or without the presence of the 

dominant negative ß-arrestin (319-418) 

2.3. Internalization of amylin receptor 

 To determine whether sCT or amylin induces internalization of CTRa-RAMP1 

complex using confocal microscope 

 To quantitate cell-surface expression of CTRa and RAMP1 upon sCT or amylin 

treatment using OCW analysis 

 To investigate internalization profiles of CTRa-RAMP1 with or without the 

presence of GFP-ß-arrestin 1 

 To detect the internalization of CTRa when co-transfected with RAMP1 and ß-

arrestin (319-418) upon amylin treatment using OCW analysis 

2.4. Activation of ERK1/2 in transfected CTRa and RAMP1 HEK293 cells 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1. Materials 

Amylin (Feline), salmon calcitonin (sCT), salmon calcitonin [8-32] (sCT [8-32]) 

was purchased from Phoenix Pharmaceuticals, Inc (Burlingame, CA). AC187 was 

purchased from UNITED STATES BIOLOGICAL (Swampscott, MA). 

Amylin was dissolved in 10% DMSO as stock solution (10 mg/ml) and diluted with 

vehicle (0.9 % saline or 20mM HEPES in DMEM) immediately before administration. 

sCT (5mg/ml) or sCT [8-32] (4mg/ml) was dissolved in deionized water and frozen until 

use. AC187 (10mg/ml) was dissolved in deionized water and frozen until use. The 

peptide was thawed and diluted with vehicle immediately before use. Mouse anti-HA 

monoclonal antibody was purchased from Covance Inc. (Princeton, NJ). Mouse anti-c-

myc monoclonal antibody was purchased from Roche (Indianapolis, IN). Rabbit anti-HA 

monoclonal, Total ERK1/2 and Phospho ERK1/2 antibodies were purchased from Cell 

signaling (Danvers, MA). Rabbit anti- calnexin antibody was from Enzo Life Sci. Inc. 

(Plymouth meeting, PA). Rabbit anti-giantin antibody was from Abcam Inc. (Cambridge, 

MA). Goat anti-rabbit Alexa-488-conjugated and goat anti-mouse Alexa-594-conjugated 

antibody were from Molecular Probes (Eugene, OR). Normal goat serum, mouse anti ß-

actin antibody, HEPES, DMSO, protease inhibitor leupeptin and phenylmethyl- sulfonyl 

fluoride (PMSF), bovine serum albumin (BSA), ampicillin, kanamycin, L-glutamic acid, 

Poly-L-Lysine and Triton X-100 were purchased from Sigma-Aldrich (St.Louis, MO). 

Opti-MEM I reduced serum, fetal bovine serum (FBS), SeeBlue pre-stained protein 

molecular weight markers, 100 bp DNA ladder, DH5α E coli competent cells, Zeocin 
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and Lipofectamine2000 were acquired from Invitrogen (Carlsbad, CA). Cell media 

(DMEM, Neurobasal-A), geneticin (G418) and HBSS were purchased from Cellgro 

Mediatech (Herndon, VA). IRDye 680 Goat anti-mouse IgG (H+L), IRDye 800 Goat 

anti-mouse IgG (H+L), IRDye 800 Goat anti-rabbit IgG (H+L), Nitrocellulose membrane 

(0.22µm), Odyssey blocking buffer and DRAQ5 were from LI-COR Bio. (Lincoln, NE). 

The cDNAs for CTRa and RAMP1 were kindly provided by Dr. Patrick M. Sexton 

(Monash University, Clayton, Australia). The cDNAs for GFP-ß-arrestin 1, ß-arrestin 

(319-418), PCDNA3.1 (vector) were generously provided by Dr. Barrie Ashby (Temple 

University, Philadelphia, PA). The HEK293 cell was a gift from Dr. Mary Abood 

(Temple University, Philadelphia, PA). The Neu2A cell was a gift from Dr. Lee-Yuan 

Liu-Chen (Temple University, Philadelphia, PA). 

 

2.2. Experimental Animals 

Adult male ICR mice (Ace Animal Inc., Boyertown, PA) weighing 25-30g were 

used in this study. Experimental protocols were reviewed and approved by the Temple 

University Institutional Animal Care and Use Committee, in accordance with the 1996 

NIH Guide for the Care and Use of Laboratory Animals. Animals were housed under a 

12-h light/dark cycle with free access to food and water. Animals were moved to the 

behavioral testing room one day prior to testing and were acclimated in the observation 

box at least one hour before the experiments. Efforts were made to minimize the number 

of mice and animal suffering from pain-related studies. 
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2.3. Immunohistochemistry 

Mice anesthetized with urethane (1.2 g/kg, i.p.) were intracardially perfused with 

cold 0.1 M phosphate buffered saline (PBS) followed by freshly prepared 4% 

paraformaldehyde (PFA)/0.2% picric acid in PBS. Tissues were processed for amylin-

immunoreactivity (irAMY) by the avidin-biotin complex procedure (Dun et al., 2006). 

Sections were incubated in amylin antiserum (1:3000 dilution, a rabbit polyclonal against 

feline amylin; Phoenix Pharmaceuticals, Inc., Burlingame, CA) for 48 hrs. Sections were 

then incubated in biotinylated anti-rabbit IgG (1:300 dilution, Vector Laboratories, 

Burlingame, CA) for 2 hr, and rinsed with PBS and incubated in avidin-biotin complex 

solution for 1.5 hr (1:100 dilution, Vector Laboratories). Following several washes in 

Tris-buffered saline, sections were developed in 0.05% diaminobenzidine/0.001% H2O2 

solution and washed for at least 2 hr with Tris-buffered saline. Sections were mounted on 

slides with 0.25% gel alcohol, air-dried, dehydrated with absolute alcohol followed by 

xylene, and coverslipped with Permount.  

In the control study, several sections of dorsal root ganglion or spinal cord from 

each animal were incubated in amylin antiserum pre-absorbed with amylin peptide (1 

μg/ml, Phoenix Pharmaceuticals, Inc.) overnight. Quantification of irAMY neurons in 

DRG was conducted using the image analysis software (ImageJ 1.41o, Wayne Rasband, 

NIH). Images were captured at ×40 magnification. One hundred neuron profiles were 

measured from five DRG sections. Each irAMY neuron was sorted into six groups 

according to their diameters (1-20, 20-25, 25-30, 30-35, 35-40 or >40 µm) and expressed 

as a percentage of 100 neurons. 
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2.4. Tail flick test  

The experiments were implemented on a Model TF6 tail flick device (EMDIE 

Instrument Co., Maidens, VA). For test, mice were lightly restrained in a soft cloth with 

their tail positioned in a groove above an aperture. Focused light was applied to the 

proximal 1/3 of the tail and the latency to flick away was measured. Two measurements 

made in each mouse one day before the treatment were averaged as the basal tail flick 

latency, which is usually in the range of 2-6 s. The cut-off limit of 10 s was set in order to 

avoid any tissue damage. In time-course/dose-response experiment, tail flick latencies 

were recorded before and 15, 30, 60, 90 min after i.p. injection (vehicle, 0.001-0.1 

mg/kg).  

 

2.5. Acetic acid-induced writhing test 

Procedures for acetic acid-induced writhing test are described in detail (Collier et 

al., 1968). Amylin (0.03, 0.1, 0.5 or 1 mg/kg) or vehicle was injected i.p. 15 min before 

an i.p. injection of acetic acid (0.6%, 0.3 ml/30 g). The number of writhes was counted 

between 5 and 15 min after the last injection. For the antagonist experiment, sCT [8-32] 

(0.5 mg/kg) or vehicle was injected i.p.15 min before the administration of amylin (0.1 

mg/kg). Acetic acid tests were conducted 15 min after the injection of amylin. Intrathecal 

administration of amylin (0.3, 1, 5 or 10 µg/mouse) or vehicle was given 10 min before 

an i.p. injection of acetic acid (0.6%, 0.3 ml/30 g). sCT [8-32] (5 µg/mouse, i.t.) or 

AC187 (5µg/mouse, i.t.) was given 10 min before amylin (5 µg/mouse, i.t.) and acetic 

acid or acetic acid alone. 
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2.6. Locomotor activity test 

Locomotor activity of the mice was measured by a computerized monitoring 

system (Digiscan DMicro, Accuscan Inst, Columbus, OH), which consists of a metal 

frame containing 16 parallel infrared photobeams and receivers into which a standard 

plastic cage (42 × 20 × 20 cm) was placed. Photobeam breaks were recorded as total 

activity (TACTV) and stored on a computer coupled to the activity monitors. Groups of 

mice were tested for 10 min before and 50 min post i.p. injection (vehicle, amylin 0.01, 

0.1 or 1 mg/kg) or 45 min post i.t. injection (vehicle, amylin 1, 5 or 10 µg/mouse). 

TACTV was determined by the number of times the animal broke the light beams and 

used for statistical analysis. 

 

2.7. CTR and RAMP mRNA analysis by RT-PCR 

Mice anesthetized with urethane (1.2 g/kg, i.p.) were decapitated with a guillotine 

and various brain regions were dissected out. Total RNA was extracted using TRIzol 

reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. First-

strand cDNA was synthesized using SuperScript II first-strand synthesis system for RT-

PCR (Invitrogen, Carlsbad, CA). PCR was performed with a 5’ primer (TGG TTG AGG 

TTG TGC CCA ATG GA) and a 3’ primer (CTC GTG GGT TTG CCT CAT CTT 

GGTC) for CTR (Wang et al., 1998), and a 5’ primer (TCG TAC CAC AGG CAT TGT 

GAT GGA) and a 3’ primer (ACT CCT GCT TGC TGA TCC ACA TCT) for β-actin 

under the following conditions: 95°C for 2 min; 40 cycles at 95°C for 30 sec, 62°C for 30 

sec and 72°C for 1 min; and then 72°C for 10 min (CTR); 94°C for 2 min; 29 cycles at 

94°C for 30 sec, 55°C for 45 sec and 72°C for 1 min; and finally 72°C for 10 min (β-
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actin). The primers of CTR generated a product of 503bp from the CTRb mRNA, and a 

product of 392 bp from the CTRa mRNA (Wang et al., 1998). Similarly, primer 

sequences for RAMP1 with a 5’ primer (AGG ACT TGA GAG TGG CTC TGC ATT) 

and a 3’ primer (ATG CTG TCA CTA CTG TCC ATG GCT) and the conditions: 94°C 

for 2 min; 38 cycles at 94°C for 30 sec, 55°C for 45 sec and 72°C for 1 min; and finally 

72°C for 10 min. Primer sequences for RAMP2 with a 5’ primer (ACT CTG TCA AGG 

ACT GGT GCA ACT) and a 3’ primer (AGT AAC AAG GAA CGG GAT GAG GCA) 

and the conditions: 94°C for 2 min; 37 cycles at 94°C for 30 sec, 55°C for 45 sec and 

72°C for 45 sec; and finally 72°C for 10 min. Primer sequences for RAMP3 with a 5’ 

primer (TCA TCA CTG GAA TCC ACA GGC AGT) and a 3’ primer (GTG GCC AAA 

GCA AAC CAG  ACA GAA) and the conditions: 94°C for 2 min; 37 cycles at 94°C for 

30 sec, 55°C for 45 sec and 72°C for 45 sec; and finally 72°C for 10 min. The final 

products of 817bp, 254bp and 274bp are for RAMP1, 2 and 3, respectively. The 

amplified products were subjected to electrophoresis in a 1% agarose gel and stained with 

ethidium bromide. The image was acquired with a FujiFilm Las-1000 imaging system 

(FujiFilm Medical Systems, Stamford, CT). The digitized images were quantified with 

the Image Gauge software (FujiFilm Medical Systems, Stamford, CT).  

 

2.8. c-fos mRNA analysis by RT-PCR 

Mice anesthetized with urethane (1.2 g/kg, i.p.) were decapitated with a guillotine 

and spinal cords were dissected out 30-40 min after writhing test. Total RNA was 

extracted using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the 

manufacturer’s instructions. First-strand cDNA was synthesized using SuperScript II 
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first-strand synthesis system for RT-PCR (Invitrogen, Carlsbad, CA). PCR was 

performed with a 5’ primer (AAA CCG CAT GGA GTG TGT TGT TCC) and a 3’ 

primer (TCA GAC CAC CTC GAC AAT GCA TGA) for c-fos, and a 5’ primer (TCG 

TAC CAC A GG CAT T GT GAT GGA) and a 3’ primer (ACT CCT GCT TGC TGA 

TCC ACA TCT) for β-actin under the following conditions: 94°C for 2 min; 30 cycles at 

94°C for 30 sec, 55°C for 45 sec and 72°C for 45 sec; and finally 72°C for 10 min (c-fos); 

94°C for 2 min; 29 cycles at 94°C for 30 sec, 55°C for 45 sec and 72°C for 1 min; and 

finally 72°C for 10 min (β-actin). The amplified products were subjected to 

electrophoresis in a 1% agarose gel and stained with ethidium bromide. The image was 

acquired with a FujiFilm Las-1000 imaging system (FujiFilm Medical Systems, Stamford, 

CT). The digitized images were quantified with the Image Gauge software (FujiFilm 

Medical Systems, Stamford, CT). Different mouse brain sections were screened in terms 

of control and acetic acid groups, so the spinal cord was chosen as the targeted regions. 

Five groups of mice were analyzed as follows: (1) vehicle, (2) vehicle with acetic acid, (3) 

amylin (5 µg /mouse, i.t.) with acetic acid, (4) sCT [8-32] (5 µg /mouse, i.t.)+ amylin (5 

µg /mouse, i.t.) with acetic acid, (5) AC187 (5 µg /mouse, i.t.) + amylin (5 µg /mouse, i.t.) 

with acetic acid (n=6).  

 

2.9. c-fos analysis by Western blot 

Five groups of mice were analyzed in this series of experiments as described 

above. Fresh-frozen spinal cord samples were obtained 2 h after writhing test and 

immediately stored at -80°C. Samples of approximately 100mg were lysed in ice-cold 

lysis buffer [10mM Tris pH 7.6, 1% Triton X-100, protease inhibitor cocktail (Roche 
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Diagnostics, Manheim, Germany), and protein concentration was determined following 

the standard protocols of the Bradford method (BioRad, Hercules, CA). Equal amounts of 

protein (50µg) from each sample were loaded per well onto a 10% SDS-polyacrylamide 

gel (SDS-PAGE), separated and transferred to a nitrocellulose (NC) membrane, which 

was incubated over night with rabbit polyclonal anti-c-fos antiserum (1:1000 dilution; 

Sigma-Aldrich Inc., St. Louis, MO). The secondary antibody used (1:2500 dilution) was 

a HRP-conjugated anti-rabbit (Affinity BioReagents, Rockford, IL, USA). The signal was 

detected by chemiluminescence reagent (Super Signal West Pico Kit, Pierce, IL, USA). 

The image was acquired with a FujiFilm Las-1000 imaging system (FujiFilm Medical 

Systems, Stamford, CT). The digitized images were quantified with the Image Gauge 

software (FujiFilm Medical Systems, Stamford, CT).  
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2.10. Cell lines 

HEK 293 or N2A cells were cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with 100 units/ml penicillin, 100µg/ml streptomycin, 

10% FBS. The cells were maintained at 37˚C in a 5% CO2 and 95% air incubator. Cells 

were passaged into 75 cm2 tissue culture flasks (Sarstedt Inc., Newton, NC) and cultured 

until about 90% confluent. The cells were transfected using lipofectamine 2000 according 

to manufacture instruction (see Tab.2.1). Cells were incubated with the DNA-

Lipofactamine complexes in the Opti-MEM and antibiotics free medium for 6 hours and 

then supplemented with the fresh complete medium. Experiments were performed 24 hr 

post transfection. 

For stable expression, the cells were plated out in fresh complete medium without 

antibiotics in 60-mm plates one day before the transfection. On the day of the transfection, 

the cells were 90-95% confluent. The cells were passaged at various dilutions into fresh 

growth medium 24 h after transfection. Antibiotic selection marker (Zeocin 0.5 mg/ml or 

G418 0.8 mg/ml) was added into the medium for 21 days. Positive clones were selected 

by immunofluorescence microscopy or western blot. HA-CTRa HEK293 was maintained 

in Zeocin 0.2 mg/ml with complete medium, and c-myc-RAMP1 HEK 293 was 

maintained G418 0.4 mg/ml with complete medium for future experiments. 
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Table 2. Transfection with various cDNA constructs and lipofectamine2000 

Culture 

vessel 

CTRa RAMP1 GFP-ß-arrestin I ß-arrestin 

(319-418) 

 

Lipofectamine 

2000 

60-mm 8.0 µg - - - 20 µl 

60-mm - 8.0 µg - - 20 µl 

24-well 0.1 µg 0.15 µg - - 2.0 µl 

24-well 0.1 µg 0.15 µg 0.1 µg - 2.0 µl 

96-well - 0.2 µg - - 0.5 µl 

96-well 0.2 µg - - - 0.5 µl 

96-well 0.13 µg - - 0.07 µg 0.5 µl 

96-well - 0.2 µg - - 0.5 µl 

96-well - 0.13 µg - 0.07 µg 0.5 µl 

 

2.11. Immunofluorescence Microscopy 

2.11.1. Labeling ER or Golgi in permeabilized cells 

Cells were cultured in coverslips which were treated with Poly-L-Lysine for 24hrs 

in 24 well-plates. HEK293 or N2A cells transiently expressing HA-CTRa or c-myc-

RAMP1 were fixed with 2% PFA in PBS for 15 min and permeabilized for 10min with 

0.05% Triton X-100 in blocking buffer (PBS containing 1% BSA). The cells were then 

blocked with the blocking buffer for 45 min and incubated with primary antibodies in 

blocking buffer for 1h. The following antibodies were used: mouse anti-HA (1:500), 

mouse anti-c-myc (1:500), rabbit anti-calnexin (1:250) and rabbit anti-giantin (1:1000). 
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The coverslips were then washed in blocking buffer and incubated in the same buffer 

with the appropriate secondary antibodies including goat anti-rabbit Alexa-488-

conjugated antibody (1:1000) and goat anti-mouse Alexa-594-conjugated antibody (1:500) 

at room temperature for 1 h in the dark. After extensive washing, the coverslips were 

mounted onto slides using Dapi Fluoromount G (Southern Biotech., Birmingham, 

Alabama). Double labeling was viewed on a confocal scanning laser microscope (Leica 

TCS SL, Exton, PA).  

 

2.11.2. Labeling HA-CTRa and c-myc-RAMP1 in non-permeabilized cells 

Empty vector or HA-CTRa was transiently co-transfected with c-myc-RAMP1 

into HEK293 cells. To determine cell surface expression of both proteins, cells were 

incubated in DMEM/HEPES blocking buffer (20mM HEPES, pH7.4, 0.2% BSA in 

DMEM) for 30 min and incubated for 1h with primary antibody (rabbit mAb anti HA 

1:300, mouse monoclonal anti-c-myc 1:500) diluted in the same blocking buffer at room 

temperature. Cells were then washed in HBSS and fixed with 2% PFA in PBS for 15 min. 

Cells were then prepared as described in the previous section using the same secondary 

antibodies. 

 

2.12. Internalization 

2.12.1. Immunofluorescence microscopy 

Cells were transiently transfected with HA-CTRa, c-myc-RAMP1 and GFP-ß-

arrestin 1. Twenty-four hours post transfection, cells were incubated with HA- or c-myc- 

antibody or both for 45 min at 4˚C in DMEM with 1% BSA. Then cells were washed 
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twice with HBSS. The cells were warmed up to and treated with or without 1µmol/l sCT 

or amylin for 30 min in DMEM/HEPES (20mM HEPES). After treatment, the cells were 

fixed with 2% PFA at room temperature for 10 min. The cells were then washed six times 

with HBSS and permeabilized with 0.05% Triton X-100 in PBS for 10 min at room 

temperature. After blocking for 30min with normal goat serum (1:50 in 0.05% Triton X-

100 and 0.2% BSA), the cells were incubated with secondary antibody (goat anti-rabbit 

Alexa-488- conjugated antibody 1:500 and goat anti-mouse Alexa-594-conjugated 

antibody 1:500) for 1 h at room temperature. The cells were fixed again with 2% PFA at 

room temperature for 10 min, washed three times with PBS and coverslips mounted on 

slides as previously mentioned. 

 

2.12.2. On-cell Western Blot (OWB) 

2.12.2.1. Stable CTRa with or without ß-arrestin  (319-418) 

Stable CTRa cells plated 2×105 per well were grown until 90% confluent in poly-

L-lysine-treated 96-well flat bottom plates (BD Falcon)(Kapur et al., 2009). Then cells 

were tranfected with vector or ß-arrestin  (319-418). On the day of experiments (24 h post 

transfection), cells were incubated with a mouse monoclonal anti-HA antibody at 1:300 

dilution for 30 min at 37˚C. Cells were washed once with HBSS before drug treatment 

(1µM sCT or amylin), fixed in 2% PFA at room temperature for 15 min and wash three 

times with PBS for 5 min each. Cells were then incubated with LI-COR blocking buffer 

for 45 min at room temperature and stayed in the dark with the secondary IRDye 800-

conjugated anti-mouse IgG antibody (1:500) and DRAQ5 (1:2000) in LI-COR blocking 

buffer for 1 h at room temperature. Cells were then washed five times in TBST and 
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scanned on the LI-COR Odyssey Infrared Imager set at 169µm resolution, 4 focus offset 

and 4.5-6 intensity. Time course and dose-response figures were developed. 

 

2.12.2.2. Stable RAMP1 with transient transfection of CTRa 

Stable RAMP1 cells were transiently transfected with CTRa. Twenty-four hours 

post transfection, the cells were performed the OWB experimental procedure as described 

above. Surface CTRa or RAMP1 expression was measured before and after drug 

treatment (1µM sCT or amylin). Mouse anti-HA (1:500) or mouse anti-c-myc (1:100) 

was applied to detect HA-CTRa or c-myc-RAMP1 in this section. Secondary IRDye 800-

conjugated anti-mouse IgG antibody (1:500) and DRAQ 5 (1:2000) were used as above.  

 

2.12.2.3. Stable CTRa with transient transfection of RAMP1 or RAMP1 and ß-

arrestin (319-418) 

Stable CTRa cells were transiently transfected with RAMP1 or RAMP1 and ß-

arrestin (319-418). Twenty-four hours post transfection, the cells were performed the 

OWB experimental procedure as described above. Cells were treated with 1μM amylin 

for 30min. Surface CTRa expressions were measured as: control (with RAMP1), amylin 

(with RAMP1), control [RAMP1+ ß-arrestin (319-418)], amylin [RAMP1+ ß-arrestin 

(319-418)]. 

 

2.13. ERK1/2 activation 

HEK293 cells stably expressing CTRa or RAMP1 were grown in 24 well plates 

until about 90% confluent. Then the cells were transfected either RAMP1 (for stable 
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CTRa) or CTRa (for stable RAMP1), respectively. Cells were serum starved for 18 h post 

24 h transfection. The cells were incubated in fresh DMEM, warmed to 37˚C and then 

treated with vehicle, sCT or amylin for 10 min. The reaction were stopped by rapidly 

removing the agonist containing medium and lysed by adding 100 µl Laemmi (SDS) 

sample buffer to the wells. The samples were vortexed and boiled for 5 min. Then the 

samples were loaded into 10% SDS-PAGE and transferred onto NC membrane for 

detection of total and phosphorylated ERK1/2. Membranes were probed using primary 

antibody (rabbit anti total ERK1/2 1:1000, rabbit anti phospho-ERK1/2 1:2000). The 

secondary antibodies used were IRDye 800 Goat anti-mouse and IRDye 600 Goat anti-

rabbit (1:10000). The signal was detected by Odyssey Infrared Imager set at 169 μM 

resolution, 0 focus offset and 5 intensity and process with Odyssey software. 

 

2.14. Data analyses 

2.14.1. Animal studies 

Results are expressed as mean ± SEM of the measurements from a group of six to 

eight mice. For the tail flick test, the latency of tail reflex in each test period was 

normalized to the mean calculated from the control (vehicle) group as percent of 

maximum possible effect (MPE%): 

 

Equation 1. MPE% calculation in tail flick model 

 

%100
10

% ×
−

−
=

control

controlAmylin

LatencyTailflick

LatencyTailflickLatencyTailflick
MPE
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For writhing test, the number of abdominal constrictions in each test period was 

normalized to the mean calculated from the control (vehicle) group as percent inhibition 

of writhing (% inhibition):  

%100% ×
−

=
control

treatmentcontrol

sMeanWrithe
WrithessMeanWrithe

Inhibition
(Tomizawa et al., 2001).  

Equation 2. %inhibition calculation in writing test 

 

Statistical analysis was performed with GraphPad Prism 4.0 software (GraphPad 

Software, San Diego, CA). Differences among multiple groups were determined by one 

or two way analysis of variance (ANOVA) followed by post-hoc Bonferroni test. 

Differences between two groups were determined by the Student t test. Statistical 

significance was set at P<0.05. 

 

2.14.2. c- fos study 

Each treatment group had at least three mice. The intensity% was calculated as 

follow: 

Intensity%= %100×
vehicle

treatment

Intensity
Intensity

 

Equation 3. Intensity% calculation in c fos study 

Statistical analysis was performed with GraphPad Prism 4.0 software. Differences among 

multiple groups were determined by one way ANOVA followed by post-hoc Bonferroni 

test. Statistical significance was set at P<0.05. 
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2.14.3. On Cell Western  

Surface protein expression was calculated as: 

          Surface protein expression%= %100

.

.
×

vehicle

vehicle

treatment

treatment

oTotalcellN
Intensity

oTotalcellN
Intensity

 

Equation 4. Surface protein expression% calculation in on cell western analysis 

 

Time response course by sCT or amylin was generated by nonlinear regression technique 

using GraphPad Prism 4.0 software. Results are expressed as mean ± SEM of the 

measurements from six samples each group. Differences among multiple groups were 

determined by one way or two way ANOVA followed by post-hoc Bonferroni test. 

Statistical significance was set at P<0.05. 
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CHAPTER 3 

RESULTS 

3.1. Amylin functions in the spinal cord 

3.1.1. irAMY in the spinal cord and sensory ganglia 

Examination of tissue sections prepared from the spinal cord of six mice showed 

that irAMY is conspicuously expressed in two regions: the superficial dorsal horn and 

ventral horn (Fig.5). A dense plexus of irAMY fibers was observed in laminae I and II of 

the dorsal horn in all levels of the spinal cord including cervical, thoracic, lumbar and 

sacral sections (Fig. 5 A, B, D, E and F). Some of the ventral horn neurons, particularly 

those in the dorsolateral and ventromedial nuclei, were irAMY positive (Fig. 5 A, C, D, E 

and F).  

With respect to the sensory ganglia, a moderate to intense irAMY staining was 

detected in a large population of dorsal root ganglion (DRG) cells (Fig. 6 A and B) and 

trigeminal ganglion cells (TRG) (Fig. 6 C and D). The majority of irAMY DRG neurons 

were small to medium and a small percentage of cells were large (Fig. 6 E). Quantitative 

analysis shows that 87% of irAMY neurons were within the range of small (<25µm) to 

medium size (<35 µm, Fig. 6 E).  

In the control experiments (Fig. 7), irAMY was not detected in any spinal cord or 

dorsal root ganglion sections processed with amylin antiserum pre-absorbed with the 

peptide (1 μg/ml) overnight.  
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Figure 5. Mouse cervical, thoracic, lumbar and sacral spinal sections labeled with 
amylin antiserum. A, D, E and F, a cervical, thoracic, lumbar and sacral spinal section, 
where a dense plexus of amylin-immunoreactive fibers is observed in the lamina I of the 
dorsal horn, and some of the ventral horn neurons are labeled. B, a higher magnification 
of A, where numerous irAMY fibers are noted in the superficial layer of the dorsal horn; 
some of the fibers extend down to deeper layers. C, a higher magnification of section A, 
where irAMY is observed in several ventral horn neurons. cc, central canal. Scale bar: A, 
D, E and F, 250 μm; B,100 μm; C, 50 μm.  



 
55

 

Figure 6. Sections of mouse dorsal root ganglion (DRG) and trigeminal ganglion 
(TRG) labeled with amylin antiserum. A and B, lower and higher magnification of a 
DRG section, where irAMY is strongly expressed in some of the ganglion cells. C and D, 
lower and higher magnification of a TRG section, where irAMY is strongly expressed in 
some of the cells. E, cell diameter-frequency histogram reveals that 87% of irAMY 
neurons are distributed within the range of small (<25 μm in soma diameter) to medium 
(25-35 μm in soma diameter) neurons.  Scale bar: A and C, 100 μm; B and D, 50 μm. 
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Figure 7. Mouse spinal cord and DRG sections of negative control or 
labeled with amylin antiserum. A, C, E, pre-absorbed control sections. B, 
D, F, labeled sections. A and B, lower magnification of dorsal horn of 
spinal cord sections. C and D, lower magnification of the ventral horn of 
spinal cord sections, where numerous irAMY fibers are noted in the 
superficial layer of the labeling sections disappear from the control section. 
E and F, DRG sections, where irAMY is strongly expressed in some of the 
ganglion cells of the labeling section, not in the control sections. Scale bar: 
A, B, C, D, E, F, 100 μm.  
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3.1.2. Expression of CTR and RAMPs mRNA in the brain 

Amylin receptors are heterodimers consisting of CTR and RAMPs. There are two 

forms of CTR: CTRa and CTRb. RAMPs comprise of three members designated RAMP 

1, 2 and 3. In the proposed amylin receptor subtypes, two appear to predominate: CTRa 

dimerizes with RAMP1 to form AMY 1(a) or with RAMP3 to form AMY 3 (a) (Young, 

2005f). RT-PCR results showed that both CTRa and CTRb mRNA are expressed in the 

following mouse brain regions: spinal cord, brain stem, cortex, hypothalamus and 

hippocampus; whereas, expression was not detected in the DRG (Fig. 8). Expressions of 

RAMP1, RAMP2 and RAMP3 mRNAs were detected in all regions studied; although the 

expression of RAMP1 was barely detectable in the DRG, and RAMP3 was low in the 

DRG (Fig. 8).  

 

Figure 8. Expression of CTRa, CTRb, RAMP1, RAMP2 or RAMP3 mRNA in the 
brains. Basal expression of CTRa (392bp), CTRb (503bp), RAMP1 (817bp), RAMP2 
(254bp) and RAMP3 (274bp) mRNA in mice DRG, spinal cord, brain stem, cortex, 
hypothalamus and hippocampus. β-actin mRNA (647 bp) serves as control. (n=3) 
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3.1.3. Effects of amylin on nociception 

3.1.3.1. Tail flick test 

In the tail flick test, mice were administered with amylin (0.001-0.1 mg/kg, i.p) 

and the tail flick latency was measured 15, 30, 60 and 90 min after the injection (Fig. 9A). 

The results show that amylin (0.003 or 0.01 mg/kg, i.p) administered 15 or 30 min prior 

to the measurement significantly (P<0.05) prolonged the tail flick latency. The MPE% as 

measured by tail flick latency was found to be 5.42±2.82%, 33.45±15.45%, 

48.46±10.34%, 38.05±16.27% and 18.11±5.61% for the dose of saline, 0.001, 0.003, 0.01 

and 0.1 mg/kg of amylin, respectively, 30 min after the administration (Fig. 9B). 

However, the effect of amylin was not dose-dependent. 

 

3.1.3.2. Writhing test 

When administered intraperitoneally (i.p.) 15 min before acetic acid challenge, 

amylin (0.1 mg/kg) significantly reduced the number of writhes per 10-min period 5 min 

after acetic acid challenge as compared to the vehicle group (P<0.001). For this reason, 

the 15-min time-point was chosen and applied to all the remaining studies. Amylin in the 

doses of 0.03, 0.1, 0.5 and 1mg/kg, inhibited acetic acid-induced writhing by 

13.38±3.54%, 43.55±4.62%, 22.14±5.87% and 27.98±4.68% (Fig. 10 A). Amylin 

produced a significant antinociceptive effect at the medium dose of 0.1 mg/kg (P<0.001), 

or higher doses of 0.5 (P<0.05) and 1 mg/kg (P<0.01); but not the lower dose of 0.03 

mg/kg (P>0.05). Hence, the dose of 0.1 mg/kg was selected in the next series of studies.  

Similarly, intrathecal (i.t.) administration of amylin decreased dose-dependently 

the number of writhes caused by acetic acid insult (Fig. 10B). Amylin at the minimal 
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effective dose of 1 µg significantly inhibited writhing reflexes to 42.36 ±11.18%, as 

compared to saline injections. At higher doses, 5 or 10 µg, amylin reduced the number of 

writhes to 62.16 ± 11.48 (P<0.01) and 80.08 ± 8.17% (P<0.001). Amylin at the lowest 

dose (0.3 µg) did not produce any significant inhibition (29.95 ± 11.36%). For this reason, 

5 µg amylin was selected in the study of the antagonist profile, and in c-fos experiments.  

Both the i.p. and i.t methods of amylin administration reduced writhing reflexes 

induced by acetic acid to a significant level as compared to the vehicle groups. However, 

the minimal effective dose in decreasing writhing was 30-fold lower for i.t. 

administration (1 μg/mouse, equivalent to 0.03 mg/kg) than for i.p. administration (0.1 

mg/kg). Further, amylin by intrathecal administration inhibited writhing reflexes up to 

80%, while intraperitoneal injection only reduced to 43%.  
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Figure 9. Effects of amylin on tail-flick response latency. A, time-course of amylin 
(0.001, 0.003, 0.01 and 0.1 mg/kg, i.p.) on tail-flick response latency. B, dose response of 
amylin 30 min post i.p. injection. (n=6~8). * indicates significant antinociception 
(P<0.05), ** P<0.01. 



 
61

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 10. Effects of amylin on writhing reflexes. A, dose-response of amylin on 
writhing test.; vehicle or amylin (0.03, 0.1, 0.5 or 1 mg/kg) given i.p. 15 min before 0.6% 
acetic acid injection. B, dose-response of amylin on writhing test; vehicle or amylin (0.3, 
1, 5 or 10 μg) given i.t. 10 min before 0.6% acetic acid injection.  * indicates significant 
antinociception compared to vehicle group (P<0.05), ** P<0.01 and *** P<0.001. (n=8-
10).  
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3.1.3.3. Antagonists study 

Amylin receptor antagonists were employed in this section in order to verify 

whether or not amylin acted through its receptors to induce anti-nociception (Fig. 11). 

sCT [8-32] (5 µg) significantly attenuated the inhibitory effect of amylin as compared to 

the amylin group (P<0.05, 36±4.36 vs.18±5.55), while it alone did not produce a 

significant antinociception compared to the vehicle group (P>0.05, 38±5.44 vs. 48±2.94). 

Similarly, AC 187 (5 µg) significantly reduced the inhibitory effect of amylin as 

compared to amylin group (P<0.05, 35±1.83 vs.18±5.55), while it alone did not produce 

a significant antinociception compared to the vehicle group (P>0.05, 42±2.72 vs. 

48±2.94).  

 

Figure 11. Effects of amylin and antagonists on writhing reflexes. Vehicle, amylin (1, 
5 or 10 μg), 5 μg sCT[8-32], 5μg AC187 given i.t. 10 min before 0.6% acetic acid 
injection. 5 μg sCT[8-32], 5μg AC187 given i.t. 10 min before 5 μg  amylin i.t. and acetic 
acid injection. * indicates significance compared to the vehicle group (P<0.05), ** 
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P<0.01 and *** P<0.001. # indicates significance compared to 5μg amylin group (P<0.05) 
(n=8-10).  
 

3.1.3.4. Locomotor activity 

The antinociceptive effect of amylin might be a result of behavioral depression. 

For this reason, locomotor activity of mice pretreated with amylin was monitored. The 

time-course of activity 10 min prior to and 50 min post intraperitoneal injection of 

vehicle or 0.01-1 mg/kg AMY or 45 min post intrathecal administration of vehicle or 1-

10 µg AMY was shown in Fig. 12. Two-way ANOVA and Bonferroni post-hoc 

comparison show that there was no significant difference between vehicle and treatment 

groups at every time interval before or after administration (Fig. 12. A or C,  P>0.05). 

Intraperitoneal administrations of vehicle or amylin caused a transient increase in 

TACTV (total activity) 5 min post injection in each group; whereas, the overall TACTV 

in 50-min period did not show any statistical significance among the vehicle and amylin 

treatment groups. Intrathecal administrations caused a transient decrease in TACTV 

within 10-min post injection, and remained stable for the remaining 35-min. It should be 

pointed out that the time frame of 0 to 30 min post i.p. injection or 0 to 25 min post i.t. 

injection was taken as the observation duration for writhing tests. In both methods of 

administration, no significant difference was seen between groups previously exposed to 

vehicle or amylin (Fig. 12 B or D, vehicle vs. amylin; Bonferroni’s Multiple Comparison 

test: P>0.05). Hence, there was no detectable change on locomotor activities in mice 

injected either peripherally or centrally with amylin.  
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Figure 12. Effects of amylin or vehicle on locomotor activity.  A, effect of vehicle or 
amylin administered intraperitoneally at a dose of 0.01, 0.1 or 1 mg/kg on locomotor 
activity presented as a function of time.  C, effect of vehicle or amylin administered 
intrathecally at a dose of 1, 5 or 10 μg on locomotor activity presented as a function of 
time.  Cumulative dose response data are shown in B and D. (n=6-8).  (TACTV: total 
activity.) 
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3.1.4. c-fos expression in spinal cord 

3.1.4.1. c-fos mRNA 

c-fos mRNA was screened in brain sections including spinal cord, cortex, brain 

stem, amygdala and hypothalamus in control and acetic acid treated groups (Fig. 13). It 

was shown that the expression was up-regulated in spinal cord, brainstem, amygdala and 

hypothalamus post acetic acid injection when compared to the control groups. Spinal 

cord was selected for further studies. 

Expression of c-fos mRNA in spinal cords was consistently up-regulated after 

acetic acid challenge as compared to the vehicle-treated group (P<0.001, Fig. 14), and the 

increase was attenuated by pretreatment with 5µg amylin administered intrathecally.  

There was a significant reduction of c-fos mRNA expression (P<0.01),) in acetic 

acid/amylin-treated mice as compared to acetic acid/vehicle treated mice (Fig. 14). 

Moreover, pretreatment of amylin receptor antagonists sCT[8-32] and AC187 blocked 

amylin induced down regulation of c-fos mRNA, which was not significant compared to 

the acetic acid/vehicle group. 

 

3.1.4.2. c-fos proteins 

Similarly, expression of c-fos in spinal cords was consistently up-regulated after 

acetic acid challenge as compared to the vehicle-treated group (P<0.001, Fig. 15), and the 

increase was attenuated by pretreatment with 5µg amylin administered intrathecally.  

There was a significant reduction of c-fos expression at the protein level (P<0.01), in 

acetic acid/amylin-treated mice as compared to acetic acid/vehicle treated mice (Fig. 15). 

Moreover, pretreatment of amylin receptor antagonist sCT[8-32] and AC187 inhibited 
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amylin induced down regulation of c-fos, which was not significant compared to the 

acetic acid alone group. 

 

Figure 13. Expression of c-fos mRNA in different brain sections including 
spinal cord, cortex, brain stem, amygdala and hypothalamus in control and 
acetic acid groups. (n=3) 
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Figure 14. Effect of vehicle or amylin on c-fos expression in spinal cord after acetic 
acid injection. A, expression of c-fos mRNA (369 bp) in mouse spinal cord in vehicle 
alone, vehicle + acetic acid, 5 μg amylin (i.t.) + acetic acid (i.p. injection), 5 μg sCT[8-32] 
or AC187+5 μg amylin (i.t.) + acetic acid (i.p. injection). β-actin mRNA (647 bp) serves 
as control. B, quantitation of c-fos mRNA from Fig. A (n=6). *** indicate statistically 
significant (vehicle vs. vehicle + acetic acid, P<0.001), ### indicate statistically 
significant (vehicle + acetic acid vs. amylin + acetic acid, P<0.001).  
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Figure 15. Effect of vehicle or amylin on c-fos expression in spinal cord after acetic 
acid injection. A, expression of c-fos (55KD) in mouse spinal cord in vehicle alone, 
vehicle + acetic acid, 5 μg amylin (i.t.) + acetic acid (i.p. injection), 5 μg sCT[8-32] or 
AC187+5 μg amylin (i.t.) + acetic acid (i.p. injection). β-actin (42KD) serves as control. 
B, quantitation of c-fos from Fig. A (n=6). * indicate statistically significant (vehicle vs. 
vehicle + acetic acid, P<0.05), # indicate statistically significant (vehicle + acetic acid vs. 
amylin + acetic acid, P<0.05).  
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3.2. Expression and internalization of amylin receptor  

3.2.1. Expression of CTRa in HEK293 and N2A cells 

In order to study the intracellular localization and trafficking of CTRa, a double 

HA-tag was added to the N-terminal domain of the receptor (Christopoulos et al., 1999; 

Pham et al., 2004). Both HEK293 and N2A cells were chosen as the transient transfection 

systems, because HEK 293 cells have been successfully used to study localization and 

trafficking of other GPCRs, and N2A cells as a model for neuronal expression of the 

receptor.  As shown in Fig. 16 (C, D) and 17 (C, D), HA-CTRa were detected at the 

surface of HEK 293 and N2A cells when expressed alone. Moreover, the subcellular 

distribution of HA-CTRa was examined by comparing its localization with the ER 

marker (calnexin) and the Golgi marker (giantin). Calnexin is a chaperone protein which 

is integrated in the ER membrane. Giantin is a Golgi complex protein. HA-CTRa did not 

show any co-localization with calnexin and giantin in either HEK293 (Fig. 16 E, F) or 

N2A (Fig. 17 E, F) cells.  
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3.2.2. Expression of RAMP1 in HEK293 and N2A cells 

A c-myc-tag was constructed at the N-terminal domain of RAMP1 so it could be 

detected in immunofluorescence studies (Udawela et al., 2006a). RAMP1 was found to 

co-localize with calnexin in both HEK293 and N2A cells (Figs. 18 E and 19 E) when 

expressed with each individually. However, RAMP1 colocalized with giantin in N2A, not 

HEK 293 cells (Figs. 18 F and 19 F). Fig 18 (C, D) and Fig 19 (C, D) revealed that 

RAMP1 distributed evenly as a ring underneath the plasma membrane in both cell lines 

and was closely associated with the ER. Compared to the expression of CTRa, RAMP1 

was localized mainly inside the cells rather than on the surface. Direct visualization of 

whether or not RAMP1 expressed on the cell surface was done in the next section.
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Figure 16. Intracellular localization of HA-CTRa expressed alone 
in HEK293 cells. The subcellular distribution of HA-CTRa (red) was 
assessed by confocal microscopy in permeabilized cells. ER marker 
(calnexin, A) and Golgi marker (giantin, B) were visualized in green. 
HA-CTRa was viewed in red (C, D). Co-localization with those 
markers was determined by merging the images of A and C, B and D 
for panel E and F, respectively. 
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Figure 17. Intracellular localization of HA-CTRa expressed alone in 
N2A cells. The subcellular distribution of HA-CTRa (red) was assessed 
by confocal microscopy in permeabilized cells. ER marker (calnexin, A) 
and Golgi marker (giantin, B) were visualized in green. HA-CTRa was 
viewed in red (C, D). Co-localization with those markers was determined 
by merging the images of A and C, B and D for panel E and F, 
respectively. 
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Figure 18. Intracellular localization of c-myc-RAMP1 expressed 
alone in HEK293 cells. The subcellular distribution of c-myc-RAMP1 
(red) was assessed by confocal microscopy in permeabilized cells. ER 
marker (calnexin, A) and Golgi marker (giantin, B) were visualized in 
green. c-myc-RAMP1 was viewed in red (C, D). Co-localization with 
those markers was determined by merging the images of A and C, B 
and D for panel E and F, respectively.  
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Figure 19. Intracellular localization of c-myc-RAMP1 expressed 
alone in N2A cells. The subcellular distribution of c-myc-RAMP1 
(red) was assessed by confocal microscopy in permeabilized cells. 
ER marker (calnexin, A) and Golgi marker (giantin, B) were 
visualized in green. c-myc-RAMP1 was viewed in red (C, D). Co-
localization with those markers was determined by merging the 
images of A and C, B and D for panel E and F, respectively. 
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3.2.3. Co-expression of CTRa and RAMP1 in HEK293 cells 

In order to investigate the effect of CTRa on the expression of RAMP1 at the 

surface, immunofluorescence was determined on non-permeabilized cells. HEK293 cells 

were transfected transiently with either RAMP1 alone or the combination of CTRa and 

RAMP1 (Morfis et al., 2008; Udawela et al., 2006a). Fig. 20A shows that RAMP1 

remained intracellular in the absence of CTRa, because no immunofluorescence was 

detected on the surface of non-permeabilized cells whereas it trafficked to the cell surface 

if co-expressed with CTRa (Fig. 20 B). Similarly, CTRa remained on the cell surface in 

the presence of RAMP1 (Fig. 20 C), which was consistent with its individual expression 

in HEK293 cells (Fig. 16 C and D). The merge panel (Fig. 20D) demonstrated the co-

localization of CTRa and RAMP1 on the plasma membrane when co-expressed, which 

indicated the formation of receptor complex between CTRa and RAMP1.
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Figure 20. Cell surface expression of myc-RAMP1 with and 
without the presence of HA-CTRa in non-permeabilized HEK 
293 cells. A. no surface expression of myc-RAMP1 when expressed 
alone. B. surface expression of myc-RAMP1 (red) when co-expressed 
with HA-CTRa. C. surface expression of HA-CTRa (green) when co-
expressed with myc-RAMP1. D. merge of the panel B and C. 
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3.2.4. Calcitonin and amylin receptor internalization  

3.2.4.1. CTRa internalization 

Immunocytohemistry and On-Cell Western (OCW) analysis were used to study 

the internalization profiles of the CTRa under various conditions. The internalization 

patterns of CTRa treated by sCT and amylin were observed by immunofluorescence 

confocal microscopy and presented in Fig. 21. HEK293 cells transiently expressing 

CTRa showed translocation of receptors to punctate vesicles below the cell surface after 

half an hour treatment with sCT (Fig. 21B), however, there was little visible translocation 

of CTRa under amylin treatment (Fig. 21C). Similar results were achieved by using 

OCW analysis (Fig. 22). In the absence of agonists (0 min), CTRa remained on the 

surface in HEK293 stably expressing CTRa (Fig. 22A). With increasing time in the 

presence of sCT, the intensity of CTRa fluorescence on the cell surface reduced to about 

60% of the control within 30 min (Fig. 22B). Additionally, with the increasing 

concentration of sCT in the 30 min treatment, the intensity of CTRa fluorescence on the 

cell surface decreased significantly on every dose level (Fig. 22C). However, amylin 

treatment did not result in the loss of surface CTRa intensity to a significant level (Fig. 22 

A and B) when compared to sCT, as the CTRa is only one component of the amylin 

receptor complex. These results demonstrated that sCT but not amylin induced CTRa 

internalization in a time and dose-dependent manner.
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Figure 21. Immunofluorescence microscopy analysis of HA-CTRa 
internalization in permeabilized HEK293 cells. Cells were transiently 
transfected with HA-CTRa (red) and treated with sCT or amylin. A. image of 0 
min showing the CTRa immunofluorescence on the cell surface. B. image of 
30 min post 1μM sCT treatment, showing the CTRa immunofluorescence in 
punctate compartments on the cell. C. image of 30 min post 1μM amylin 
treatment, showing most of the CTRa immunofluoresence appeared on the cell 
surface, whereas some appeared on the punctate compartments of the cell. 
Results are representative of three individual experiments. 
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Figure 22 On-Cell Western analysis of agonists-induced internalization of 
CTRa in non-permeabilized HEK293 cells. Cells were stably expressed CTRa and 
measured solely the surface receptor expression. A. image of surface CTRa from 
untreated, 1μM sCT and 1μM amylin treatment for 30 min. B. time course of sCT 
and amylin-induced internalization of CTRa. C. dose response of sCT induced 
internalization of CTRa post 30 min treatment. The amount of surface receptor was 
expressed as a percentage of the samples not treated with agonists. Values 
represented the mean±S.E. of three independent experiments, each done in six 
samples. ***indicate statistically significant compared to the control group 
(P<0.001). 
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3.2.4.2. Amylin receptor internalization 

As described earlier, the amylin receptor is a heterodimer comprised of CTRs and 

RAMPs. Amylin receptor 1 (a) was used in this study as a prototype of amylin receptors, 

which consisted of CTRa and RAMP1. Likewise, amylin receptor internalization was 

assessed by immunocytochemistry and OCW analysis in cells expressing CTRa and 

RAMP1. As shown in Fig. 23 A, D and G, CTRa and RAMP1 co-localized on the cell 

surface without any treatment. Both amylin and sCT treatment translocated CTRa and 

RAMP1 into those punctate vesicles underneath the plasma membrane (Fig. 23 B, C, E, 

F). Also there was a co-localization of CTRa and RAMP1 before and after the agonist 

treatment (Fig. 23 G, H, I). Quantitation of surface protein expression from OCW 

analysis showed that amylin treatment induced a rapid and time dependent decrease in 

cell surface CTRa that led to a loss of 30% of the signal after 30 min of treatment (Fig 24 

B). RAMP1 followed a similar internalization kinetics upon amylin exposure (Fig. 24 B) 

suggesting that both proteins were internalized together. Surprisingly, sCT produced a 

lesser extent of amylin receptor internalization (Fig. 25). sCT treatment induced the same 

pattern as amylin in cell surface CTRa and RAMP1 that led to a loss of 20% of the signal 

during similar treatment period (Fig. 25B). Images of OCW analysis (Figs. 24A and 25A) 

provided complementary evidence that amylin and sCT treatment decreased the surface 

intensity of CTRa and RAMP1 as compared to the controls, suggesting the internalization 

of amylin receptor complex. 
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Figure 23. Immunofluorescence microscopy analysis of amylin receptor (HA-
CTRa and c-myc-RAMP1 heterodimer) internalization in permeabilized 
HEK293 cells. Cells were transiently transfected with HA-CTRa (green) and c-myc-
RAMP1 (red), and treated with 1μM sCT or amylin. A, D, G. image of 0 min, 
showing the fluorescent CTRa and RAMP1 were on the cell surface. B, E, image of 30 
min post 1μM sCT treatment, showing the fluorescent CTRa and RAMP1 appeared on 
the punctate compartments of the cell. C, F, image of 30 min post 1μM amylin 
treatment, showing the intense fluorescence of CTRa and RAMP1 appeared on the 
punctate compartments of the cell. H, I, merge of B and E, C and F, showing the 
simultaneous translocation of CTRa and RAMP1. Results are representative of three 
individual experiments. 
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Figure 24. On-Cell Western analysis of amylin-induced 
internalization of amylin receptor in non-permeabilized HEK293 
cells. Stably expressed RAMP1 cells were transiently transfected 
with CTRa and measured solely the surface protein (CTRa or 
RAMP1) expression. A. image of surface CTRa or RAMP1 from 
untreated and 1μM amylin treatment for 30 min. B. time course of 
amylin-induced internalization of CTRa or RAMP1. The amount of 
surface protein was expressed as a percentage of the samples not 
treated with amylin. Values represent the mean±S.E. of three 
independent experiments, each done in six samples.  
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Figure 25. On-Cell Western analysis of sCT-induced 
internalization of amylin receptor in non-permeabilized HEK293 
cells. Stably expressed RAMP1 cells were transiently transfected with 
CTRa and measured solely the surface protein (CTRa or RAMP1) 
expression. A. image of surface CTRa or RAMP1 from untreated and 
1μM sCT treatment for 30 min. B. time course of sCT-induced 
internalization of CTRa or RAMP1. The amount of surface protein was 
expressed as a percentage of the samples not treated with sCT. Values 
represented the mean±S.E. of three independent experiments, each 
done in six samples.  
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3.2.5. Effect of β-arrestin I on calcitonin and amylin receptor internalization 

3.2.5.1. CTRa internalization 

GFP-β-arrestin I was co-transfected with CTRa in HEK293 cells. Then the 

colocalization of β-arrestin I and CTRa was detected by confocal microscopy. Under 

unstimulated conditions, the CTRa was distributed on the cell surface while GFP-β-

arrestin I was diffusely visualized all over the cell (Fig. 26 A, C). There was no co-

localization between β-arrestin I and CTRa (Fig. 26 E). Upon stimulation with sCT for 30 

min, the CTRa became punctate compared to the unstimulated condition (Fig. 26 D vs. 

C); β-arrestin I subsequently moved to the cell surface and appeared in the punctate 

vesicles (Fig. 26 B vs. A). There was an overlap between CTRa with β-arrestin I as 

indicated by yellow regions (Fig. 26 F) underneath the plasma membrane. It was 

equivocal whether β-arrestin was involved in the internalization of calcitonin receptor, as 

only a few cells showed the co-localization between CTRa and β-arrestin I.
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Figure 26. Role of GFP-β-arrestin I on calcitonin receptor 
internalization. HEK 293 cells were transiently co-transfected with HA-
CTRa and GFP-β-arrrestin I. Twenty-four hours after transfection, the cells 
were treated with 1μM sCT (B, D, F) or without any treatment (A, C, E) and 
then processed for immunofluorescence microscopy. A and B, localization of 
GFP-β-arrestin I (green); C and D, CTRa (red); E and F, merge of A and C 
or B and D. Regions of overlap are in yellow. Images are representative of 
three individual experiments. 
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3.2.5.2. Amylin receptor internalization 

GFP-β-arrestin I was co-transfected with CTRa and RAMP1 to generate the 

amylin receptor complex. Then the colocalization of either β-arrestin I and CTRa or β-

arrestin I and RAMP1 was studied separately. Under unstimulated conditions, the CTRa 

or RAMP1 was distributed on the cell surface while GFP-β-arrestin I was diffusely 

visualized all over the cell. There was no co-localization between β-arrestin I and CTRa 

or RAMP1 (Figs. 27 A, D, G and 28 A, D, G). Upon stimulation with sCT for 30 min, the 

CTRa or RAMP1 became punctuate and overlapped significantly (as indicated by yellow 

regions, see Figs. 27 B, E, H and 28 B, E, H) inside the cell. However, the amylin 

stimulation showed a different profile of CTRa and β-arrestin I. Unlike sCT induced 

CTRa internalization, amylin seemed to induce a smaller amount of CTRa internalization 

(Fig. 27 F) and no obvious co-localization was observed for the overlapping of CTRa and 

β-arrestin I (Fig. 27 I). However, like sCT induced RAMP1 internalization, punctate 

vesicles were detected for either RAMP1 (Fig. 28F) or β-arrestin I (Fig. 28C), indicating 

the appearance of amylin receptor (CTRa and RAMP1 complex). As the triple staining 

for detecting GFP-β-arrestin I, CTRa and RAMP1 in one cell was technically difficult, it 

was not easy to differentiate those CTRa positive cells from CTRa alone or CTRa with 

RAMP1 combination. 
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Figure 27. Role of GFP-β-arrestin I on amylin receptor internalization (Part 
I). HEK 293 cells were transiently co-transfected with HA-CTRa, RAMP1 and 
GFP-β-arrestin I. Twenty-four hours after transfection, the cells were treated with 
1μM sCT (B, E, H), amylin (C, F, I) or without any treatment (A, D, G) and then 
processed for immunofluorescence microscopy. A-C, localization of GFP-β-
arrestin I (green); D-F, CTRa (red); G-I, merge of A and D, B and E, C and F. 
Regions of overlap are in yellow. Images are representative of three individual 
experiments. 



 
88

Figure 28. Role of GFP-β-arrestin I on amylin receptor internalization 
(Part II). HEK 293 cells were transiently co-transfected with HA-CTRa, 
RAMP1 and GFP-β-arrestin I. Twenty-four hours after transfection, the 
cells were treated with 1μM sCT (B, E, H), amylin (C, F, I) or without any 
treatment (A, D, G) and then processed for immunofluorescence 
microscopy. A-C, localization of GFP-β-arrestin I (green); D-F, RAMP1 
(red); G-I, merge of A and D, B and E, C and F. Regions of overlap are in 
yellow. Images are representative of three individual experiments. 
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3.2.6. Effect of dominant negative β-arrestin (319-418) on CTRa internalization 

HEK293 cells stably expressing CTRa were transiently transfected with dominant 

negative ß-arrestin  (319-418) in order to delineate the internalization pathway utilized by 

the calcitonin receptor. As shown in Fig. 29 by OCW analysis, the dominant negative ß-

arrestin  (319-418) inhibited the internalization from 40% to 10% (P<0.001) under 30 

min sCT treatment. It was concluded that β-arrestin  was involved in the CTRa 

internalization. 

Figure 29. Effect of dominant negative β-arrestin (319-418) on HA-CTRa 
receptor internalization. HEK 293 cells stably expressing HA-CTRa were 
transfected with either vector (pcDNA3.1) or dominant negative β-arrestin  (319-418). 
Cells were treated with 1μM sCT for 30 min. Surface HA immunoreactivity was 
measured by OCW and expressed as a percentage of samples not treated with sCT. 
Values represent the mean±S.E.M. of six experiments.  *** indicate P<0.001 
compared with vector.  
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3.2.7. Effect of dominant negative β-arrestin  (319-418) on amylin receptor 

internalization 

HEK293 cells stably expressing CTRa were transiently transfected with RAMP1 

or RAMP1 and dominant negative ß-arrestin  (319-418) in order to delineate the 

internalization pathway utilized by the amylin receptor. As shown in Fig. 30 by OCW 

analysis, the dominant negative ß-arrestin  (319-418) inhibited the internalization of 

CTRa in amylin receptor complex from 22% to 8% (P<0.01) following 30 min amylin 

treatment. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 30. Effect of dominant negative β-arrestin  (319-418) on amylin 
receptor internalization. HEK 293 cells stably expressing HA-CTRa were 
transfected with either RAMP1 or RAMP1 and dominant negative β-arrestin  
(319-418). Cells were treated with 1μM amylin for 30 min. Surface HA 
immunoreactivity was measured by OCW and expressed as a percentage of 
samples not treated with amylin. Values represent the mean±S.E.M. of six 
experiments.  ** indicate P<0.01 compared with untreated group. 
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3.2.8. ERK1/2 activation 

To further study the signaling pathway of amylin receptors, two systems were 

generated to measure the activation of ERK1/2: 1) amylin receptor system a (HEK293 

cells stably expressing R1 co-transfected with CTRa), and 2) amylin receptor system b 

(HEK293 cells stably expressing CTRa co-transfected with RAMP1). Treatments of sCT 

and amylin in both systems activated ERK1/2 upon 10 min stimulation (Fig. 31). The 

amounts of phosphorylated ERK1/2 were significantly higher than the basal levels for 

sCT and amylin in system a (Fig. 31A), while the amount of phosphorylated ERK1.2 

stimulated by sCT were higher than the observed level for amylin stimulation in system b 

(Fig. 31 B). 
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Figure 31. sCT or amylin induced the activation of ERK1/2. A. Image of 
western blot shows total and phosphorylated ERK1/2 following 10 min 
treatment in HEK293 cells stably expressing R1 co-transfected with CTRa. B. 
Image of western blot shows total and phosphorylated ERK1/2 following 10 
min treatment in HEK293 cells stably expressing CTRa co-transfected with 
RAMP1. 
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CHAPTER 4 

DISCUSSION 

 

Amylin, or Islet Amyloid Polypeptide (IAPP), was discovered more than 20 years 

ago. As a member of CT family, amylin plays an inhibitory role in food intake, gastric 

emptying, glucagon secretion, gastric acid and digestive enzyme secretion (Potes and 

Lutz, 2010). In this study, immunohisto-chemical results show that amylin is also 

expressed in the mouse spinal cord, DRG and TRG. This observation together with the 

observation that amylin receptor mRNA is detected in the spinal cord, brain stem, cortex, 

hypothalamus and hippocampus, raises the possibility that amylin may participate in 

neural signaling. In vivo experiments show that amylin injected intrathecally or 

intraperitoneally into mice prolonged tail flick reflexes and reduced significantly the 

number of writhes in acetic acid challenge without affecting locomotor activity. The 

antinociceptive effect of amylin is significantly reduced by the amylin receptor 

antagonists sCT[8-32] and AC187. Additionally, amylin by intrathecal administration 

decreases c-fos expression in the spinal cord following acetic acid challenge. 

Pretreatment of sCT[8-32] or AC187 can reverse the effect of amylin on c-fos expression 

in the spinal cord.  

Like other signaling molecules, amylin must interact with its receptors in order to 

exert physiological and pharmacological effects. Unlike the classical 7TM receptors, 

amylin receptor is a heterodimer of CTRs and RAMPs. Animal studies would not provide 

a molecular scheme how amylin binds to the CTR and RAMP complex and induces its 

downstream signaling cascade. A few reports have delineated the involvement of RAMPs 
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in the formation of amylin receptors, but there is no direct evidence to demonstrate 

amylin induced-receptor internalization and/or desensitization. The current study extends 

the knowledge of the amylin receptor in terms of receptor localization, internalization and 

possible pathway in a heterologous expression system. To this end, the Discussion 

Section is organized into following aspects of amylin and amylin receptors: 1) animal 

studies of amylin on antinociception and its possible mechanism; 2). cellular studies of 

amylin receptor distribution, internalization and signaling pathway. 

 

4.1. Amylin and nociception. 

4.1.1 irAMY and amylin receptor on the brain 

 Several earlier reports show that irAMY is abundantly expressed in sensory 

neurons of the rat (Mulder et al., 1995; Skofitsch et al., 1995). Our immunohistochemical 

result reveals a similar pattern of expression of irAMY in the mouse; i.e., a large 

population of dorsal root and trigeminal ganglion cells of small to medium size, and in 

cell processes of superficial layers of the dorsal horn from all levels of the spinal cord. 

RT-PCR result shows that CTRs, RAMP 1, 2 and 3 mRNA are expressed in the mouse 

spinal cord, brain stem, cortex, hypothalamus and hippocampus. While CTRs mRNA is 

not, RAMP 2 and RAMP3 mRNA is detectable in the mouse DRG. The amylin receptor 

is a heterodimer of calcitonin receptor and RAMPs (Christopoulos et al., 1999) . The 

amylin receptor is formed by a combination of CTR and RAMP in the above-mentioned 

neural tissues, except the DRG where CTR and RAMP1 mRNAs appear to be absent. 

Similarly, a study using in vitro autoradiography shows amylin binding sites in the 

hypothalamus, amygdala, accumbens nucleus, dorsal raphe and area postrema (Paxinos et 
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al., 2004). RAMP 1-, 2- and 3-immunoreactive neurons are enriched in the spinal cord, 

especially in the laminae I and II layers of the spinal dorsal horn (Ma et al., 2006). Unlike 

CGRP which may act on pre-and post-synaptic receptors in the spinal cord, amylin 

receptors are not expressed in the DRG (Cottrell et al., 2005), implying that the major site 

of action of amylin is on the dorsal horn cells.  

 

4.1.2. Amylin and nociception 

  Results from two studies indicate a lack of significant analgesic effect by amylin 

in an acute pain model (Bouali et al., 1995; Sibilia et al., 2000). Our data show that 

peripheral administration of amylin only induced a weak analgesic effect in the tail flick 

model. These results prompted us to explore an antinociceptive effect of amylin in a 

visceral pain model. In the acetic acid-induced writhing test, amylin exhibits 

antinociception in mice. The antinociceptive effect induced by intraperitoneal or 

intrathecal administration differs in terms of dose, efficacy and time course. A possible 

explanation for these apparent differences could be related to the route of administration. 

For example, amylin by intrathecal administration may act primarily in the spinal cord to 

inhibit writhing reflex; whereas, the response following intraperitoneal administration 

may reflect the sum of responses from different target sites (Olsson et al., 2007). 

Calcitonin receptors are located on serotoninergic neurons in the regions of the mouse 

brain, including some raphe nuclei and the lateral paragigantocellular nucleus that are 

associated with pain processing in the brain (Nakamoto et al., 2000). Systemic injection 

of amylin increases the concentrations of serotonin (5-HT) in the hypothalamus (Chance 

et al., 1993), which may explain the peripheral antinociceptive effect of amylin.  
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In the present study, sCT [8-32] and AC187 given by intrathecal administration 

suppressed amylin-induced antinociception. sCT [8-32] has been proposed as a potent 

amylin receptor antagonist; which blocks amylin 1(a) and amylin 3(a) receptors (Silvestre 

et al., 1996; Young, 2005f). AC187 is another amylin receptor antagonist, which is 

structurally similar to sCT[8-32] and more selective for amylin compared to calcitonin 

receptors (Young, 2005f). Results from our study raise the possibility that the amylin 

receptors located on the spinal cord might be the sites where amylin exerts its analgesic 

effect. Young (1997) showed that naloxone can not block amylin induced antinociception 

in the writhing model. Additionally, amylin appears to have a synergistic interaction with 

morphine in the same study. sCT is an agonist for both calcitonin and amylin receptors. 

The analgesic effect of sCT, mainly in relation to bone pain, does not produce tolerance 

from repeated dosing, which indicates a different pathway from that of  opiate receptors 

(Young, 2005f).  

In contrast to our observations, amylin knock out mice showed a reduced pain 

response in a formalin model, which implies the opposite role of endogenous amylin in 

pain sensation (Gebre-Medhin et al., 1998). Similar phenomena can be found in another 

neuropeptide, neurotensin (NT). Central NT administration produces an antinociceptive 

response in various pain models (Clineschmidt et al., 1979; Pazos et al., 1984), while 

endogenous NT facilitates the nociception in NT (Gui et al., 2004) and NT receptor 2 

(Maeno et al., 2004) knock out mice. Interestingly, NT immunoreactive (irNT) fibers and 

cell bodies are distributed in laminae I and II of the dorsal horn of the spinal cord 

(Dobner, 2006), nucleus tractus solitarii and nucleus ambiguus (Pazos et al., 1984), which 

are similar to that of the distribution pattern of irAMY. Furthermore, both irNT receptor 1 
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and 2 are expressed in the dorsal raphe nucleus and NT terminals project to serotonin 

neurons at the same area, which may indicate the involvement of serotonin in NT-

induced antinociception (Dobner, 2006).  

In our experiments, peripheral or central administration of amylin does not 

significantly change locomotor activity in a photocell-activated apparatus at doses 

ranging from 0.01 to 1 mg/kg (i.p.) or 1-10 μg (i.t.). Several studies showed that amylin 

reduces locomotor activity and exploratory behaviors (Baldo and Kelley, 2001; Bouali et 

al., 1995; Clementi et al., 1996). In these published studies, different time frames were 

employed for behavioral evaluations; either as short as a 4-min time frame (Clementi et 

al., 1996) or as long as 3-h, 6-h and 24-h after administration (Kovacs and Telegdy, 

1996). Also, different injection sites, such as nucleus accumbens or intracerebro-

ventricular, may activate amylin receptors located at different brain areas. Collectively, 

route of administration, doses and site of injections may contribute to the apparent 

discrepancy relative to the nociceptive or antinociceptive effect of amylin reported in 

earlier studies.  

 

4.1.3. c fos 

It is well documented that c-fos expression is a valuable tool in pain research, 

especially in spinal nociceptive processes. de los Santos-Arteaga et al. (2003) reported an 

up-regulation of c-fos in dorsal spinal cord at the mRNA and protein level in acetic acid-

induced writhing model. A recent study demonstrates that pretreatment with the NT 

receptor 2-selective analogs JMV-431 and levocabastine reduced formalin-induced c-fos 

expression in dorsal horn of spinal cord neurons as well as inhibiting the aversive 
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behaviors induced by formalin (Roussy et al., 2009). In our study, c-fos mRNA and 

protein in the spinal cord are up-regulated under acetic acid challenge (P<0.001); and, it 

is decreased significantly following pre-treatment with amylin in comparison to the 

vehicle-treated group (P<0.01). In contrast, the antagonist treatment, together with amylin 

administration, maintains an up-regulation of c-fos in the same nociceptive test. This is 

the first report suggesting a spinal analgesic effect of amylin. Following peripheral 

noxious stimuli, spinal neurons that express c-fos are located in laminae I and II, and 

laminae V and VI of the dorsal horn (Harris, 1998). The distribution of irAMY fibers 

overlaps with the same regions of spinal cord expressing c-fos upon noxious stimulation. 

Alternatively, glutamate acting on NMDA receptors or substance P may trigger c-fos 

expression in the rat spinal cord (Badie-Mahdavi et al., 2001; Sandkuhler et al., 1996).  

 
4.2. Amylin receptors 

4.2.1. Construction of CTRa and RAMP1 in N2A and HEK293 cells 

Epitope tags, a group of protein tags, were applied in this study as direct antibody 

detection for either CTRa or RAMP1 is not available. HA-tag and c-myc-tag were 

constructed into the N terminal domain of CTRa and RAMP1 in order to visualize two 

individual proteins in the same experiments for the following reasons. First, the 

cytoplasmic C-terminal domain of 7 TM receptors is crucial for regulation of several 

kinase activities and receptor interactions with other protein molecules. Epitope tag 

interference with C-terminal domain may disrupt the internalization and recycling of the 

CT receptors (Seck et al., 2003), reduce the surface expression of RAMP1 and thus 

attenuate the amylin receptor phenotype (Udawela et al., 2006a). Second, the attachment 

of the HA-tag at the N terminal domain of the CTRa differentiates the surface and 
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intracellular receptor expression through non-permeabilizing or permeabilizing the cell. 

Only surface protein can be detected by immunofluorescence or OCW analysis when the 

cell is not permeabilized. Lastly, fusing the N terminal domain of HA-tag or c-myc-tag is 

found previously to produce fully functional CTRa and RAMP1 (Kuwasako et al., 2006; 

Udawela et al., 2006a). 

In our study, HA-CTRa was detected mainly at the plasma membrane (Figs. 16 

and 17), neither in the ER nor in the Golgi. This is consistent with the surface expression 

of other 7TM receptors, such as ß2-adrenergic receptor (ß2AR) (Haasen et al., 2006), 

prostaglandin EP3 receptor (Bilson et al., 2004) and CT receptor (Seck et al., 2003) when 

expressed alone. However, the distribution of CTR is different from that of the CRLR. 

Several studies have shown the intracellular distribution of CRLR when transfected 

individually into the HEK293 cells (Hilairet et al., 2001; Kuwasako et al., 2000; 

McLatchie et al., 1998). Hilairet et al. (2001) identified the precise location for CRLR in 

the ER.  In contrast, we showed that c-myc-RAMP1 co-localized with both calnexin and 

giantin in N2A cells (Fig. 19), which is in agreement with Hilairet’s observation. 

Surprisingly, RAMP1 was not detected in Golgi in HEK293 cells, as it did not co-localize 

with giantin (Fig. 18). The difference between this observation and the previous 

published results could be due to: (1) differences in RAMP1 levels between transient 

transfection versus stable cell expression; (2) Golgi marker selection (giantin versus 

p58K); (3) mutation of the cell line after many passages. As mentioned earlier in this 

thesis, membrane proteins including 7 TM receptors or accessory proteins are synthesized 

in the ER, transported to Golgi and further to the plasma membrane by the biosynthetic 

pathways. Although RAMP1 alone cannot be transported to the cell surface without the 
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presence of CTR or CRLR, it can be translocated from ER to Golgi based on this and 

other study (Hilairet et al., 2001). Additional findings show that ERGIC-53 or VIP36 is 

localized to the Golgi complex and assist in the active trafficking between the ER and the 

Golgi (Appenzeller et al., 1999; Fullekrug et al., 1999), which suggests other possible 

function for RAMP1 that are independent of its association with CTR or CRLR.  

The reason for selecting N2A cells in this study is that the cellular milieu of a 

given cell system may determine the expression and localization of the receptor and its 

accessory proteins. N2A cells, a mouse neuroblastoma cell line, can be differentiated into 

neuron-like morphology. For this reason, we examined the distribution of CTRa and 

RAMP1 in N2A cells. Since similar results were obtained with N2A cells as in HEK293 

cells, the remaining study was conducted solely in HEK293 cells. 

 

4.2.2. Co-transfection of CTRa with RAMP1 to generate amylin receptor 

To study the influence of RAMP1 on the surface expression of CTRa or vice 

versa, surface labeling in non-permeabilized cells was employed. In the absence of HA-

CTRa, no c-myc-RAMP1 was apparent on the plasma membrane by immunofluorescence 

microscopy (Fig. 20A), consistent with the immunofluorescence data presented in Fig. 18 

that RAMP1 remained inside the cells when transfected alone. Co-transfection of CTRa 

caused the translocation of RAMP1 to the cell surface and co-localized with the receptor 

(Fig. 20 C and D).  Our work supports the idea that RAMP1 co-localizes with CTRa at 

the cell surface, which is the first observation of surface expression of amylin receptor 

that consists of CTRa and RAMP1. 
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There are three questions arising from this observation: (1) is the heterodimer 

formed in the ER or somewhere else? (2) what is the ratio of the complex between CTRa 

and RAMP1 at the cell surface? (3) which part of the structure in CTRa or RAMP1 is 

crucial for the heterodimerization?  

As proposed in Fig. 4, ER is the location where the complex of CRLR/RAMP or 

CTR/RAMP is formed. All the observations including this study demonstrated the 

absence of RAMP from the cell surface when CTR or CRLR is not present (Bomberger 

et al., 2005; Hilairet et al., 2001; Kuwasako et al., 2000; Udawela et al., 2006a). One 

detailed study showed RAMP1 appeared both in the total cell protein extract and at the 

cell surface when HA-CRLR and myc-RAMP1 were co-expressed. Moreover, RAMP1 

was found to be tightly associated with CRLR due to co-immunoprecipitation with CRLR 

in total extract and at cell surface extract (Hilairet et al., 2001). Also RAMP1 directly 

complexed to both the immature and mature forms of the CRLR, and altered the terminal 

glycosylation of CRLR (Sexton et al., 2001). Therefore, it is speculated the formation of 

heterodimers exists before it is translocated to the cell surface. Covalent cross-linking 

data from epitope-tagged RAMPs and CRLR demonstrated that cell surface RAMP-

receptor interactions have a 1:1 stoichiometry on RAMP1 co-expressed with CRLR in 

HEK293 cells (Hilairet et al., 2001) and RAMP1/2 co-expressed with CRLR in 

Drosophila Schneider 2 cells (Aldecoa et al., 2000).  

Interestingly, RAMP1 or RAMP3 form homodimers, which seem to be the major 

format of RAMPs when retained intracellularly. Co-expression of CRLR either promotes 

the dissociation of RAMP1 dimers or catches synthesized RAMP1 to form a more stable 

CRLR/RAMP1 complex, as the latter requires less energy consumption comparing to the 
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dissociation of intramolecular disulfide bonds (Hilairet et al., 2001; Sexton et al., 2001). 

As CTR and CRLR share about 55% identity, results generated from CRLR might shed 

light on the potential mechanism of CTR/RAMP dimerizations.  

Direct evidence indicates the importance of the C-terminal domain of RAMP in 

the CTRa/RAMP complex. Deletion of the last eight amino acids from the short 

intracellular C terminal domain significantly reduces the phenotype of amylin receptors 

in COS-7 cells, whereas the mutant RAMPs had little effect on the CRLR/RAMP 

complex both in COS-7 and HEK293 cells (Udawela et al., 2006a). Another study 

highlights the key role of N terminal domain of RAMPs in amylin binding and the 

prominent function of transmembrane domains in the strength of amylin binding 

(Udawela et al., 2006b). Efforts are being made to identify the amylin binding pocket in 

the CTR-RAMP complex, however, no experimental data has been presented so far.  

 

4.2.3. Internalization 

Receptor internalization belongs to the trafficking life cycle of 7 TM receptors 

(Fig. 3). Internalized receptors either traffic to lysosome for degradation or recycle back 

to the cell surface. Thus, the process of internalization regulates the number of  receptors 

at the plasma membrane and may control signal duration and strength. Nevertheless, 

recent findings suggest some new functions of endocytosed receptors, such as enhancing 

or inhibiting cAMP production, which extend the current understanding of receptor 

internalization as a termination signal (Jalink and Moolenaar, 2010). All of those 

emphasize the biological importance of receptor internalization. 
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Methodologies for detecting receptor internalization include radiolabeled ligand 

binding, immunofluorescent microscopy, enzyme-linked immunosorbent assay (ELISA), 

fluorescence-activated cell sorting (FACS), OCW analysis, high content screening (HCS), 

etc. The limitations of radiolabeled ligand binding include the access to radio activity, use 

of a hydrophilic ligand to ensure binding only to the surface receptor, and binding 

specificity. Immunofluorescence microscopy is a direct qualitative detection of epitope-

tagged proteins or green fluorescent protein (GFP)-labeled proteins on the cell surface 

and monitoring the change of surface receptors over the treatment period. OCW analysis 

has been applied to the study of receptor internalization since 2004 (Kapur et al., 2009; 

Miller, 2004; Wong, 2004). Similar to the procedure of immunocytochemistry, the 

epitope-tagged receptors are probed by primary and secondary antibodies and the 

fluorescence intensity emitting from the surface receptor before and after agonist 

exposure will be measured through a plate reading machine. It is simple, fast and 

sensitive. So we employed both immunofluorescence microscope and OCW analysis to 

detect the change of surface receptor expression.  

In our findings, both sCT and amylin treatment caused the internalization of 

amylin receptors (CTRa/RAMP1), whereas only sCT induced CTR internalization (Figs. 

21-25). To our knowledge, this is the first report of amylin receptor internalization. Either 

CTRa or CTRa/RAMP1 complex was located primarily on the cell surface under basal 

conditions (Figs. 21A; 23 A and D). Upon agonist treatment, CTRa or CTRa/RAMP1 

complex internalized rapidly and robustly into punctate vesicles, which were early 

endosomes. Similar observations were noted in ß2AR (Hilairet et al., 2001), EP3 (Bilson 

et al., 2004) and CGRP (Kuwasako et al., 2000) receptor internalization. In contrast to 
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sCT, amylin treatment did not induce significant CTR internalization. Within 30 min, 

sCT reduced surface CTRa expression significantly to 60% in a dose-dependent manner 

while amylin only reduced less than 5% (Fig. 22B). While in agreement with the report 

that sCT induced CTR internalization (Kuwasako et al., 2006; Seck et al., 2003), our data 

provide a graphic view of internalization. Moreover, our results are consistent with  early 

publications that amylin binds to the calcitonin receptor at low affinity and induces a low 

cAMP production (Christopoulos et al., 1999; Muff et al., 1999). Amylin only induces a 

low level of CTRa internalization even with a high concentration (1μM). The 

internalization patterns of CTRa/RAMP1 complex induced by sCT and amylin are 

different, but both CTRa and RAMP1 co-localized and internalized together as they 

showed similar internalization kinetics. Quantitatively, sCT presented a lower level of 

receptor complex internalization (about 20%) over amylin (about 30%) by OCW analysis.  

Immunofluorescence analysis showed similar results, i.e., a larger amount of CTRa and 

RAMP1 was translocated into vesicles in response to amylin but to a lesser degree to sCT 

stimulation (Fig. 23). Our experiments provide direct evidences of CTRa/RAMP1 

internalization as a complex by immunocytochemistry and OCW analysis. The 

internalization pattern of CTRa/RAMP1 complex is consistent with that of  the CGRP 

receptors (CRLR/RAMP1). It suggests that the CRLR and RAMP1 undergo endocytosis 

together by two independent groups after CGRP exposure (Hilairet et al., 2001; 

Kuwasako et al., 2000).  A covalent cross-linking study followed by immunoprecipitation 

found the CRLR/RAMP1 complex absent from the cell surface, but remained stable upon 

agonist treatment (Hilairet et al., 2001). Furthermore, indirect evidence shows the cell 
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surface association of CTRa and RAMP1 in the presence of amylin (Christopoulos et al., 

1999).,  

Generally speaking, the C-terminal domain of a receptor with a large number of 

serines and threonines, which maybe phosphorylated, plays a crucial role in receptor 

internalization and desensitization. For example, the prostaglandin EP4 receptor has a 

long carboxyl tail with 38 serines and threonines and undergoes a rapid internalization 

upon agonist treatment. In contrast, the prostaglandin EP2 receptor has a short carboxyl 

tail and shows no internalization. Removal of the C-terminal domain abolishes the 

internalization of the bombesin receptor (Tseng et al., 1995) and neurotensin receptor 

(Hermans et al., 1996). Moreover, modifying the C-terminal domain by adding more 

phosphorylated sites enhances the internalization of GPR55 receptor (Kapur et al., 2009). 

The role of C-tail has not been investigated in the internalization of amylin receptor nor 

calcitonin receptor. There are a few reports about the function of the cytoplasmic tail of 

CRLR in complex with RAMPs in receptor trafficking. C-terminal mutants of CRLR in 

which the residues in the serine/threonine rich region are deleted, lack the ability to 

undergo AM-induced receptor internalization (Kuwasako et al., 2010). The intracellular 

tails of the RAMPs may be an important determinant in the internalization process, albeit 

they serve as the negative mediators to inhibit receptor internalization.  RAMP1 and 

RAMP3 have eight amino acids, while RAMP2 has twelve amino acids. All RAMPs 

possess serine or threonine residues in their cytoplasmic tails (Parameswaran and 

Spielman, 2006). The deletion of the C-tail of RAMP3 enhances the AM receptor 

internalization without affecting the AM binding or signaling (Kuwasako et al., 2006). 

Also the PDZ type I domain present in the C-terminal domain of RAMP3 determines 
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receptor trafficking (Bomberger et al., 2005). Thus, we speculate the possible role of C-

tail of CTRa in amylin receptor internalization, as well as the C-terminal domain of 

RAMPs. Future experiments are required so as to prove this hypothesis. 

The pathways involved in 7TM receptor internalization have been studied for 

decades and in diverse receptor systems. ß-arrestin is a dominant player in the regulation 

of 7 TM receptor trafficking and assists in receptor endocytosis via a clathrin-coated pit. 

Co-expression of calcitonin receptor and GFP- ß-arrestin I showed that the internalized 

receptor and arrestin co-localized underneath the plasma membrane, indicating the 

involvement of arrestin in this internalization process. However, some cells with GFP-ß-

arrestin I did not show any change before and after sCT treatment, which led us to further 

confirm it with another approach. Mutant ß-arrestin (319-418) was used and found to 

partially inhibit the sCT induced CTR internalization through OCW analysis (Fig. 29, 

P<0.001). Amylin receptor (CTRa/RAMP1) also appeared to internalize by a ß-arrestin 

and clathrin-dependent mechanism. In the CTRa/RAMP1/ GFP-ß-arrestin transfection 

system, both CTRa and RAMP1 co-localized with ß-arrestin and translocated into 

punctate vesicles at various intensities upon sCT or amylin treatment (Figs. 27 and 28). 

However, ß-arrestin did not co-localize with either CTRa or RAMP1 in some of the 

observed cells, and some remained throughout the cell in our observations. Again OCW 

analysis was applied in the stable CTRa HEK293 cells co-transfected with RAMP1 and 

ß-arrestin(319-418). Upon stimulation with amylin, the reduced level of internalized 

CTRa was measured and it was statistically significant compared to the control groups 

(Fig. 30, P<0.01).  A possible explanation for the negative observation of 

calcitonin/amylin receptor and GFP- ß-arrestin I interaction could be the low transfection 



 
107

efficiency and improper plasmid ratio among CTRa, RAMP1 and GFP- ß-arrestin. In our 

transient transfection system, various ratios of CTRa, RAMP1 and GFP- ß-arrestin were 

tested, but it did not succeed due to technical limitations (only two proteins can be 

visualized simultaneously under the confocal microscope). However, the combination of 

results in independent experiments using immunocytochemistry and OCW analysis 

indicates that amylin receptor (CTRa/RAMP1 complex) internalizes through a ß-arrestin 

dependent pathway.  

Several lines of evidence have suggested CGRP receptor forms a complex with ß-

arrestin in receptor internalization (Heroux et al., 2007; Hilairet et al., 2001; Kuwasako et 

al., 2000). Also, dominant negative dynamin and hypertonic sucrose solutions 

significantly inhibited CGRP receptor endocytosis providing additional support for its 

dynamin/clathrin dependent internalization. As described in this thesis, internalization of 

calcitonin and amylin receptors in HEK293 cells appear to proceed by the same pathway. 

Our results are consistent with the conclusion that RAMP1 when heterodimerizes with 

CTR or CRLR receptor, does not change the receptor internalization pathway that is 

common to most classical 7TM receptors. 

The study of post-endocytic receptor trafficking is not covered in this thesis. It is 

still meaningful to discuss some facts here, as they might shed light on the future research. 

Receptor desensitization or down-regulation is thought to be the direct outcome of 

endocytosis as has been shown for desensitization of the CGRP receptor in SK-N-MC 

cells (Hay et al., 2003), endothelial cells (Walker et al., 2010) and transfected HEK293 

cells (Kuwasako et al., 2000). Moreover, down-regulation of CTR is detected in T47D 

cells (Schneider et al., 1988). Another possible result is resensitization after recycling to 
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the cell surface. Efforts have been made to elucidate the structures involved in this 

process. The filamin binding site in the C-tail of the CTR promotes the recycling of the 

internalized receptor (Seck et al., 2003). A PDZ motif of RAMP3 interacting with N-

ethylmaleimide-sensitive factor (NSF) controls the AM receptor trafficking to the 

recycling pathway (Bomberger et al., 2005). Thus, it will be of great interest whether 

RAMPs especially RAMP3 plays any essential role of amylin receptor recycling, as well 

as identifying the precise sites of CTR in sorting CTR/RAMP complex desensitization or 

resensitization. 

 

4.2.4. ERK1/2 activation 

The MAPK signaling cascades are one of the sCT- or amylin-mediated 

downstream events (Moore et al., 1995; Morfis et al., 2008). In addition to a previous 

report of activation of ERK1/2 in the transient expression, our analysis revealed that both 

sCT and amylin rapidly phosphorylated ERK1/2 in stably expressed HEK293 cells. 

Moreover, the activation patterns displayed differently in two transfection systems:  

amylin receptor system a (HEK293 cells stably expressing R1 co-transfected with CTRa) 

and amylin receptor system b (HEK293 cells stably expressing CTRa co-transfected with 

RAMP1). In amylin receptor system a, both sCT and amylin induced a significant 

ERK1/2 activation, which implied more amylin receptor binding sites compared to 

system b, as amylin only induced a weak ERK1/2 activation in system b (Fig. 31). 

Theoretically, the first system generated only amylin receptor when co-transfected CTRa 

translocated the stably expressed RAMP1 to the surface and formed the CTRa/RAMP1 

complex; while the second one had a combination of calcitonin and amylin receptor when 
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co-transfected RAMP1 in stable CTRa HEK293 cells. Our observations support this idea 

as amylin evoked a lesser extent of ERK1/2 phosphorylation in the amylin receptor 

system b, since it was a combination of two receptors. However, further binding studies 

should be performed before reaching this conclusion. The ERK1/2 might be activated 

through Gα-dependent or alternative mechanisms. The PKA inhibitor H89 did not block 

the activation of ERK, whereas PI-3 kinase inhibitor (wortmannin), PI-phospholipase C 

inhibitor (U73122) and epidermal growth factor receptor tyrosine kinase blocker 

(AG1478) partially inhibit the ERK1/2 phosphorylation (Morfis et al., 2008).  

Whether or not the internalized receptors trigger the ERK1/2 activation remains 

equivocal. Some studies present the role of endocytosis in MAPK kinase activation in 

opioid receptors (Ignatova et al., 1999), β1AR (Tilley et al., 2009) or CCR2 chemokine 

receptor (Garcia Lopez et al., 2009). Others indicate that MAPK activation is 

independent of receptor internalization, such as m3-muscarinic receptor (Budd et al., 

1999) or α2AR (Pierce et al., 2000). However, our study did not build any relationship 

between receptor internalization and its down stream signaling cascade. 

 

4.3. Summary and future directions 

This thesis investigated the function of amylin in the spinal cord, with particular 

reference to pain processing, and the molecular property of amylin receptors in HEK293 

cells. 

In the first part of the work, immunohistochemical study revealed a dense 

network of irAMY cell processes in the superficial dorsal horn of the mice. A majority of 

dorsal root ganglion and trigeminal ganglion cells expressed moderate to strong irAMY. 
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RT-PCR revealed amylin receptor mRNA in the mouse spinal cord, brain stem, cortex, 

hypothalamus and hippocampus. The nociceptive or antinociceptive effects of amylin 

were evaluated in the tail-flick and acetic acid-induced writhing test. Amylin reduced the 

number of writhes in a dose-dependent manner. Pretreatment of the mice with the amylin 

receptor antagonist sCT[8-32] and AC187 by i.t. antagonized the effect of amylin on 

acetic acid-induced writhing test. Locomotor activity was not significantly modified by 

amylin injected either i.p. or i.t. Measurement of c-fos mRNA by RT-PCR or proteins by 

Western blot show that the levels were up-regulated in the spinal cord of mice injected 

with acetic acid, and the increase was attenuated by pretreatment with amylin. 

Pretreatment with antagonists reversed amylin-induced decrease of c-fos. Collectively, 

our result demonstrates that irAMY is expressed in dorsal root ganglion neurons with 

their cell processes projecting to the superficial layers of the dorsal horn, and that the 

peptide by interacting with amylin receptors in the spinal cord may be antinociceptive. 

In the second part of the thesis, the localization, internalization and regulation of 

the calcitonin and amylin receptor were examined. Immunofluorescence confocal 

microscopy demonstrated the surface expression of CTRa, and intracellular distribution 

of RAMP1. Moreover, co-expression of CTRa translocated the RAMP1 to the cell 

surface and generated the amylin receptor complex. Both immunocytochemistry and 

OCW analysis showed internalization of CTRa and amylin receptor (CTRa/RAMP1) 

stimulated  by different agonists, which was partially ß-arrestin dependent. Moreover, 

RAMP1 did not change surface expression pattern of CTRa, and co-localized with the 

receptor upon agonist treatment. sCT and amylin activated the ERK1/2 in stably 

expressed amylin receptor HEK293 cells, indicating the involvement of MAPK in amylin 
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receptor signaling cascade. Collectively, these results led us to conclude that RAMP1 did 

not change CTR cell-surface localization and internalization, but receptor phenotype, 

presumably through a direct or indirect effect on the ligand-binding site. 

This thesis work only answered a limited number of questions regarding the 

antinociceptive effect of amylin, possible mechanism of action, function of RAMP1 in 

the formation of amylin receptor, and agonists induced receptor internalization. Thus, the 

following research directions are suggested for further exploring the physiological and 

pharmacological function of amylin and amylin receptor: 

1) Study the antinociceptive effect of amylin in a neuropathic pain model, as 

amylin is used therapeutically in treating diabetes patients. Whether or not 

amylin is effective in diabetes induced neuropathic pain will be of great 

interest. 

2) Localize the amylin receptor (CTR/RAMP complex) in the brain with 

immunohistochemistry, which will provide new insight relative to the 

central site of action of amylin.. 

3) Determine the electrical response of spinal cord neurons to amylin via 

whole cell patch clamping, which will delineate the effect of amylin on 

single neurons. 

4) Investigate the effect of amylin in writhing or formalin test on ß-arrestin 

knockout mice, which can further clarify whether ß-arrestin is involved in 

amylin-mediated signaling cascade. 

5) Generate a stably expressed amylin receptor (CTR-RAMP complex) cell 

line by adenoviral gene transfer, which may improve transfection efficiency 
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and be a useful tool for further experiments. 

6) Identify the function of C-tails in the CTRa and RAMP1 on agonist 

mediated internalization, desensitization or downregulation by truncation 

and mutation. 

7) Study the function of RAMPs in post-endocytic amylin receptor trafficking 

by co-localizing the receptor complex with lysosome or endosome markers. 

8) In addition to overexpressing the dominant negative ß-arrestin, silencing 

the ß-arrestin gene by si-RNA knockdown assay for internalization and 

regulation studies such as ERK1/2. 
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