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 Pain has a strong emotional component. In particular, arthritic pain is 

closely related to affective disorders such as anxiety and depression. A key player 

in the emotional evaluation of sensory stimuli, the amygdala has been suggested 

as a neural substrate of the reciprocal relationship between pain and affect. 

Nociceptive information reaches the central nucleus of the amygdala (CeA) 

through the spino-parabrachio-amygdaloid pain pathway and spino-amygdaloid 

connections. Highly processed polymodal information from thalamo-cortical 

areas is transmitted to the CeA through the lateral and basolateral amygdaloid 

nuclei. Previous studies have shown that CeA neurons undergo significant 

neuroplastic changes in a model of arthritic pain.  

Importantly, high levels of calcitonin gene-related peptide (CGRP) are 

present in the CeA, most notably in the latero-capsular part (CeLC), which is now 

defined as the “nociceptive amygdala”. The parabrachio-amygdaloid connection 

is essentially the exclusive source of CGRP in the CeA. The role of CGRP in pain 

processing has been studied mainly in peripheral tissues and in the spinal cord. 

However, information about CGRP function in the brain is still limited. 

Moreover, the role of neuropeptides in synaptic plasticity is less well understood 

than that of classical transmitters such as glutamate.  

The present study determined the role of CGRP in the amygdala at the 

cellular and systems levels, using an integrative approach that combines patch-

clamp recordings in brain slices in vitro and analysis of spinally (withdrawal 

reflexes) and supraspinally (vocalizations) organized behavior in awake animals. 
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A well-established preclinical animal model of arthritic pain induced by kaolin 

and carrageenan was used. Our results show that selective CGRP1 receptor 

antagonists (CGRP8-37 and BIBN4096NS) in the CeLC reverse arthritis pain-

related plasticity and behavior through a PKA-dependent postsynaptic mechanism 

that involves NMDA receptors. In addition, exogenous CGRP application in the 

CeLC in naïve animals mimics pain-related synaptic plasticity and behavior. 

Selective inhibitors of PKA and MEK (ERK1/2), but not PKC, inhibit pain-

related synaptic plasticity and behavior in arthritic animals and CGRP-induced 

synaptic plasticity and behavior in naïve animals.  

This work shows for the first time the importance of CGRP as a critical 

link between amygdala plasticity and pain behavior. The results provide direct 

evidence that CGRP receptor activation in the amygdala contributes to pain-

related synaptic plasticity in the amygdala through a postsynaptic mechanism that 

involves PKA, ERK1/2 and NMDA receptors. This plasticity results in spinally 

and supraspinally organized pain behavior.  



 

 vii

TABLE OF CONTENTS 
 

 
 

LIST OF FIGURES X 

LIST OF ABBREVIATIONS XIII 

CHAPTER 1: INTRODUCTION 1 
Pain processing in the amygdala 1 
Pain-related plasticity in the amygdala 3 
Calcitonin gene related peptide (CGRP) in the amygdala 4 

CHAPTER 2: MATERIALS AND METHODS 8 
Arthritis pain model 8 
In vitro electrophysiology: whole-cell patch-clamp recordings 8 

Amygdala slice preparation 8 
Whole-cell patch-clamp recordings 9 
Synaptic stimulation 10 
Paired pulse facilitation (PPF) 10 
Miniature EPSC (mEPSC) analysis 11 
Drugs 11 

Behavior: vocalizations and hindlimb withdrawal reflexes 13 
Experimental protocol 13 
Stereotaxic implantation of microdialysis guide cannula and drug 

administration 13 
Audible and ultrasonic vocalizations 14 
Hindlimb withdrawal reflexes 15 
Histology 15 

Data analysis and statistics 18 
In vitro electrophysiology 18 
Audible and ultrasonic vocalizations 18 



 

 viii

CHAPTER 3: CGRP1 RECEPTOR ANTAGONISTS INHIBIT PAIN-RELATED 
PLASTICITY AND BEHAVIOR 19 

Synaptic plasticity and enhanced excitability of CeLC neurons  
in a model of arthritic pain 19 

Endogenous activation of CGRP1 receptors is required  
for pain-related synaptic plasticity in the CeLC 20 

Post- rather than pre-synaptic CGRP1 receptor activation  
in pain-related synaptic plasticity in the CeLC 21 

CGRP1 receptors act through PKA to modulate NMDA receptor 
function 23 

Endogenous activation of CGRP1 receptors in the amygdala is 
required for pain behavior organized at different levels of the 
pain neuraxis 24 

CHAPTER 4: EXOGENOUS ACTIVATION OF CGRP RECEPTORS PRODUCES 
PAIN-RELATED PLASTICITY AND BEHAVIOR 44 

Synaptic plasticity and enhanced excitability in the CeLC during 
exogenous application of CGRP 44 

Post- rather than pre-synaptic action of CGRP 45 
CGRP administration into the CeLC mimics arthritic pain-related 

behavioral changes 45 

CHAPTER 5: ACTIVATION OF PKA AND ERK1/2, BUT NOT PKC, IS INVOLVED 
IN ARTHRITIS- AND CGRP-INDUCED PLASTICITY AND BEHAVIOR 54 

Inhibition of PKA and ERK1/2, but not PKC, reduces arthritic  
pain-related synaptic plasticity in the CeLC 54 

Inhibition of PKA and ERK1/2, but not PKC, reduces arthritic  
pain-related behavior 54 

Inhibition of PKA and ERK1/2, but not PKC, reverses CGRP-induced 
synaptic plasticity in the CeLC 56 

Inhibition of PKA reverses CGRP-induced pain behavior 56 

CHAPTER 6: DISCUSSION 69 
Summary of results 69 
Role of the amygdala in pain processing 70 

Pain modulation by the amygdala 70 
Electrophysiological and synaptic properties of neurons in the CeA 72 



 

 ix

Mechanisms of pain-related plasticity in the CeLC 74 
Behavioral consequences of pain-related plasticity 76 
Contribution of the amygdala to the emotional component of pain 77 

Role of CGRP in the amygdala in pain-related plasticity and behavior 79 
CGRP and its receptors 79 
Pain modulation by CGRP 80 
Role of CGRP in the amygdala 81 

Signal transduction mechanisms of CGRP in the amygdala 84 
Role of PKA, PKC and ERK1/2 in pain modulation 84 
Intracellular signaling of CGRP 85 

Conclusions 87 

REFERENCES 90 



 

 x

 LIST OF FIGURES 
Figure 1 .............................................................................................................................. 6 
Major sensory inputs to the latero-capsular part of the central nucleus of the 
amygdala (CeLC)  
Figure 2 .............................................................................................................................. 7 
Major pain-related outputs from the CeLC.  
Figure 3 ............................................................................................................................ 12 
Experimental setup for whole-cell patch-clamp recordings.  
Figure 4 ............................................................................................................................ 16 
Experimental setup for the recording of vocalizations.  
Figure 5 ............................................................................................................................ 17 
Original recordings of ultrasonic vocalizations.  
Figure 6 ............................................................................................................................ 27 
Pain-related synaptic plasticity in CeLC neurons.  
Figure 7 ............................................................................................................................ 28 
Pain-related increased neuronal excitability of CeLC neurons.  
Figure 8 ............................................................................................................................ 29 
Enhanced endogenous activation of CGRP1 receptors in the CeLC in the arthritic 
pain model.  
Figure 9 ............................................................................................................................ 30 
Inhibitory effect of CGRP8-37 on the input-output function of the PB-CeLC 
synapse.  
Figure 10 .......................................................................................................................... 31 
Enhanced inhibitory effect of CGRP8-37 in CeLC neurons from arthritic rats.  
Figure 11 .......................................................................................................................... 32 
CGRP8-37 inhibits neuronal excitability of CeLC neurons in the arthritis pain 
model but not under normal conditions.  
Figure 12 .......................................................................................................................... 33 
CGRP8-37 decreases slope conductance of CeLC neurons in the arthritic pain 
model but not under normal conditions.  
Figure 13 .......................................................................................................................... 34 
Miniature EPSC (mEPSC) analysis suggests post- rather than pre-synaptic effects 
of CGRP8-37.  
Figure 14 .......................................................................................................................... 35 
PPF analysis argues against pre-synaptic effects of CGRP8-37.  
Figure 15 .......................................................................................................................... 36 
Effects of CGRP8-37 are occluded by a PKA inhibitor.  
Figure 16 .......................................................................................................................... 37 
CGRP8-37 inhibits NMDA, but not AMPA, receptor function.  
Figure 17 .......................................................................................................................... 38 
Increased audible and ultrasonic vocalizations in a model of arthritic pain.  
Figure 18 .......................................................................................................................... 39 
CGRP8-37 inhibits vocalization afterdischarges (VAD) in animals with arthritis but 
not in normal animals.  



 

 xi

Figure 19 .......................................................................................................................... 40 
CGRP8-37 inhibits vocalizations during stimulation (VDS) in animals with arthritis 
but not in normal animals.  
Figure 20 .......................................................................................................................... 41 
CGRP8-37 increased hind limb withdrawal threshold in animals with arthritis but 
not in normal animals.  
Figure 21 .......................................................................................................................... 42 
Placement control experiments.  
Figure 22 .......................................................................................................................... 43 
Histological verification of drug application sites.  
Figure 23 .......................................................................................................................... 47 
CGRP enhances synaptic transmission in the CeLC in slices from normal animals.  
Figure 24 .......................................................................................................................... 48 
CGRP increases input-output function of the PB-CeLC synapse in slices from 
normal animals.  
Figure 25 .......................................................................................................................... 49 
CGRP enhances neuronal excitability of CeLC neurons in slices from normal 
animals.  
Figure 26 .......................................................................................................................... 50 
Miniature EPSC (mEPSC) analysis suggests post- rather than pre-synaptic effects 
of CGRP.  
Figure 27 .......................................................................................................................... 51 
PPF analysis shows no evidence for pre-synaptic effects of CGRP.  
Figure 28 .......................................................................................................................... 52 
CGRP increases audible and ultrasonic vocalizations in normal animals.  
Figure 29 .......................................................................................................................... 53 
CGRP decreased hind limb withdrawal threshold in normal animals.  
Figure 30 .......................................................................................................................... 53 
Histological verification of drug application sites.  
Figure 31 .......................................................................................................................... 58 
A PKA inhibitor (KT5720) reduces arthritic pain-related synaptic plasticity.  
Figure 32 .......................................................................................................................... 59 
A MEK inhibitor (U0126) reduces arthritic pain-related synaptic plasticity.  
Figure 33 .......................................................................................................................... 60 
A PKC inhibitor (GF109203X) does not affect arthritic pain-related synaptic 
plasticity. 
Figure 34 .......................................................................................................................... 61 
KT5720 inhibits vocalizations of arthritic animals.  
Figure 35 .......................................................................................................................... 62 
U0126 inhibits vocalizations of arthritic animals.  
Figure 36 .......................................................................................................................... 63 
GF109203X has no significant effect on vocalizations of arthritic animals.  
Figure 37 .......................................................................................................................... 64 
Histological verification of drug application sites.  
Figure 38 .......................................................................................................................... 65 



 

 xii

KT5720 reverses CGRP-induced synaptic plasticity.  
Figure 39 .......................................................................................................................... 66 
U0126 reverses CGRP-induced synaptic plasticity.  
Figure 40 .......................................................................................................................... 67 
GF109203X has no effect on CGRP-induced synaptic plasticity.  
Figure 41 .......................................................................................................................... 68 
KT5720 reverses CGRP-induced vocalizations in normal animals.  
Figure 42 .......................................................................................................................... 89 
Proposed pre- and post-synaptic mechanisms of pain-related plasticity in the 
CeLC.  
 



 

 xiii

LIST OF ABBREVIATIONS 
 
ACSF…………………….   artificial cerebrospinal fluid 

AMPA …………………… α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

ANOVA …………………. analysis of variance 

BLA ……………………… basolateral nucleus of the amygdala 

cAMP……………………. cyclic adenosine monophosphate 

CeA ……………………... central nucleus of the amgydala 

CeLC ……………………. latero-capsular division of the central nucleus of the 
amygdala 

CHPG …………………… carboxy-hydroxy-phenylglycine 

CRLR ……………………. calcitonin receptor-like receptor 

CGRP ……………………. calcitonin gene-related peptide 

DHPG ……………………. dihydroxyphenylglycine 

EPSC ……………………. excitatory postsynaptic current 

ERK ……………………… extracellular signal-regulate kinase 

fMRI ……………………… functional magnetic resonance imaging 

I-V ………………………… current-voltage 

LA ………………………… lateral nucleus of the amygdala 

MEK ……………………… MAP/ERK kinase 

mEPSC ………………….. miniature excitatory postsynaptic current 

mGluR ……………………. metabotropic glutamate receptor 

MAP kinase ……………… mitogen activated protein kinase 

MR ………………………... multi-receptive  

NMDA ……………………. N-methyl-D-aspartate 

NR ………………………… NMDA receptor 

noSOM …………………… non-responsive to somatic stimuli 

PAG ………………………. periaqueductal gray matter 

PB ………………………… parabrachial nucleus 

PET ………………………. positron emission tomography 



 

 xiv

PKA ………………………. protein kinase A 

PKC ………………………. protein kinase C 

PPF ………………………. paired pulse facilitation 

RCP ………………………. CGRP-receptor component protein 

RVM ………………………. rostro-ventral medulla 

TTX ……………………..... tetrodotoxin 

VAP  ……………………… ventral amygdaloid pathway 

VAD ………………………. vocalization afterdischarge 

VDS ………………………. vocalization during stimulation 



 

 1 

CHAPTER 1: INTRODUCTION  

PAIN PROCESSING IN THE AMYGDALA 

The amygdala plays a critical role in emotional learning and memory, affective 

state, and mood and anxiety disorders (Davis, 1998; Cahill, 1999; Gallagher and 

Schoenbaum, 1999; Maren, 1999; LeDoux, 2000; Cardinal et al., 2002; Davidson, 2002; 

Zald, 2003). Accumulating evidence suggests that the amygdala integrates nociceptive 

information with affective content, contributes to the emotional response to pain, and 

serves as a neuronal substrate for the reciprocal relationship between pain and affective 

states and disorders (Neugebauer et al., 2004). The amygdala includes anatomically and 

functionally distinct nuclei. The lateral, basolateral and central nuclei of the amygdala 

(LA, BLA and CeA, respectively) are of particular importance for the processing and 

evaluation of sensory information (Fig. 1). Polymodal sensory information reaches the 

amygdala from thalamus (midline and posterior areas) and cortex, including insular 

cortex, anterior cingulate cortex and association cortical areas (Shi and Davis, 1999; 

LeDoux, 2000; Stefanacci and Amaral, 2000; Price, 2003; Neugebauer et al., 2004; Pare 

et al., 2004). The LA serves as the major input region and initial site of sensory 

convergence in the amygdala. Associative learning and plasticity in the lateral-basolateral 

nucleus of the amygdala (LA-BLA) circuitry plays a key role in affective states and 

disorders such as fear and anxiety (Shi and Davis, 1999; LeDoux, 2000; Pare et al., 

2004). This highly processed information with “affective” content is transmitted from the 

LA-BLA circuitry to the CeA, the output nucleus for major amygdala functions. The CeA 

receives inputs from other amygdala nuclei without forming reciprocal intra-amygdaloid 

connections.  

The amygdala receives nociceptive-specific (i.e., strictly pain-related) information 

from the brainstem (parabrachial area) and spinal cord through the spino-parabrachio-

amygdaloid pain pathway and spino-amygdaloid projections (Burstein and Potrebic, 

1993; Wang et al., 1999; Gauriau and Bernard, 2002; 2004; Braz et al., 2005) (Fig. 1). 

The nociceptive inputs ultimately converge onto neurons in the latero-capsular part of the 
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CeA (CeLC), which is now defined as the “nociceptive amygdala” because of its high 

content of nociceptive neurons (Bourgeais et al., 2001; Neugebauer et al., 2004).  

The CeA forms widespread connections with forebrain and brainstem areas to 

regulate autonomic, somatomotor, and other functions related to emotional behavior (Fig. 

2). CeLC neurons project heavily to the substantia innominata dorsalis; midline and 

mediodorsal thalamic nuclei and paraventricular hypothalamus via the stria terminalis; 

and lateral hypothalamus and brainstem areas such as periaqueductal gray (PAG) and 

parabrachial area (PB) via the ventral amygdaloid pathway (VAP) (LeDoux, 2000; 

Bourgeais et al., 2001; Price, 2003; Neugebauer et al., 2004). The convergence of pain- 

and affect-related inputs onto the CeA and the widespread efferent projections of the CeA 

to brain areas involved in pain behavior and affective state, suggest an important role for 

this particular part of the amygdala in the emotional-affective pain response and pain 

modulation (Bernard et al., 1996; Millan, 1999; Heinricher and McGaraughty, 1999; 

Bourgeais et al., 2001; Rhudy and Meagher, 2001; Gauriau and Bernard, 2002; 

Neugebauer et al., 2004).  

Evidence supporting a role of the amygdala in pain processing comes from 

imaging, behavioral, electrophysiological and pharmacological studies. Functional 

magnetic resonance imaging (fMRI) and positron emission tomography (PET) studies 

using a variety of nociceptive stimuli have repeatedly detected pain-related activity 

changes in the amygdala in humans as well as experimental animals (Derbyshire et al., 

1997; Becerra et al., 1999; Schneider et al., 2001; Bingel et al., 2002; Bornhovd et al., 

2002; Paulson et al., 2002; Bonaz et al., 2002; Porro, 2003; Mayer et al., 2005). Lesions 

and pharmacological manipulations of the amygdala produced analgesic effects in 

behavioral tests in animals (Kang et al., 1998; Hebert et al., 1999) but also eliminated 

morphine induced analgesia (Manning and Mayer, 1995). Despite some discrepancies 

due to functional and structural complexities of the amygdala (activation vs deactivation 

in imaging studies and pronociceptive vs antinociceptive functions in behavioral studies), 

these studies have implicated the amygdala in pain processing and pain modulation. 
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More detailed information about pain processing in the amygdala has come from 

electrophysiological studies. The vast majority of CeLC neurons respond exclusively or 

predominantly to noxious stimulation of superficial and deep body tissue (Neugebauer 

and Li, 2002). CeLC neurons typically have large, often symmetrical bilateral receptive 

fields that can include the whole body, arguing against a sensory-discriminative role of 

the amygdala (Neugebauer et al., 2004). Several types of CeLC neurons have been 

identified that may reflect different contributions of the amygdala to pain (Neugebauer et 

al., 2004). Nociceptive-specific (NS) neurons are activated exclusively by noxious 

stimuli and preserve information directly related to pain. Multireceptive neurons (MR), 

which respond to innocuous but more strongly to noxious stimuli, integrate pain signals 

with other sensory and affect-related information; nonresponsive (noSOM) neurons, 

which do not have a somatic receptive field under normal conditions, may contribute 

specifically to persistent pain. MR neurons and noSOM neurons have been shown to 

exhibit substantial sensitization in a model of arthritic pain (Neugebauer and Li, 2002; 

Neugebauer and Li, 2003; Li and Neugebauer, 2004a; Li and Neugebauer, 2004b). These 

neurons could participate in the dual pronociceptive and antinociceptive functions of the 

amygdala by enhancing or decreasing output to pain modulation systems.  

 

PAIN-RELATED PLASTICITY IN THE AMYGDALA 

Neuronal plasticity may be defined as the ability of neurons to adapt their 

functions, electrophysiological properties, biochemical profile, or structure. Neuronal 

plasticity is essential to various nervous system functions. Plasticity also contributes to 

central sensitization, which refers to the increased neuronal responsiveness following 

prolonged peripheral noxious stimulation, tissue injury or nerve damage. Neuronal 

sensitization is a key mechanism as well as a consequence of persistent pain states. Pain-

related central sensitization has been investigated mainly in spinal cord (Ji and Woolf, 

2001; Willis, 2001; Ji et al., 2003; Salter, 2005). However, it has also been reported for 

higher levels of the pain neuraxis such as the rostroventral medulla (RVM), anterior 
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cingulate cortex and amygdala (Wei and Zhuo, 2001; Porreca et al., 2002; Neugebauer et 

al., 2003; Neugebauer et al., 2004).  

The mechanisms and behavioral consequences of pain-related plasticity in the 

amygdala and the role of the amygdala in preclinical pain models are only beginning to 

emerge. Previous studies from our group showed central sensitization and synaptic 

plasticity in the CeLC in a model of arthritic pain (Neugebauer and Li, 2003; Neugebauer 

et al., 2003). In arthritic pain, synaptic transmission to the CeLC is potentiated at both the 

nociceptive PB-CeLC synapse and the polymodal BLA-CeLC synapse (Neugebauer et 

al., 2003). Also, action potential firing evoked by direct intracellular current injections 

increased, suggesting enhanced excitability of CeLC neurons in the arthritic pain model. 

The analysis of underlying cellular pain mechanisms in the amygdala may be crucial for a 

better understanding of the emotional aspects of pain. This pain-related plasticity depends 

on presynaptic metabotropic glutamate receptors (Neugebauer et al., 2003; Li and 

Neugebauer, 2004a) and postsynaptic N-methyl-D-aspartate (NMDA) receptor 

phosphorylation through PKA but not PKC (Li and Neugebauer, 2004b; Bird et al., 

2005). The link between these pre- and postsynaptic mechanisms is not known.  

 

CALCITONIN GENE RELATED PEPTIDE (CGRP) IN THE AMYGDALA 

CGRP is a 37 amino acid peptide that binds to G-protein-coupled receptors, 

which activate adenylyl cyclase and cAMP-dependent PKA (Poyner, 1996; 

Wimalawansa, 1996; Van Rossum et al., 1997). Pharmacologically two classes of CGRP 

receptors have been proposed, termed CGRP1 and CGRP2 receptors, respectively, which 

have no significant affinity for calcitonin-like peptides (Poyner, 1996; Wimalawansa, 

1996; Oliver et al., 1998; Hasbak et al., 2003). CGRP1 but not CGRP2 receptors have 

been cloned (Poyner, 1996; Wimalawansa, 1996; Van Rossum et al., 1997). Selective 

antagonists such as the C-terminal fragment CGRP8-37 and the non-peptide compound 

BIBN4096BS are available for selectively blocking CGRP1 but not CGRP2 receptors 

(Poyner, 1996; Wimalawansa, 1996; Van Rossum et al., 1997; Doods et al., 2000). 
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CGRP1 receptors consist of three different proteins: the calcitonin receptor-like receptor 

(CRLR), receptor-activity-modifying protein (RAMP1) and the receptor component 

protein (RCP) (Hasbak et al., 2003). RAMP1 defines the ligand-binding site whereas 

RCP couples the receptor to signal transduction pathways (Hasbak et al., 2003). 

Previous anatomical data showed that the CeA is one of the brain areas with the 

highest levels of CGRP and CGRP receptors (Skofitsch and Jacobowitz, 1985; Van 

Rossum et al., 1997; Oliver et al., 1998). The CeLC in particular is delineated by its 

abundance of CGRP-immunoreactive terminals of fibers from the external lateral 

parabrachial area (Schwaber et al., 1988; Kruger et al., 1988; Harrigan et al., 1994; de 

Lacalle and Saper, 2000), which is part of the spino-parabrachio-amygdaloid pain 

pathway. These terminals innervate CeLC neurons that project to brainstem areas such as 

the PAG (Schwaber et al., 1988; Harrigan et al., 1994), which is important for expression 

of behavior and descending pain modulation. Thus, CGRP can be considered as a 

molecular marker of the CeLC, the nociceptive amygdala.  

The involvement of CGRP in peripheral and spinal pain mechanisms is well 

documented in various pain models including inflammatory pain (Sluka et al., 1992; 

Sluka and Westlund, 1993; Neugebauer et al., 1996; Schaible, 1996; Sun et al., 2003; Sun 

et al., 2004a; Sun et al., 2004b), visceral pain (Winston et al., 2005), neuropathic pain 

(Carlton and Coggeshall, 1996) and spinal cord injury (Christensen and Hulsebosch, 

1997; Bennett et al., 2000). However, less is known about the role of CGRP in pain-

related plasticity in the brain. Since PKA-dependent activation of postsynaptic NMDA 

receptors is known to contribute to enhanced synaptic transmission to CeLC neurons in 

our pain model, CGRP, which can activate the PKA pathway, is one of the prime 

candidates to link pre- and post-synaptic plasticity.  

The overall purpose of this study was to define the role of CGRP and its 

mechanisms of action in the CeLC in the arthritis model of persistent pain, using a 

combination of systems (behavior) and cellular (electrophysiology) methods. 
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Figure 1  

Major sensory inputs to the latero-capsular part of the central nucleus of the 
amygdala (CeLC).  
CeLC neurons receive nociceptive-specific information from the spinal cord and 

brainstem through the spino-parabrachio-amygdaloid pain pathway and spino-

amygdaloid projections. Highly processed polymodal, including nociceptive, information 

from thalamus (midline and posterior nuclei) and cortex reaches the lateral and 

basolateral amygdala (LA and BLA, respectively). The circle indicates the parabrachio-

CeLC synapse that is the focus of the studies presented here (modified from Neugebauer 

et al., 2004). 
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Figure 2  

Major pain-related outputs from the CeLC. 
The CeLC forms widespread direct and indirect connections with forebrain and brainstem 

areas. Projections to thalamus and cortical areas may be related to cognitive and 

conscious components of pain. Autonomic and neuroendocrine pain responses involve 

the hypothalamus. Emotional expression and modulation of pain behavior are regulated 

by the CeA through projections (mainly via the ventral amygdaloid pathway) to 

brainstem areas that are part of an endogenous pain-modulating system and dorsal horn 

of the spinal cord. The CeLC integrates polysensory and nociceptive-specific 

information, connecting emotional significance to painful stimuli. LA, lateral nucleus of 

the amygdala; BLA, basolateral nucleus of the amygdala (modified from Neugebauer et 

al., 2004). 
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CHAPTER 2: MATERIALS AND METHODS 

ARTHRITIS PAIN MODEL 

A mono-arthritis was induced in the left knee joint of adult rats as described in 

detail previously (Neugebauer et al., 1993; Neugebauer and Li, 2003; Neugebauer et al., 

2003). A kaolin suspension (4 %, 80-100 μl) was injected into the joint cavity through the 

patellar ligament with a syringe (1 ml, 25 G5/8). After repetitive flexions and extensions 

of the knee for 15 min, a carrageenan solution (2 %, 80-100 μl) was injected into the knee 

joint cavity and the leg was flexed and extended for another 5 min. This treatment 

paradigm reliably leads to inflammation and swelling of the knee within 1-3 h, which 

reaches a maximum plateau at 5-6 h, and persists for days (Neugebauer et al., 1993; Min 

et al., 2001; Neugebauer and Li, 2003; Neugebauer et al., 2003). Electrophysiological and 

behavioral measurements of arthritis pain-related changes were made at the 6 h time 

point, which is when the inflammation reached a maximum plateau. 

IN VITRO ELECTROPHYSIOLOGY: WHOLE-CELL PATCH-CLAMP 
RECORDINGS 

Amygdala slice preparation  
Brain slices containing the central nucleus of the amygdala (CeA) were obtained 

from arthritic rats and normal rats (120g-250g; Sprague-Dawley) as described before 

(Neugebauer et al., 2003; Han et al., 2004; Bird et al., 2005). Rats were decapitated, the 

brains quickly dissected out and blocked in cold (40 C) ACSF. ACSF contained (in mM): 

NaCl 117, KCl 4.7, NaH2PO4 1.2, CaCl2 2.5, MgCl2 1.2, NaHCO3 25, and glucose 11. 

ACSF was oxygenated and equilibrated to pH 7.4 with a mixture of 95% O2/5% CO2. 

Coronal brain slices (500 μm) were prepared using a Vibroslice (Camden Instruments, 

London, UK). After incubation in ACSF at room temperature (210 C) for at least 1 h, a 

single brain slice was transferred to the recording chamber and submerged in ACSF (31 ± 

10 C), which superfused the slice at ~2 ml/min.  
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Whole-cell patch-clamp recordings 
Whole-cell recordings using the ”blind” patch technique were obtained from 

neurons in the latero-capsular division of the CeA (CeLC) as described before 

(Neugebauer et al., 2003; Han et al., 2004; Bird et al., 2005). The different nuclei of the 

amygdala and the subdivisions of the CeA are easily discerned under the microscope. 

Patch electrodes (4-6 MΩ tip resistance) were made from borosilicate glass capillaries 

(1.5 mm and 1.12 mm, outer and inner diameter, respectively; Drummond, Broomall, 

PA) pulled on a Flaming-Brown micropipette puller (P-80/PC, Sutter Instrument Co., 

Novato, CA). The internal solution of the recording electrodes contained (in mM): 122 

K-gluconate, 5 NaCl, 0.3 CaCl2, 2 MgCl2, 1 EGTA, 10 HEPES, 5 Na2-ATP, 0.4 Na3-

GTP; pH was adjusted to 7.2-7.3 with KOH and the osmolarity to 280 mOsm/kg with 

sucrose. After tight (>2 GΩ) seals were formed and the whole-cell configuration was 

obtained, neurons were included in the sample if the resting membrane potential was 

more negative than -50 mV and action potentials overshooting 0 mV were evoked by 

direct cathodal stimulation. Voltage and current signals were low-pass filtered at 1 kHz 

with a dual 4-pole Bessel filter (Warner Instrument Corp., Hamden, CT), digitized at 5 

kHz (Digidata 1322A interface, Axon Instruments, Foster City, CA), and stored on a 

computer (Dell Pentium 4). Data were also continuously recorded on an ink chart 

recorder (Gould 3400, Gould Instr., Valley View, OH). Current- and voltage-clamp (d-

SEVC) recordings were made using an Axoclamp-2B amplifier (Axon Instruments) with 

a switching frequency of 5-6 kHz (30% duty cycle), gain of 3-8 nA/mV, and time 

constant of 20 ms. Phase shift and anti-alias filter were optimized. The headstage voltage 

was monitored continuously on a digital oscilloscope (Gould 400, Gould Instr.) to ensure 

precise performance of the amplifier. Voltage- and current data were analyzed with 

pCLAMP9 software (Axon Instruments).  
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Synaptic stimulation  

A concentric bipolar stimulating electrode (Kopf Instr.; 22 kΩ resistance, 

Tujunga, CA) was positioned on the afferent fiber tract from the parabrachial area (PB, 

see Introduction and Bernard and Bandler, 1998; Neugebauer et al., 2004) under 

microscopic control as described previously (Neugebauer et al., 2003; Han et al., 2004; 

Bird et al., 2005) and illustrated in Fig. 3. Excitatory postsynaptic currents (EPSCs) were 

evoked in CeLC neurons by electrical stimulation (150 μs square-wave pulses; Grass S88 

stimulator, Grass Instr.) at frequencies below 0.25 Hz to avoid facilitation or depression 

of the EPSCs. Input-output functions were obtained by increasing the stimulus intensity 

in 100 μA steps. For evaluation of a drug effect on synaptically evoked responses, the 

stimulus intensity was adjusted to 75-80% of the intensity required for orthodromic spike 

generation (Neugebauer et al., 2003; Han et al., 2004; Bird et al., 2005). 

 

Paired pulse facilitation (PPF) 
PPF is used to distinguish pre- vs. post-synaptic mechanisms in the CNS (see 

references in McKernan and Shinnick-Gallagher, 1997). Two orthodromic synaptic 

stimuli of equal intensity were applied at varying intervals and the resulting EPSCs were 

recorded. PPF refers to the phenomenon in which the amplitude of the second EPSC is 

usually larger than the initial EPSC if the interstimulus interval is sufficiently small (< 

150-200 ms, see Fig. 14). In whole-cell voltage-clamp, peak amplitudes were measured 

as the difference between the current level before the stimulus artifact and the peak of the 

EPSC. PPF is calculated as [(EPSC2 – EPSC1)/EPSC1] x 100. If a drug increases 

neurotransmitter release, PPF is reduced while enhanced PPF would indicate decreased 

neurotransmitter release. Any alterations in PPF suggest a presynaptic site of action. PPF 

was tested before and during application of CGRP and CGRP receptor antagonists (see 

Drugs). 
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Miniature EPSC (mEPSC) analysis 
The analysis of mEPSCs is another well established approach to distinguish 

between pre- and post-synaptic mechanisms. In the presence of tetrodotoxin (1 µM), 

mEPSCs were recorded before and during drug application. Amplitude and frequency of 

mEPSCs were compared and cumulative fractions were plotted using the MiniAnalysis 

program 5.3 (Synaptosoft, Fort Lee, NJ). Changes in the frequency of mEPSC suggest a 

presynaptic mechanism, while changes in the amplitude suggest a postsynaptic 

mechanism. 

 

Drugs  
CGRP and CGRP8-37, a selective peptide CGRP1 receptor antagonist (Poyner, 

1996; Wimalawansa, 1996; Van Rossum et al., 1997), were purchased from Bachem, 

Torrance, CA. BIBN4096BS, a novel selective non-peptide CGRP1 receptor antagonist 

(Doods et al., 2000), was kindly supplied by Boehringer Ingelheim Pharma GmbH & Co. 

KG, Biberach, Germany. KT5720, a potent and selective PKA inhibitor (Cabell and 

Audesirk, 1993; Bird et al., 2005); U0126, a MEK inhibitor; GF 109203X, a selective 

PKC inhibitor; N-methyl-D-aspartate (NMDA); and alpha-amino-3-hydroxy-5-methyl-4-

isoxazoleproprionic acid; (AMPA); all purchased from Tocris Cookson Inc., Ellisville, 

MO.  

Drugs were dissolved in ACSF on the day of the experiment and applied to the 

brain slice by gravity-driven superfusion in the ACSF. Solution flow into the recording 

chamber (1 ml volume) was controlled with a three-way stopcock. Drugs were applied 

for at least 15 min to establish equilibrium in the tissue.  
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Figure 3 

 Experimental setup for whole-cell patch-clamp recordings. 
Coronal brain slices containing the amygdala were obtained from normal (naïve)  rats and 

from arthritic rats 6-8 h after injections of kaolin and carrageenan (K/C) into one knee 

joint. Under microscopic control, the patch-clamp electrode was positioned in the CeLC 

(“nociceptive amygdala”). Synaptic responses were evoked with a stimulation electrode 

positioned on the afferent fibers from the pontine parabrachial area (PB) providing 

nociceptive information to the CeLC (Neugebauer et al., 2004). CeM, CeL, CeLC: 

medial, lateral and latero-capsular divisions of the central nucleus of the amygdala. 
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BEHAVIOR: VOCALIZATIONS AND HINDLIMB WITHDRAWAL REFLEXES  

Experimental protocol  
On Day 1 a guide cannula for drug (and ACSF vehicle) application by 

microdialysis was stereotaxically inserted into the CeLC. Baseline (pre-arthritis) 

vocalizations and spinal withdrawal reflexes were measured in normal rats in the 

afternoon of Day 2. The behavioral tests were repeated in the afternoon of Day 3 in the 

same animals 6 h after arthritis induction in one knee (see above). Drugs were then 

administered into the CeLC through the microdialysis probe and behavior was measured 

at 15 min during the continued drug administration and again at 30 min of washout with 

ACSF. Drugs were also tested in a seperate set of naïve animals without arthritis. 

 

Stereotaxic implantation of microdialysis guide cannula and drug administration  
As described in detail before (Han and Neugebauer, 2005), rats were 

anaesthetized with pentobarbital sodium (50 mg/kg, i.p.) and a small unilateral 

craniotomy was performed at the sutura fronto-parietalis level. Using a stereotaxic 

apparatus (David Kopf Instr., Tujunga, CA), a guide cannula (CMA/12, 

CMA/Microdialysis Inc., North Chelmsford, MA) was inserted through a drill hole into 

the CeLC or striatum (as a placement control) using the following stereotaxic coordinates 

(Paxinos and Watson, 1998): CeLC, 2.0 mm caudal to bregma; 4.0 mm lateral to midline; 

depth 7.0 mm; striatum: 2.2 mm caudal to bregma; 4.5 mm lateral to midline; depth 5.0 

mm. Once inserted, the microdialysis probe protruded beyond the tip of the guide cannula 

by 2 mm. The cannula was fixed to the skull with dental acrylic (PlasticsOne, Roanoke, 

VA). Antibiotic ointment was applied to the exposed tissue to prevent infection. On the 

day of the experiment, a microdialysis probe (CMA12; CMA/Microdialysis; 20 kD cut-

off, membrane length 2 mm) was inserted through the guide cannula for administration of 

ACSF (same composition as in the in vitro electrophysiology studies) or drugs into the 

CeLC (or striatum) at a rate of 5 µl/min using an infusion pump (Harvard apparatus, 

Hollisten, MA).  
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Drugs (see above) were dissolved in ACSF on the day of the experiment at a 

concentration 100 times that predicted to be needed based on data in the literature 

(Poyner, 1996; Wimalawansa, 1996; Van Rossum et al., 1997) and our own in vitro data 

(this study), because of the concentration gradient across the dialysis membrane and 

dilution in the tissue (Li and Neugebauer, 2004a; Li and Neugebauer, 2004b; Han and 

Neugebauer, 2005). The numbers given throughout the text refer to the drug 

concentrations in the microdialysis fiber. ACSF administered alone served as a vehicle 

control. Behavior was measured at 15 min during continued drug administration and 

again at 30 min of washout with ACSF.  

 

Audible and ultrasonic vocalizations 
Vocalizations were recorded and analyzed as described in detail before (Han et 

al., 2005; Han and Neugebauer, 2005). The experimental setup (Fig. 4, Provisional Patent 

98006/28PRV) included a custom designed recording chamber; a condenser microphone 

(audible range: 20 Hz-16 kHz) connected to a preamplifier and an ultrasound detector (25 

± 4 kHz); filter and amplifier (UltraVox 4-channel system, Noldus Information 

Technology, Leesburg, VA); and data acquisition software (UltraVox 2.0; Noldus 

Information Technology), which automatically monitored the occurrence of vocalizations 

within user-defined frequencies (see above). The number and duration of digitized events 

(audible and ultrasonic vocalizations) was recorded on a computer (see Fig. 5 for original 

recordings, Dell, Pentium 4) (Han et al., 2005; Han and Neugebauer, 2005). The 

computerized recording system was set to suppress non-relevant audible sounds and to 

ignore ultrasounds outside the defined frequency range (25 ± 4 kHz). Animals were 

placed in the recording chamber for acclimation 1 h before the vocalization 

measurements and for habituation (1 h on 2 days). The recording chamber ensured the 

stable positioning of the animal at a fixed distance from the sound detectors and allowed 

the reproducible stimulation of the knee joint. The chamber contained openings for the 

hind limbs to allow the application of brief (15 s) noxious (2000 g/30 mm2) mechanical 

stimuli with a calibrated forceps equipped with a force transducer, whose calibrated 
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output was amplified and displayed in grams on an LCD screen (Neugebauer and Li, 

2003; Li and Neugebauer, 2004a; Li and Neugebauer, 2004b; Han et al., 2005). Stimulus 

intensities >1500 g/30 mm2 are noxious (Neugebauer and Li, 2003; Li and Neugebauer, 

2004a). The chamber also had an opening for the head to permit drug administration into 

the amygdala through the microdialysis probe inserted into the implanted guide cannula. 

Duration of vocalizations was recorded during application of the mechanical stimulus 

(VDS) and in the period immediately after stimulation (VAD) (Fig. 5). Selective lesion 

studies showed that VDS is mainly organized at the brain stem level, while VAD is 

organized at the limbic system including the amygdala (Borszcz et al., 1994; Borszcz and 

Leaton, 2003).  

 

Hindlimb withdrawal reflexes  
The threshold of spinal reflexes in response to stimulation of the knee was 

determined subsequently to the vocalization measurements. Mechanical stimuli of 

increasing intensity (steps of 50 g/30 mm2) were applied to the knee joint as in the 

vocalization experiments by means of a calibrated forceps equipped with a force 

transducer. Withdrawal threshold was defined as the minimum stimulus intensity that 

evoked a withdrawal reflex. 

 

Histology  
The positions of the microdialysis probe were confirmed histologically as 

described before (Li and Neugebauer, 2004a; Li and Neugebauer, 2004b; Han and 

Neugebauer, 2005) (Figs. 22, 30 and 37). The brain was removed and submerged in 10% 

formalin and potassium ferrocyanide. Tissues were stored in 20% sucrose before they 

were frozen sectioned at 50 µm. Sections were stained with Neutral Red, mounted on gel-

coated slides and cover-slipped. The boundaries of the different amygdalar nuclei were 

easily identified under the microscope.  
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Figure 4 

Experimental setup for the recording of vocalizations.  
(a) Diagram of the suspended recording chamber for rats. The customized plexiglas box 

is adjustable for the size of the animal and contains openings for head, tail and hind 

limbs. The animal is positioned in the box at a fixed distance (6 cm) from the recording 

devices. (b) Audible and ultrasonic vocalizations are recorded simultaneously with a 

condenser microphone (20 Hz – 16 kHz) and a bat detector (25 ± 4 kHz), respectively. 

The audio signals are then fed into separate channels of an audio filter. Duration and rate 

of vocalizations are analyzed on a personal computer using a software analysis program 

(Ultravox 2.0, Noldus Technology). Noxious mechanical stimuli (2000 g/ 30 mm2, 15s) 

are applied to the knee joint using a calibrated forceps equipped with a force transducer. 

The recording chamber allows free access to the hindlimbs for the application of test 

stimuli (from Han et al., 2005). 
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Figure 5 

Original recordings of ultrasonic vocalizations.  
Vocalizations were evoked by innocuous (500 g/ 30 mm2) and noxious (2000g/ 30 mm2) 

stimulation of the knee joint in a rat before (a) and after induction of arthritis (b). The 

bars indicate the duration of individual vocalization events. Arthritis was induced by 

intraarticular injections of kaolin and carrageenan. Mechanical stimuli were applied for 

15 s; duration of the recording period was 1 min. Vocalizations during and after 

stimulation (VDS and VAD, respectively) were analyzed separately (from Han et al 

2005). 
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DATA ANALYSIS AND STATISTICS  

All averaged values are given as the mean ± SE. Statistical significance was 

accepted at the level P < 0.05. GraphPad Prism 3.0 (GraphPad Software Inc., San Diego, 

CA) was used for all statistical analyses except where noted.  

In vitro electrophysiology  
Input–output functions and concentration–response relationships were compared 

using a two-way analysis of variance (ANOVA) followed by Bonferroni post-tests where 

appropriate. Concentration–response curves were obtained by non-linear regression 

analysis using the formula y=A+(B−A)/[1+(10C/10X)D], where A is the bottom plateau, B 

top plateau, C=log(EC50 or IC50), and D is the slope coefficient. The paired t-test was 

used to compare test EPSC amplitudes and PPF evoked by one stimulus intensity before 

and during drug application in the same neuron. mEPSCs were analyzed for frequency 

and amplitude distributions using the MiniAnalysis program 5.3 (Synaptosoft Inc., Fort 

Lee, NJ). The Kolmogorov-Smirnov test was used for cumulative distribution analysis of 

mEPSC amplitude and frequency. 

 

Audible and ultrasonic vocalizations 
Duration of audible and ultrasonic vocalizations was normalized to pre-arthritis 

(normal) conditions. The duration is defined as the arithmetic sum (total amount) of the 

durations of individual vocalization events that occur during (VDS) and after (VAD) a 

single stimulus. A paired t-test was used to compare behavioral changes (vocalizations 

and withdrawal thresholds) in the same animal before and during drug administration. 
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CHAPTER 3: CGRP1 RECEPTOR ANTAGONISTS 
INHIBIT PAIN-RELATED PLASTICITY AND BEHAVIOR 

SYNAPTIC PLASTICITY AND ENHANCED EXCITABILITY OF CELC 
NEURONS IN A MODEL OF ARTHRITIC PAIN 

Whole-cell voltage-clamp recordings of neurons in the latero-capsular division of 

the central nucleus of the amygdala (CeLC) were made in brain slices from untreated 

normal rats and from rats in which an arthritis pain state had been induced 6 h before (for 

details see Neugebauer et al., 2003; Han et al., 2004; Bird et al., 2005). CeLC neurons 

from arthritic rats showed significantly increased synaptic transmission (Fig. 6), which 

indicates “synaptic plasticity” because it is preserved in the reduced slice preparation and 

thus maintained independently of peripheral or spinal pain mechanisms. Pain-related 

synaptic plasticity is evident from the increased synaptic strength measured as increased 

peak amplitudes of monosynaptic excitatory postsynaptic currents (EPSCs) at the 

nociceptive PB-CeLC synapse (see Neugebauer et al., 2004) (see individual current 

traces in Fig. 6a). 

Monosynaptic EPSCs were enhanced in a CeLC neuron recorded in a brain slice 

from an arthritic rat (6 h postinduction) compared to a control neuron. Monosynaptic 

EPSCs of progressively larger amplitudes were evoked by electrical synaptic stimulation 

with increasing intensities and input-output relationships were obtained by measuring 

EPSC peak amplitude (pA) as a function of afferent fiber volley stimulus intensity (μA) 

for each neuron (Fig. 6b). The input-output function of the parabrachial (PB)-CeLC 

synapse was significantly increased in CeLC neurons from arthritic rats (n = 19) 

compared to control neurons from normal rats (n = 37) as evidenced by the steeper slope 

and upward shift at higher stimulus intensities (Fig. 6b, P < 0.0001, F 1,593 = 60.29, two-

way ANOVA followed by Bonferroni post-tests). The sites of synaptic stimulation and 

patch-clamp recording in the amygdala brain slice are schematically illustrated in Fig. 3. 

Compared to neurons from normal rats, CeLC neurons from arthritic rats showed 

higher frequency of action potentials generated by direct depolarizing current pulse 
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injected into the cell via the recording electrode in current-clamp mode (see individual 

examples in Fig. 7a). Analysis of the input-output functions showed that the action 

potential firing rate was significantly (P < 0.001, F1,768176 = 40.20, two-way ANOVA) 

increased in CeLC neurons (n = 44) from arthritic rats compared to neurons (n = 54) from 

normal rats (Fig. 7b), suggesting increased neuronal excitability and output function. 

These data show enhanced information processing in CeLC neurons, which is 

maintained at least in part independently of continuous nociceptive input from peripheral 

and spinal sites as synaptic plasticity and increased excitability are measured in the 

reduced brain slice preparation in vitro. The consequence of sensitization, synaptic 

plasticity and increased excitability is the enhancement of both the input to and the output 

from the CeLC in the arthritis model of persistent pain (Neugebauer et al., 2004). 

ENDOGENOUS ACTIVATION OF CGRP1 RECEPTORS IS REQUIRED FOR 
PAIN-RELATED SYNAPTIC PLASTICITY IN THE CELC 

Next we addressed the role of CGRP1 receptor activation in pain-related synaptic 

plasticity compared to normal synaptic transmission. A selective CGRP1 receptor 

antagonist (CGRP8-37; 1 μM) inhibited synaptic plasticity in CeLC neurons in slices from 

arthritic rats but had little effect on basal synaptic transmission in CeLC neurons from 

normal rats (Fig. 8a, b). CGRP8-37 inhibited the EPSC peak amplitude in the arthritis pain 

model significantly (P < 0.05, paired t-test, n = 17) and restored the level of synaptic 

transmission to normal, but had no significant effect on synaptic transmission in control 

neurons from normal animals (Figs. 8a, b, left, n = 29). To ensure the selectivity of 

CGRP1 receptor blockade, we also tested a selective non-peptide CGRP1 antagonist 

(BIBN4096BS, 1 µM). BIBN4096BS inhibited synaptic plasticity in CeLC neurons from 

arthritic rats (Fig. 8a, c, P < 0.05, paired t-test, n = 5). Synaptic responses were evoked 

by a stimulus intensity adjusted to 70-80% of that required for generating the maximum 

EPSC amplitude.  

CGRP8-37 also changed the input-output function of the PB-CeLC synapse in the 

arthritis pain state to the level recorded under normal conditions (Fig. 9). The inhibitory 
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effects of CGRP8-37 were particularly pronounced at higher stimulus intensities (n = 12, P 

< 0.0001, F1,242 = 76.32, two-way ANOVA followed by Bonferroni post-tests). These 

data suggest that enhanced activation of CGRP1 receptors by the endogenous ligand 

(CGRP) represents an important mechanism of pain-related synaptic plasticity in the 

amygdala. Cumulative concentration-response relationships show that CGRP8-37 inhibited 

synaptic plasticity in CeLC neurons (n = 29) from arthritic rats more efficaciously than 

basal synaptic transmission in control neurons (n = 17) from normal rats (Fig. 10, P < 

0.01, F1,220 = 10.74, two-way ANOVA). The IC50 did not change significantly in the 

arthritis pain model compared to normal controls (2.7 nM and 1.1 nM, respectively; see 

Methods).  

POST- RATHER THAN PRE-SYNAPTIC CGRP1 RECEPTOR ACTIVATION 
IN PAIN-RELATED SYNAPTIC PLASTICITY IN THE CELC 

The major source of CGRP in the CeLC is the external lateral parabrachial area 

(Schwaber et al., 1988; Kruger et al., 1988; Harrigan et al., 1994; de Lacalle and Saper, 

2000). This projection to the CeLC is part of the spino-parabrachio-amygdaloid pain 

pathway (Bernard and Bandler, 1998). To assess whether CGRP acts at pre- or post-

synaptic sites in the CeLC we used a number of well-established electrophysiological 

methods, including the analysis of neuronal excitability (Fig. 11), slope conductance 

(Fig. 12), amplitude and frequency of spontaneous miniature EPSCs (mEPSCs) (Fig. 13), 

and paired pulse facilitation (Fig. 14). These parameters were measured before and 

during application of CGRP8-37 in amygdala brain slices from normal and arthritic rats. 

Action potentials were evoked in current-clamp mode by direct intracellular 

depolarizing current injections of increasing magnitude through the patch electrode. 

Input-output functions of neuronal excitability were obtained by averaging the frequency 

of action potentials evoked at each current intensity. CGRP8-37 significantly decreased the 

input-output function of CeLC neurons from arthritic rats (Fig. 11c,d, n = 10, P < 0.0001, 

F1,144 = 14.15, two-way ANOVA) but had no significant effect in CeLC neurons from 

normal rats (Fig. 11a,b, n = 14, P > 0.05, F1,206 = 0.44, two-way ANOVA).  
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The analysis of current-voltage (I-V) relationships in voltage-clamp showed that 

CGRP8-37 decreased the slope conductance in CeLC neurons from arthritic rats 

significantly (Fig. 12, P < 0.01, paired t-test; n = 9) but had no significant effect on the 

slope conductance of control neurons from normal animals (P > 0.05, paired t-test; n = 

14). In agreement with our previous studies (Neugebauer et al., 2003; Bird et al., 2005) 

these data also show that the slope conductances of CeLC neurons in the arthritis pain 

model are increased compared to control neurons. Taken together, these results suggest 

that the endogenous activation of CGRP1 receptors in the CeLC is involved in pain-

related increased neuronal excitability and produces direct membrane effects.  

The analysis of spontaneous mEPSCs in the presence of TTX is a well established 

electrophysiological approach to determine pre- versus post-synaptic mechanisms. 

Presynaptic changes at the transmitter release site affect mEPSC frequency, whereas 

changes at the postsynaptic membrane would alter mEPSC amplitude (quantal size) 

(Wyllie et al., 1994; Han et al., 2004). CGRP8-37 decreased the amplitude, but not 

frequency, of mEPSCs recorded in TTX (1 μM) in slices from arthritic rats (Fig. 13). 

This postsynaptic effect is illustrated in the current traces recorded in an individual CeLC 

neuron (Fig. 13a). In the whole sample of neurons (n = 4), CGRP8-37 caused a shift of the 

normalized cumulative mEPSC amplitude distribution towards smaller amplitudes (P < 

0.005, Kolmogorov-Smirnov test) and decreased the mean mEPSC amplitude 

significantly (P < 0.05, paired t-test, n = 4; Fig. 13b). CGRP8-37 had no effect on the 

frequency of mEPSCs (P > 0.05, paired t-test, n = 4; see normalized cumulative inter-

event interval distribution and mean mEPSC frequency, Fig. 13c).  

Further arguing against a presynaptic site of action, CGRP8-37 had no significant 

effect on paired pulse facilitation (PPF; Fig. 14, n = 6, P > 0.05, paired t-test). PPF refers 

to the observation that the amplitude of the second of two consecutively evoked EPSCs is 

larger than the initial EPSC if the interstimulus interval is sufficiently small. Any changes 

in PPF suggest a presynaptic site of action (see McKernan and Shinnick-Gallagher, 1997; 

Neugebauer et al., 2003; Han et al., 2004; Bird et al., 2005). Thus, if a drug (e.g., CGRP8-

37) decreases transmitter release, PPF is enhanced. CGRP8-37 had no significant effect on 
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PPF recorded in CeLC neurons. PPF was calculated as the ratio of the second and the 

first of two consecutive EPSCs evoked by electrical stimuli of equal intensity.  

The analysis of PPF, mEPSCs and neuronal excitability suggests that endogenous 

CGRP1 receptor activation occurs at a post- rather than pre-synaptic site in CeLC 

neurons. These data also show an increase of CGRP1 receptor function in the arthritic 

pain model. 

CGRP1 RECEPTORS ACT THROUGH PKA TO MODULATE NMDA 
RECEPTOR FUNCTION 

Our previous studies showed that postsynaptic NMDA receptor phosphorylation 

through a PKA dependent mechanism plays a critical role in pain-related synaptic 

plasticity in the CeLC (Bird et al., 2005). Since CGRP1 receptors are known to couple to 

the activation of PKA (Poyner, 1996; Wimalawansa, 1996; Van Rossum et al., 1997), we 

tested the hypothesis that endogenous activation of CGRP1 receptors modulates PKA and 

NMDA receptor function.  

Pain-related synaptic plasticity was reduced in the presence of a selective PKA 

inhibitor (KT5720, 1 μM; Fig. 15), which has been shown before to block the NMDA-

mediated component of synaptic transmission in CeLC neurons in the arthritis pain model 

(Bird et al., 2005). KT5720 was applied by superfusion of the slice (Fig. 15a-c) or 

directly into the cell through the patch pipette (Fig. 15d-f). In the presence of the PKA 

inhibitor CGRP8-37 produced no further inhibition, suggesting that CGRP1 receptor 

function requires PKA activation. Importantly, the fact that direct intracellular application 

of KT5720 occluded the inhibitory effects of CGRP8-37 strongly suggests a postsynaptic 

site of action. The magnitude of inhibition by KT5720 and CGRP8-37 was comparable to 

that by an NMDA receptor antagonist (AP5) reported previously (Bird et al., 2005). Since 

NMDA receptors contribute to pain-related synaptic plasticity but not normal 

transmission in the CeLC (Bird et al., 2005), these data suggest the selective involvement 

of PKA and CGRP1 receptors in NMDA-mediated synaptic plasticity. 



 

 24 

Next we determined the effects of CGRP8-37 on NMDA- and AMPA-mediated 

membrane currents, because NMDA, but not non-NMDA, receptor function depends on 

PKA activation in the CeLC in the arthritis pain model (Bird et al., 2005). Membrane 

currents were evoked by exogenous NMDA (1 mM) (Fig. 16a) and AMPA (Fig. 16b) 

applied to the recording chamber using the microdrop application technique (Bird et al., 

2005). CGRP8-37 significantly decreased the peak amplitude and area under the curve 

(total charge) of the NMDA receptor-mediated inward current (P < 0.05, paired t-test, n = 

5; Fig. 16a, c). However, membrane currents evoked by exogenous AMPA (30 µM) were 

not affected by CGRP8-37 in terms of peak amplitude and area under the curve (P > 0.05, 

paired t-test, n = 5; Fig. 16b, d). 

Together with our previous studies (Bird et al., 2005), these data show that 

CGRP1 receptors contribute to synaptic plasticity through the activation of PKA and 

PKA-dependent postsynaptic NMDA receptor function. 

ENDOGENOUS ACTIVATION OF CGRP1 RECEPTORS IN THE 
AMYGDALA IS REQUIRED FOR PAIN BEHAVIOR ORGANIZED AT 
DIFFERENT LEVELS OF THE PAIN NEURAXIS 

To validate the significance of CGRP1 receptor activation observed in the 

electrophysiological studies, we analyzed the effect of CGRP8-37 on supraspinally 

(vocalizations) and spinally (hindlimb withdrawal reflexes) organized behavior in awake 

animals. Pain-related vocalizations in the audible and ultrasonic range were measured in 

the same animal before and after induction of arthritis and before and during 

administration of CGRP8-37 into the CeLC by microdialysis as described previously (Han 

and Neugebauer, 2005). Audible and ultrasonic vocalizations evoked by noxious stimuli 

represent nocifensive and affective responses, respectively (see Han and Neugebauer, 

2005). Vocalizations are further classified as vocalizations during stimulation (VDS), 

which are organized at the medullary brainstem level, and vocalization afterdischarges 

(VAD), which outlast the actual stimulus and are organized in the limbic forebrain, 

particularly the amygdala (Borszcz and Leaton, 2003; Han and Neugebauer, 2005).   
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The duration of audible and ultrasonic vocalizations of the VAD and VDS types 

increased in the arthritis pain model (6 h postinduction, Fig 17; see also Fig. 5). 

Administration of CGRP8-37 (100 µM, concentration in the microdialysis probe; 15-20 

min) into the CeLC inhibited the duration of audible and ultrasonic VAD (Fig. 18b) and 

VDS (Fig. 19b) evoked by noxious (2000 g/30 mm2) stimulation (15 s) of the arthritic 

knee (n = 9). The inhibitory effects of CGRP8-37 were significant (P < 0.05-0.01; paired t-

test) and largely reversible. In contrast, CGRP8-37 had no significant effect on the 

vocalizations of naive (non-arthritic) animals (n = 4, Fig. 18a, 19a). Predrug 

vocalizations were measured during administration of ACSF through the microdialysis 

probe, thus serving as vehicle controls. Drugs were administered into the right CeLC 

contralateral to the arthritis because of the strong contralateral projection of the spino-

parabrachio-amygdaloid pain pathway and our previous studies showing pain-related 

plasticity in the right CeLC (see discussion in Neugebauer et al., 2004). All animals had 

guide cannulas for the microdialysis probes implanted on the day before the behavioral 

tests. The positions of the microdialysis probes in the CeLC were verified histologically 

(see Fig. 22). 

The vocalization data suggest that CGRP8-37 inhibits pain responses organized in 

the brainstem (VDS) and limbic forebrain (VAD). Next we determined the contribution 

of CGRP1 receptors in the CeLC to pain responses organized at the level of the spinal 

cord. Hindlimb withdrawal reflexes in response to stimulation (compression) of the knee 

were measured before and after induction of arthritis and before and during drug 

application (Fig. 20). Mechanical stimuli of increasing intensity (steps of 50 g/30 mm2) 

were applied to the knee joint. Withdrawal threshold was defined as the minimum 

stimulus intensity that evoked a withdrawal reflex (Han and Neugebauer, 2005). 

Administration of CGRP8-37 (100 µM, concentration in the microdialysis probe; 15 min) 

into the CeLC had no significant effect on the withdrawal thresholds measured in naïve 

(non-arthritic) animals (n = 4; Fig. 20a). After arthritis induction, hindlimb withdrawal 

thresholds decreased, suggesting increased pain sensitivity (Fig. 20b). Administration of 

CGRP8-37 (100 µM; 15 min) into the CeLC partially reversed the effects of arthritis by 
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increasing the hindlimb withdrawal thresholds significantly (n = 6, P < 0.05, paired t-

test). These data suggest an important role of CGRP1 receptor activation in the amygdala 

in the descending modulation of spinal nociceptive processing.  

As placement controls for any drug effects due to diffusion from the microdialysis 

probe to other brain areas, microdialysis probes were stereotaxically inserted into the 

striatum (caudate-putamen) for drug application in a separate set of animals (Fig. 21). 

The striatum was selected because it is located adjacent (dorsolateral) to the CeLC but 

does not form direct projections to the CeLC (Neugebauer et al., 2004). Thus, drug 

application into this area should not have any effect on CeLC-mediated functions. This 

site, however, is sufficiently close to the CeLC to be useful as a control for drug 

diffusion. Administration of CGRP8-37 (100 µM, 15 min; n = 5) into the striatum had no 

significant effects on audible and ultrasonic vocalizations (Fig. 21) or withdrawal 

reflexes (not shown) evoked by stimulation of the arthritic knee (P > 0.05, paired t-test). 

The location of the microdialysis probes in the CeLC was verified histologically (see Fig. 

22). 
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Figure 6 

 Pain-related synaptic plasticity in CeLC neurons. 
(a) Peak amplitudes of monosynaptic EPSCs, a measure of synaptic strength, were larger 

in a CeLC neuron recorded in a brain slice from an arthritic rat (right) than in a control 

neuron from a normal rat (left). Individual traces show monosynaptic EPSCs (average of 

8-10 EPSCs) evoked at the PB-CeLC synapse with increasing stimulus intensities (scale 

bars, 50 ms/ 50 pA). (b) Input-output functions were measured by increasing the stimulus 

intensity in 100 µA steps. CeLC neurons from arthritic animals (n = 19) showed 

significantly enhanced synaptic transmission compared to control neurons (n = 37) (P < 

0.0001, F1,593 = 60.29, two-way ANOVA followed by Bonferroni post-tests). 
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Figure 7 

 Pain-related increased neuronal excitability of CeLC neurons. 
(a,b) Current-clamp recordings of action potentials (top traces) generated by direct 

current pulses of increasing magnitude (50 pA steps, 500 ms duration; bottom traces in a 

and b) injected via the recording electrode directly into a CeLC neuron from a normal rat 

(a) and a CeLC neuron from an arthritic rat 6 h postinduction of arthritis (b). Scale bars 

in a and b are 100 ms/25 mV (upper traces) and 100 ms/150 pA (lower traces). (c) Action 

potential firing rate in CeLC neurons in the arthritis pain model (n = 44) was significantly 

(P < 0.001, F1,768 = 40.20, two-way ANOVA followed by Bonferroni post-tests) 

increased compared to control CeLC neurons (n = 54). ** P < 0.01, *** P < 0.001. 
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Figure 8 

Enhanced endogenous activation of CGRP1 receptors in the CeLC in the arthritic 
pain model. 
(a) A selective CGRP1 receptor antagonist (CGRP8-37, 1 μM) inhibited synaptic plasticity 

in a CeLC neuron from an arthritic animal (middle trace) but had little effect on basal 

synaptic transmission in a CeLC neuron from a normal animal (left traces). Likewise, the 

selective non-peptide CGRP1 receptor antagonist (BIBN4096BS, 1 µM) inhibited 

synaptic plasticity in a CeLC neuron from an arthritic animal (right traces). Individual 

traces show monosynaptic EPSCs (average of 8-10 EPSCs) evoked at the PB-CeLC 

synapse with the stimulus intensity set to 70-80 % of that required for generating 

maximum EPSC amplitude (scale bars, 50 ms/50 pA). (b) Averaged raw (current) data 

show that CGRP8-37 (1 µM) inhibited the increased EPSC amplitude in neurons (n = 17) 

from arthritic rats (right; P < 0.05, paired t-test) but had no significant effects on the 

amplitude of EPSCs recorded in control neurons (n = 29) from normal rats (left). (c) 

BIBN4096BS (1µM) also decreased the EPSC amplitude (averaged raw data) 

significantly (P < 0.05, paired t-test, n = 5). 
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Figure 9 

Inhibitory effect of CGRP8-37 on the input-output function of the PB-CeLC synapse. 
Input-output functions were measured by increasing the stimulus intensity in 100 μA 

steps. CGRP8-37 (1 µM) inhibited the input-output function in CeLC neurons from 

arthritic rats significantly (n = 12, P < 0.0001, F1,242 = 76.32, two-way ANOVA followed 

by Bonferroni post-tests). Whole-cell voltage-clamp recordings were made from CeLC 

neurons held at -60 mV.  * P < 0.05, ** P < 0.01, *** P < 0.001. 
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Figure 10 

Enhanced inhibitory effect of CGRP8-37 in CeLC neurons from arthritic rats. 
Concentration-response relationships show that CGRP8-37 was more efficacious in 

neurons from arthritic rats (n = 17) than in control neurons (n = 29) from normal rats (P < 

0.01, F1,220 = 10.74, two-way ANOVA; Bonferroni post-tests indicate significant 

differences for individual concentrations). Peak amplitudes of monosynaptic EPSCs 

during each concentration of CGRP8-37 were averaged and expressed as percent of 

predrug (baseline) control (100 %). CGRP8-37 was applied for at least 15 min and 

measurements were made at 12 min. Whole-cell voltage-clamp recordings were made 

from CeLC neurons held at -60 mV.  * P < 0.05. 
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Figure 11 

CGRP8-37 inhibits neuronal excitability of CeLC neurons in the arthritis pain model 
but not under normal conditions. 
Action potentials were evoked in CeLC neurons by direct (through the patch electrode) 

intracellular injections of depolarizing current pulses (500 ms) of increasing magnitude 

(50 pA steps) before and during CGRP8-37 administration. (a,b) CGRP8-37 did not affect 

the action potential firing rate in CeLC neurons in slices from normal rats (P > 0.05, two-

way ANOVA; n=14). (c,d) However, the action potential firing rate was significantly 

decreased by CGRP8-37 in CeLC neurons from arthritic rats (P < 0.0001, F1,144 = 14.15, 

two-way ANOVA, n = 10), suggesting a functional change of CGRP1 receptor activation 

that has postsynaptic effects in arthritis but not under normal conditions. The same 

neurons as in Fig. 7 were tested. For the measurement of action potential firing in current 

clamp, neurons were recorded at -60 mV. Scale bars in a and c are 100 ms/25 mV (upper 

traces) and 100 ms/150 pA (lower traces). Symbols and error bars in b and d represent 

mean ± SE.  
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Figure 12 

CGRP8-37 decreases slope conductance of CeLC neurons in the arthritic pain model 
but not under normal conditions. 
Slope conductance (in nS) was calculated from the linear portion of current-voltage (I-V) 

relationships in the presence and absence of CGRP8-37. I-V relationships were obtained 

by plotting steady-state current changes against the amplitudes of transient voltage steps 

(500 ms) injected via the recording electrode in 10 mV steps (-130 mV to -30mV). Slope 

conductance was significantly decreased by CGRP8-37 in neurons (n = 9) from arthritic 

rats (b) but not in control neurons (n = 14) from normal rats (a). This finding further 

suggests a direct postsynaptic membrane effect of CGRP8-37 in neurons from arthritic 

rats. ** P < 0.01 (paired t-test).  
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Figure 13 

Miniature EPSC (mEPSC) analysis suggests post- rather than pre-synaptic effects of 
CGRP8-37. 
(a) Original current traces of mEPSC recordings in an individual CeLC neuron in the 

presence of TTX (1 µM) show that CGRP8-37 (1 µM) reduced amplitude but not 

frequency of mEPSCs, (scale bars, 1 s/20 pA). The CeLC neuron was recorded in a slice 

from an arthritic rat. (b,c) Normalized cumulative distribution analysis of mEPSC 

amplitude and frequency show that CGRP8-37 caused a significant shift toward smaller 

amplitudes (b, P < 0.005, maximal difference in cumulative fraction = 0.175, 

Kolmogorov-Smirnov test) but had no effect on the interevent interval (frequency) 

distribution (c). CGRP8-37 selectively decreased mean mEPSC amplitude (P < 0.05, 

paired t-test) but not mEPSC frequency (events/s) in the sample of neurons (n = 4; see bar 

histograms in b, c). *P < 0.05 (paired t-test).  
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Figure 14 

PPF analysis argues against pre-synaptic effects of CGRP8-37. 
PPF, a measure of presynaptic mechanisms, was not changed by CGRP8-37. PPF was 

calculated as the ratio of the second and the first of two consecutive EPSCs evoked by 

two synaptic stimuli of equal intensity at increasing interstimulus intervals. Peak EPSC 

amplitudes were measured as the difference between the current level before the stimulus 

artifact and the peak of the EPSC. (a) Current traces (average of 8-10 EPSCs) recorded in 

an individual CeLC neuron illustrate that PPF evoked at a 50 ms interval was not affected 

by CGRP8-37 (scale bar, 25 ms/50 pA). CGRP8-37 had similar inhibitory effects on the first 

and second EPSC. (b) CGRP8-37 had no significant effect on PPF at various stimulus 

intervals in the whole sample of neurons (n = 6, P > 0.05, paired t-test). Symbols and 

error bars represent mean ± SE. Neurons were recorded in voltage-clamp at -60 mV.  
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Figure 15 

Effects of CGRP8-37 are occluded by a PKA inhibitor. 
(a-c) Superfusion of the slices with a selective membrane-permeable PKA inhibitor 

(KT5720; 1 μM) decreased synaptic plasticity and abolished the inhibitory effects of 

CGRP8-37 (1 μM). (a) Individual traces show monosynaptic EPSCs (average of 8-10 

EPSCs) in a CeLC neuron from an arthritic rat. Recordings were made before drug 

application, in the presence of KT5720 alone and during co-application of CGRP8-37 and 

KT5720. Averaged raw (b) and normalized (c) data show the significant inhibitory effect 

of KT5720 but no further inhibition by CGRP8-37 when coapplied with KT5720. (d-f) 

Direct intracellular application of the PKA inhibitor through the patch pipette filled with 

internal solution containing KT5720 (1µM) also occluded the inhibitory effects of 

CGRP8-37. (d) EPSCs were measured immediately after whole-cell patch configuration 

was obtained (predrug). EPSC amplitude decreased 10 min after the patch formation 

when KT5720 had entered the cell. Co-application of CGRP8-37 (superfusion) caused no 

further inhibition. Averaged raw (e) and normalized (f) data show the significant 

inhibitory effect of KT5720 (intracellular application) but no further inhibition by 

CGRP8-37. Scale bars in a and d, 20 ms/ 40 pA. ** P < 0.01 (repeated measures ANOVA 

with Tukey post test) 
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Figure 16 

CGRP8-37 inhibits NMDA, but not AMPA, receptor function. 
(a) CGRP8-37 decreased the inward current evoked by the application of NMDA (1 mM in 

the recording chamber) in a CeLC neuron from an arthritic rat (scale bars, 20 s/ 200 pA). 

Arrow indicates difference of peak amplitude of NMDA current before and during 

CGRP8-37 application. (b) CGRP8-37 had no effect on the inward current evoked by the 

application of AMPA (30 µM in the chamber) in a CeLC neuron from an arthritic rat 

(scale bars 100 s/ 200 pA), (c) Averaged data show the significant inhibitory effect of 

CGRP8-37 on NMDA-evoked membrane currents in terms of peak current and area under 

the curve (n = 5). (d) AMPA-evoked membrane currents were not affected significantly 

by CGRP8-37 (n = 5). Bar histogram and error bars represent mean ± SE. Drug effects 

were expressed as percentage of predrug value (set to 100%). Neurons were recorded in 

voltage-clamp at -60 mV.  * P < 0.05 (paired t-test). 
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Figure 17 

Increased audible and ultrasonic vocalizations in a model of arthritic pain. 
Audible and ultrasonic vocalizations were measured before and after arthritis induction. 

Duration of vocalizations was measured as the arithmetic sum of the duration of each 

individual vocalization event as described previously (Han and Neugebauer, 2005). 

Vocalizations during stimulation (VDS) and vocalization afterdischarges (VAD), which 

are organized in the brain stem and the limbic forebrain, respectively (Borszcz and 

Leaton, 2003; Han and Neugebauer, 2005), were evoked by noxious (2000 g/30 mm2) 

stimulation of the knee. Mechanical stimuli were applied for 15 s; duration of the 

recording period was 1 min. (a) Total duration of audible and ultrasonic vocalizations 

increased significantly 6 h after induction of arthritis compared to the values measured in 

the same animals before arthritis (n = 16). (b) Duration of VDS also increased 

significantly 6h after arthritis induction (n = 16). (c) Duration of ultrasonic, but not 

audible, VAD following increased significantly in the arthritis pain model in this set of 

animals (n = 16). Symbols and error bars represent mean ± SE. ** P < 0.01, *** P < 

0.001 (paired t-test). 
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Figure 18 

CGRP8-37 inhibits vocalization afterdischarges (VAD) in animals with arthritis but 
not in normal animals. 
Audible and ultrasonic vocalizations were measured in normal rats (a) and arthritic rats 

(b). Duration of vocalizations was measured as the arithmetic sum of the duration of each 

individual vocalization event as described previously (Han and Neugebauer, 2005). 

Vocalization afterdischarges (VAD) were evoked by noxious (2000 g/30 mm2) 

stimulation (15 s) of the knee. (a) Application of CGRP8-37 (100 μM, concentration in the 

microdialysis probe; 15-20 min) into the CeLC of normal rats had no significant effect (n 

= 4, P > 0.05, paired t-test). (b) In arthritic animals (6 h postinduction), CGRP8-37 (100 

μM) significantly reduced audible and ultrasonic VAD (n = 9, P < 0.05, paired t-test). 

Vocalizations of arthritic animals were expressed as percentage of vocalizations of the 

same animals before arthritis induction (normal, set to 100 %). Bar histograms and error 

bars represent mean ± SE. * P < 0.05. 
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Figure 19 

CGRP8-37 inhibits vocalizations during stimulation (VDS) in animals with arthritis 
but not in normal animals. 
Audible and ultrasonic vocalizations during stimulation (VDS), which are organized at 

the medullary brainstem level (Borszcz and Leaton, 2003; Han and Neugebauer, 2005), 

were evoked by noxious (2000 g/30 mm2) stimulation (15 s) of the knee. Administration 

of CGRP8-37 (100 µM, concentration in the microdialysis probe; 15-20 min) into the 

CeLC did not affect the duration of audible and ultrasonic VDS in normal animals (a, n = 

4, P > 0.05, paired t-test) but significantly inhibited VDS of arthritic rats (b, n = 9, P < 

0.05, paired t-test). Bar histograms and error bars represent mean ± SE. * P < 0.05, ** P 

< 0.01. 
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Figure 20 

CGRP8-37 increased hind limb withdrawal thresholds in animals with arthritis but 
not in normal animals. 
Spinally organized hindlimb withdrawal reflexes were evoked by mechanical stimulation 

(compression) of the knee (15 s) with increasing intensity (steps of 50 g/30 mm2). 

Withdrawal thresholds were defined as the minimum stimulus intensity that evoked a 

withdrawal reflex. Thresholds decreased 6 h after arthritis induction, indicating increased 

sensitivity. Application of CGRP8-37 into the CeLC significantly increased the reduced 

thresholds in arthritic animals (b, n = 6, P < 0.05, paired t-test), but had no effect in 

normal rats (a, n = 4, P > 0.05, paired t-test). Bar histograms and error bars represent 

mean ± SE. * P<0.05. 
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Figure 21 

Placement control experiments. 
Application of CGRP8-37 into the striatum (caudate-putamen, dorsolateral to CeLC) did 

not produce significant changes of audible and ultrasonic vocalizations in arthritic 

animals (n = 5, P > 0.05, paired t-test). Vocalization data represent the total duration of 

vocalizations. Since neither VAD nor VDS were inhibited by CGRP8-37 the data were 

pooled for simplification. CGRP8-37 (100 µM) was administered by microdialysis for 15-

20 min. Bar histograms and error bars represent mean ± SE.  
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Figure 22 

Histological verification of drug application sites. 
(a) Sites of drug application into the CeLC by microdialysis in the vocalization 

experiments. (b) Sites of drug application into the striatum by microdialysis as placement 

controls for any effects due to drug diffusion. CeM, CeL, CeLC: medial, lateral and 

latero-capsular divisions of the central nucleus of the amygdala. Numbers indicate 

distance from bregma. Each symbol indicates the location of the tip of one microdialysis 

probe. 
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CHAPTER 4: EXOGENOUS ACTIVATION OF CGRP 
RECEPTORS PRODUCES PAIN-RELATED PLASTICITY 

AND BEHAVIOR 

SYNAPTIC PLASTICITY AND ENHANCED EXCITABILITY IN THE CELC 
DURING EXOGENOUS APPLICATION OF CGRP 

Whole-cell voltage-clamp recordings of CeLC neurons were made in brain slices 

from normal rats (no arthritis). Superfusion of the slices with CGRP significantly 

enhanced synaptic transmission, mimicking synaptic plasticity observed in the arthritic 

pain model. Peak amplitudes of monosynaptic EPSCs at the nociceptive PB-CeLC 

synapse were increased by CGRP in a concentration-dependent manner (EC50 = 28.3 nM; 

Fig. 23). These data show the presence of functional CGRP receptors in the CeLC under 

normal conditions.  

Monosynaptic EPSCs of progressively larger amplitudes were evoked by 

electrical synaptic stimulation with increasing intensities and input-output relationships 

were obtained by measuring EPSC peak amplitude (pA) as a function of afferent fiber 

volley stimulus intensity (μA) for each neuron (Fig. 24). The input-output function of the 

PB-CeLC synapse was significantly increased in CeLC neurons by CGRP (n = 9) as 

evidenced by the steeper slope and upward shift at higher stimulus intensities (Fig. 24, P 

< 0.0001, F1,140 = 18.00, two-way ANOVA). The sites of synaptic stimulation and patch-

clamp recording in the amygdala brain slice are schematically illustrated in Fig. 3. 

To determine the effect of CGRP on neuronal excitability, action potentials were 

evoked in current-clamp mode by direct intracellular current injections of increasing 

magnitude through the patch electrode. Input-output functions of neuronal excitability 

were obtained by averaging the frequency of action potentials evoked at each current 

intensity. CGRP significantly increased the input-output function of CeLC neurons in 

slices from normal animals (Fig. 25, n = 6, P < 0.05, F1,080 = 6.14, two-way ANOVA), 

mimicking the increased excitability observed in the arthritis pain model (see Chapter 3).  



 

 45 

POST- RATHER THAN PRE-SYNAPTIC ACTION OF CGRP 

To determine whether CGRP acts on pre- or post-synaptic sites in the CeLC we 

used a number of electrophysiological parameters, including the analysis of neuronal 

excitability (Fig. 25), amplitude and frequency of spontaneous mEPSCs (Fig. 26), and 

PPF (Fig. 27). These parameters were measured in slices from normal (untreated) 

animals before and during application of CGRP in amygdala brain slices from normal 

rats (no arthritis). 

CGRP increased the amplitude, but not frequency, of mEPSCs recorded in the 

presence of TTX (1 μM) (Fig. 26). This postsynaptic effect is illustrated in the current 

traces recorded in an individual CeLC neuron (Fig. 26a). In the whole sample of neurons 

(n = 4), the normalized mean mEPSC amplitude was significantly increased (P < 0.005, 

Kolmogorov-Smirnov test) (Fig. 26b). CGRP8-37 had no effect on the frequency of 

mEPSCs (see normalized cumulative inter-event interval distribution and mean mEPSC 

frequency, Fig. 26c; P > 0.05, paired t-test, n = 4).  

Further arguing against a presynaptic site of action, CGRP had no significant 

effect on PPF. PPF was calculated as the ratio of the second and the first of two 

consecutive EPSCs evoked by electrical stimuli of equal intensity. CGRP application did 

not significantly change PPF at different interstimulus intervals (n = 12, P > 0.05, paired 

t-test) (Fig. 27). Increased neuronal excitability shown in Fig. 25 also suggests a post-

synaptic mechanism. Taken together, the analysis of PPF, mEPSCs and neuronal 

excitability suggests that exogenous CGRP receptor activation occurs at a post- rather 

than pre-synaptic site in CeLC neurons. 

CGRP ADMINISTRATION INTO THE CELC MIMICS ARTHRITIC PAIN-
RELATED BEHAVIORAL CHANGES 

To validate the behavioral significance of CGRP receptor activation in the CeLC, 

we analyzed the effect of CGRP on supraspinally (vocalizations) and spinally (hindlimb 

withdrawal reflexes) organized behavior in awake normal animals. Pain-related 

vocalizations in the audible and ultrasonic range were measured in the same animal 
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before and during administration of CGRP into the CeLC. As described before, CGRP 

effects were determined separately for vocalizations during stimulation (VDS), which are 

organized at the medullary brainstem level, and vocalization afterdischarges (VAD), 

which outlast the actual stimulus and are organized in the limbic forebrain, particularly 

the amygdala (Borszcz and Leaton, 2003; Han and Neugebauer, 2005).   

Administration of CGRP (10 µM, concentration in the microdialysis probe; 15-20 

min) into the CeLC increased the duration of audible and ultrasonic VAD and VDS (Fig. 

28) evoked by noxious (2000 g/30 mm2) stimulation (15 s) of the arthritic knee (n=4). 

The facilitatory effects of CGRP were statistically significant (P < 0.01-0.05; paired t-

test). Predrug vocalizations were measured during administration of ACSF through the 

microdialysis probe, thus serving as vehicle controls. Hindlimb withdrawal reflexes in 

response to stimulation (compression) of the knee were measured before and after 

induction of arthritis and before and during drug application (Fig. 29). Mechanical 

stimuli of increasing intensity (steps of 50 g/30 mm2) were applied to the knee joint. 

Withdrawal threshold was defined as the minimum stimulus intensity that evoked a 

withdrawal reflex (Han and Neugebauer, 2005). Administration of CGRP (10 µM; 15 

min) into the CeLC decreased the withdrawal thresholds measured in naïve (non-

arthritic) animals, indicating increased sensitivity. Drugs were administered into the right 

CeLC because our previous electrophysiological in vivo and in vitro studies showed pain-

related plasticity in the right amygdala (CeLC) (Neugebauer and Li, 2003; Neugebauer et 

al., 2003) and our behavioral data showed that the right amygdala is coupled to pain 

facilitation in the arthritis pain model (Han and Neugebauer, 2005). All animals had 

guide cannulas for the microdialysis probes implanted on the day before the behavioral 

tests. The positions of the microdialysis probes in the CeLC were verified histologically 

(Fig. 30). The concentration of CGRP was selected based on the data from in vitro 

electrophysiology (see above) and adjusted for the concentration gradient (×100) across 

the dialysis membrane. 

The vocalization data show that activation of the CeLC by CGRP produces pain 

responses organized in the brainstem (VDS) and limbic forebrain (VAD). 
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Figure 23 

CGRP enhances synaptic transmission in the CeLC in slices from normal animals.   
Individual example (a) and concentration-response relationship (b) show that CGRP 

enhanced synaptic transmission at the PB-CeLC synapse in a concentration dependent 

manner in slices from naïve animals (no arthritis). Peak amplitudes of monosynaptic 

EPSCs during each concentration of CGRP were averaged and expressed as percent of 

predrug (baseline) control (set to 100 %). CGRP was applied for at least 15 min and 

measurements were made at 12 min. Traces in (a) are the average of 10 EPSCs. Symbols 

and error bars in (b) represent mean ± SE. 
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Figure 24 

CGRP increases input-output function of the PB-CeLC synapse in slices from 
normal animals.  
Input-output function of the PB-CeLC synapse was measured by increasing the stimulus 

intensity in 100 µA steps. CGRP (100 nM) significantly increased EPSC amplitudes 

evoked by different stimulation intensities (n = 9, P < 0.0001, F1,140 = 18.00, two-way 

ANOVA). Whole-cell voltage-clamp recordings were made from CeLC neurons held at -

60 mV in slices from naïve animals (no arthritis). Symbols and error bars in (b) represent 

mean ± SE. 
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Figure 25 

CGRP enhances neuronal excitability of CeLC neurons in slices from normal 
animals. 
Action potentials were evoked in CeLC neurons by direct (through the patch electrode) 

intracellular injections of current pulses (500 ms) of increasing magnitude (50 pA steps) 

before and during CGRP administration. (a,b) Original traces show action potential firing 

rate increased during superfusion of CGRP (100 nM). (c) CGRP increased input-output 

functions significantly (n = 6, P < 0.05, F1,080 = 6.14, two-way ANOVA), suggesting a 

direct postsynaptic membrane effect. For the measurement of action potential firing in 

current clamp, neurons were recorded at -60 mV. Symbols and error bars in c represent 

mean ± SE. 
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Figure 26 

Miniature EPSC (mEPSC) analysis suggests post- rather than pre-synaptic effects of 
CGRP. 
(a) Original current traces of mEPSC recordings in an individual CeLC neuron in the 

presence of TTX (1 µM) show that CGRP (100 nM) increased the amplitude but not 

frequency of mEPSCs (scale bars, 1 s/ 20 pA). (b, c) The cumulative distribution analysis 

of mEPSC amplitude and frequency showed that CGRP caused a significant shift toward 

larger amplitudes (b) (P < 0.005, maximal difference in cumulative fraction = 0.122, 

Kolmogorov-Smirnov test) but had no effect on the interevent interval (frequency) 

distribution (c). CGRP selectively increased the mean mEPSC amplitude (P < 0.05, 

paired t-test) but not mEPSC frequency (events/s) in the sample of neurons (n = 4; see bar 

histograms in b,c). Recordings were made in slices from naïve (untreated) animals. * P < 

0.05. 

 50 



 

 a b

 51 

 
 

Figure 27 

PPF analysis shows no evidence for pre-synaptic effects of CGRP. 
PPF, a measure of presynaptic mechanisms, was not affected by CGRP. PPF was 

calculated as the ratio of the second and the first of two consecutive EPSCs evoked by 

two electrical stimuli of equal intensity at increasing inter-stimulus intervals. Peak EPSC 

amplitudes were measured as the difference between the current level before the stimulus 

artifact and the peak of the EPSC. (a) Current traces (average of 8-10 EPSCs) recorded in 

an individual CeLC neuron illustrate that PPF evoked at the 50 ms interval was not 

affected by CGRP. (b) CGRP had no significant effect on PPF at various stimulus 

intervals in the whole sample of neurons (n = 12, P > 0.05, paired t-test). Symbols and 

error bars represent mean ± SE. Neurons were recorded in voltage-clamp at -60 mV. 
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Figure 28 

CGRP increases audible and ultrasonic vocalizations in normal animals. 
Total duration of vocalizations and vocalizations during and after stimulation (VDS and 

VAD, respectively) were analyzed separately. Duration of audible and ultrasonic VAD 

and VDS increased significantly during CGRP administration (10 µM) through the 

microdialysis probe implanted in the CeLC (n = 4, paired t-test). Noxious mechanical 

stimuli (2000 g/30 mm2) were applied for 15 s; duration of the recording period was 1 

min. Symbols and error bars represent mean ± SE. *P < 0.05, ** P < 0.01 (paired t-test). 
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Figure 29 

CGRP decreased hind limb withdrawal thresholds in normal animals. 
Spinally organized hindlimb withdrawal reflexes were evoked by mechanical stimulation 

(compression) of the knee (15 s) with increasing intensity. Application of CGRP into the 

CeLC significantly decreased the withdrawal thresholds in normal animals (n = 4, P < 

0.05, paired t-test). Bar histograms and error bars represent mean ± SE. * P < 0.05. 
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Figure 30 

-1.88 mm                                         -2.12 mm 
       

Histological verification of drug application sites. 
Sites of CGRP application into the CeLC by microdialysis in the vocalization 

experiments. Numbers indicate distance from bregma. Each symbol indicates the location 

of the tip of one microdialysis probe. 
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CHAPTER 5: ACTIVATION OF PKA AND ERK1/2, BUT 
NOT PKC, IS INVOLVED IN ARTHRITIS- AND CGRP-

INDUCED PLASTICITY AND BEHAVIOR 
 

INHIBITION OF PKA AND ERK1/2, BUT NOT PKC, REDUCES 
ARTHRITIC PAIN-RELATED SYNAPTIC PLASTICITY IN THE CELC 

To identify signal transduction mechanisms involved in arthritic pain-related 

synaptic plasticity, whole-cell voltage-clamp recordings of CeLC neurons were made in 

brain slices from untreated normal rats and from rats in which an arthritis pain state had 

been induced 6 h before. EPSC amplitudes at the PB-CeLC synapse were measured 

before and during application of PKA, PKC and MEK (ERK1/2, extracellular signal-

regulated kinase) inhibitors to identify mechanisms of pain related synaptic plasticity. A 

selective PKA inhibitor (KT5720, 1 µM) inhibited synaptic transmission in neurons from 

arthritic rats (Fig. 31, n = 7, P < 0.05, paired t-test) but not normal synaptic transmission 

in neurons from naïve rats (n = 7, P > 0.05). Likewise, a MEK inhibitor (U0126, 1 µM) 

decreased EPSC amplitudes in neurons from arthritic rats (Fig. 32, n = 6, P < 0.05, paired 

t-test) but not in neurons from normal rats (n = 6, P > 0.05). The inhibitory effects in 

arthritis but not under normal conditions suggest that PKA and ERK1/2 activation is 

involved specifically in pain-related synaptic plasticity in the CeLC. In contrast, a 

selective PKC inhibitor (GF109203x, 1 µM) did not significantly affect synaptic 

transmission at the PB-CeLC synapse in neurons from normal (Fig. 33, n = 5, P > 0.05, 

paired t-test) and arthritic rats ( n = 6).  

INHIBITION OF PKA AND ERK1/2, BUT NOT PKC, REDUCES 
ARTHRITIC PAIN-RELATED BEHAVIOR 

Next we determined if the signaling pathways involved in synaptic plasticity also 

play a role in pain-related behavior. Inhibitors of PKA, PKC and MEK were administered 

into the CeLC in arthritic animals. Pain-induced vocalizations in the audible and 
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ultrasonic range were measured in the same animal before and after induction of arthritis 

and before and during drug administration by microdialysis. Vocalizations during 

stimulation (VDS) and vocalization afterdischarges (VAD) were analyzed separately as 

described earlier (see Chapter 2 and Borszcz and Leaton, 2003; Han and Neugebauer, 

2005). 

The duration of audible and ultrasonic vocalizations of the VAD and VDS types 

increased in the arthritis pain model (6 h postinduction, Fig. 34-36). Administration of 

PKA and MEK inhibitors (KT5720 and U0126, 100 µM respectively; concentration in 

the microdialysis probe; 15-20 min) into the CeLC decreased the duration of audible and 

ultrasonic VAD and VDS evoked by noxious (2000 g/30 mm2) stimulation (15 s) of the 

arthritic knee. Concentrations were selected based on the data from in vitro 

electrophysiology (see above) and adjusted for the concentration gradient (×100) across 

the dialysis membrane. The inhibitory effects of KT5720 (n = 4) and U0126 (n = 5) were 

significant for total duration and VDS and were largely reversible (Fig. 34 and 35, P < 

0.001-0.05; paired t-test). Effects on VAS were less pronounced and did not reach 

significance in all cases. In contrast, a PKC inhibitor (GF109203X, n = 4; 100 µM; 

concentration in the microdialysis probe; 15-20 min) had no significant effect on any type 

of vocalizations (Fig. 36). Predrug vocalizations were measured during administration of 

ACSF through the microdialysis probe, thus serving as vehicle controls. Drugs were 

administered into the right CeLC contralateral to the arthritis because of the strong 

contralateral projection of the spino-parabrachio-amygdaloid pain pathway (Bernard and 

Bandler, 1998; Neugebauer et al., 2004). Also, our previous electrophysiological in vivo 

and in vitro studies showed pain-related plasticity in the right amygdala (CeLC) 

(Neugebauer and Li, 2003; Neugebauer et al., 2003). Our behavioral data also suggest 

that the right amygdala is coupled to pain facilitation in the arthritis pain model (Han and 

Neugebauer, 2005). All animals had guide cannulas for the microdialysis probes 

implanted on the day before the behavioral tests. The positions of the microdialysis 

probes in the CeLC were verified histologically after each experiment (Fig. 37). 
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INHIBITION OF PKA AND ERK1/2, BUT NOT PKC, REVERSES CGRP-
INDUCED SYNAPTIC PLASTICITY IN THE CELC 

We showed previously (Bird et al., 2005) that PKA-dependent phosphorylation 

increases the function of postsynaptic NMDA receptors in the CeLC. The present study 

further suggests an important role of PKA, but not PKC, in pain-related plasticity and 

behavior. The major signal transduction pathway of CGRP involves cAMP formation and 

PKA activation (Poyner, 1996;Wimalawansa, 1996;Van Rossum et al., 1997). One of the 

downstream signaling molecules of PKA is the MAP kinase ERK1/2, which plays an 

important role in spinal pain mechanisms (Ji et al., 2002; Hu and Gereau, 2003). 

Therefore, we tested the hypothesis that CGRP-induced synaptic facilitation in the CeLC 

depends on the cAMP-PKA-ERK1/2 signaling pathway rather than PKC.  

Whole-cell voltage-clamp recordings of CeLC neurons were made in brain slices 

from untreated naïve rats. Consistent with the data presented earlier, CGRP enhanced 

synaptic transmission at the nociceptive PB-CeLC synapse, mimicking synaptic plasticity 

observed in the arthritic pain model. Coapplication of inhibitors of PKA, MEK and PKC 

with CGRP were used to identify mechanisms of CGRP-induced facilitation at the PB-

CeLC synapse. A selective PKA inhibitor (KT5720, 1 µM) significantly reversed the 

CGRP-induced increase of synaptic transmission (Fig. 38, n = 7). Likewise, a MEK 

inhibitor (U0126, 1 µM) significantly reversed the effect of CGRP (Fig. 39, n = 7). The 

effects of KT5720 and U0126 were reversible. In contrast, co-administration of a 

selective PKC inhibitor (GF109203x, 1 µM) did not change the synaptic facilitation by 

CGRP (Fig. 40, n = 6). These data suggest that activation of PKA and ERK1/2, but not 

PKC, are involved in CGRP-induced synaptic plasticity in the CeLC. The fact that the 

effects of KT5720 and U0126 were comparable may suggest that PKA and ERK1/2 act in 

a serial rather than parallel manner. 

INHIBITION OF PKA REVERSES CGRP-INDUCED PAIN BEHAVIOR 

Next we verified the importance of PKA-dependent CGRP-induced synaptic 

facilitation for CGRP-induced pain behavior. Audible and ultrasonic vocalizations were 
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measured before and during application of CGRP (10 µM) into the right CeLC by 

microdialysis. Then a PKA inhibitor (KT5720, 100 µM) was co-applied into the right 

CeLC. All animals had guide cannulas for the microdialysis probes implanted on the day 

before the behavioral tests. 

The total duration of vocalizations and the duration of VAD and VDS increased 

during CGRP application. Co-administration of KT5720 (100 µM) and CGRP (10 µM, 

concentration in the microdialysis probe; 15-20 min) into the CeLC decreased the 

duration of audible and ultrasonic vocalizations evoked by noxious (2000 g/30 mm2) 

stimulation (15 s) of the knee (Fig. 41, n = 4). Predrug vocalizations were measured 

during administration of ACSF through the microdialysis probe, thus serving as vehicle 

controls. The positions of the microdialysis probes in the CeLC were verified 

histologically after each experiment (Fig. 30). These behavioral data suggest that PKA 

plays an important role in CGRP-induced pain behavior.   
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Figure 31 

A PKA inhibitor (KT5720) reduces arthritic pain-related synaptic plasticity.  
Monosynaptic EPSCs were evoked at the PB-CeLC synapse in slices from normal rats (n 

= 7) and arthritic rats (n = 7) before and during drug application. (a) Individual traces 

(averages of 8-10 EPSCs) show that KT5720 reduced synaptic plasticity at the PB-CeLC 

synapse in a CeLC neuron from an arthritic rat but not in a neuron from a normal rat. (b) 

Peak amplitudes of EPSCs during drug application were expressed as percentage of 

predrug control values (set to 100 %) and averaged across the sample of neurons (n = 7 in 

each group). Bar histograms and error bars represent mean ± SE. * P < 0.05 (paired t-test)   
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Figure 32 

A MEK inhibitor (U0126) reduces arthritic pain-related synaptic plasticity.  
Monosynaptic EPSCs were evoked at the PB-CeLC synapse in brain slices from normal 

(n = 6) and arthritic rats (n = 6) before and during drug application. (a) Individual traces 

(averages of 8-10 EPSCs) show that U0126 (1 µM) reduced synaptic plasticity at the PB-

CeLC synapse in a neuron from an arthritic rat, but not in a neuron from a normal rat. (b) 

Peak EPSC amplitudes recorded during drug application are expressed as percentage of 

predrug control values (set to 100 %) and averaged across the sample of neurons. Bar 

histograms and error bars represent mean ± SE. *P < 0.05 (paired t-test). 
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Figure 33 
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A PKC inhibitor (GF109203X) has no effect on arthritic pain-related synaptic 
plasticity.  
Monosynaptic EPSCs were evoked at the PB-CeLC synapse in normal (n = 5) and 

arthritic rats (n = 6) before and during drug application. (a) Individual traces (averages of 

8-10 EPSCs) show that GF109203X (1 µM) did not significantly change EPSC 

amplitudes at the PB-CeLC synapse in a neuron from an arthritic and another one from a 

normal rat. (b) Peak amplitudes of EPSCs recorded during drug application are expressed 

as percentage of predrug control values (set to 100 %) and averaged across the sample of 

neurons. Bar histograms and error bars represent mean ± SE.  
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Figure 34 

KT5720 inhibits vocalizations of arthritic animals. 
Audible and ultrasonic vocalizations were measured before and 6 h after arthritis 

induction (n = 4). Total duration (a) and durations of VDS (b) and VAD (c) were 

analyzed separately. Duration of vocalizations was measured as the arithmetic sum of the 

duration of each individual vocalization event. Vocalizations were evoked by noxious 

(2000 g/30 mm2) stimulation (15 s) of the knee. Application of KT5720 (100 μM, 

concentration in the microdialysis probe; 15-20 min) into the CeLC inhibited 

vocalizations of arthritic rats. Vocalizations of arthritic animals were expressed as 

percentage of vocalizations of the same animals before arthritis induction (normal, set to 

100 %). Bar histograms and error bars represent mean ± SE. * P < 0.05, ** P < 0.01, *** 

P < 0.001 (paired t-test). 
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Figure 35 

U0126 inhibits vocalizations of arthritic animals. 
Audible and ultrasonic vocalizations were measured before and 6 h after arthritis 

induction (n = 5). Total duration (a) and duration of VDS (b) and VAD (c) were analyzed 

separately. (a). Duration of vocalizations was measured as the arithmetic sum of the 

duration of each individual vocalization event. Vocalizations were evoked by noxious 

(2000 g/30 mm2) stimulation (15 s) of the knee. Application of U0126 (100 μM, 

concentration in the microdialysis probe; 15-20 min) into the CeLC inhibited 

vocalizations of arthritic rats. Vocalizations of arthritic animals were expressed as 

percentage of vocalizations of the same animals before arthritis induction (normal, set to 

100 %). Bar histograms and error bars represent mean ± SE. * P < 0.05, ** P < 0.01, *** 

P < 0.001 (paired t-test). 
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Figure 36 

GF109203X has no significant effect on vocalizations of arthritic animals. 
Audible and ultrasonic vocalizations were measured before and 6 h after arthritis 

induction (n = 4). Total duration (a) and durations of VDS (b) and VAD (c) were 

analyzed separately. Duration of vocalizations was measured as the arithmetic sum of the 

duration of each individual vocalization event. Vocalizations were evoked by noxious 

(2000 g/30 mm2) stimulation (15 s) of the knee. Application of GF109203X (GF, 100 

μM, concentration in the microdialysis probe; 15-20 min) into the CeLC of arthritic rats 

did not affect vocalizations (P > 0.05, paired t-test). Vocalizations of arthritic animals 

were expressed as percentage of vocalizations of the same animals before arthritis 

induction (normal, set to 100 %). Bar histograms and error bars represent mean ± SE. 
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Figure 37 

Histological verification of drug application sites. 
Sites of KT5720 (a), U0126 (b) and GF109203x (c) applications into the CeLC by 

microdialysis in the vocalization experiments. Numbers indicate distance from bregma. 

Each symbol shows the location of the tip of one microdialysis probe. 
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Figure 38 

KT5720 reverses CGRP-induced synaptic plasticity. 
Monosynaptic EPSCs were evoked at the PB-CeLC synapse in neurons (n = 7) from 

naïve rats before and during drug applications. CGRP (100 nM) increased EPSC 

amplitudes. Co-administration of KT5720 (1 µM) reversed the effect of CGRP. (a) 

Original recordings in one individual neuron. Traces are averages of 8-10 EPSCs. (b) 

Time course of CGRP-induced facilitation and reversal by KT5720 (1 µM). Peak 

amplitudes of EPSCs recorded during drug application were expressed as percentage of 

predrug control values (set to 100 %). Symbols and error bars represent mean ± SE. * P < 

0.05 (paired t-test). 
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Figure 39 

U0126 reverses CGRP-induced synaptic plasticity. 
Monosynaptic EPSCs were evoked at the PB-CeLC synapse in neurons (n = 7) from 

naïve rats before and during drug applications. CGRP (100 nM) increased EPSC 

amplitudes. Co-administration of U0126 (1 µM) reversed the effect of CGRP. (a) 

Original recordings in one individual neuron. Traces are averages of 8-10 EPSCs. (b) 

Time course of CGRP-induced facilitation and reversal by U0126 (1 µM). Peak 

amplitudes of EPSCs recorded during drug application were expressed as percentage of 

predrug control values (set to 100 %). Symbols and error bars represent mean ± SE. * P < 

0.05 (paired t-test). 
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Figure 40 

GF109203X has no effect on CGRP-induced synaptic plasticity. 
Monosynaptic EPSCs were evoked at the PB-CeLC synapse in neurons (n = 6) from 

naïve rats before and during drug applications. CGRP (100 nM) increased EPSC 

amplitudes. Co-administration of GF109203X (1 µM) failed to reverse the increased 

synaptic transmission by CGRP (a) Original recordings in one individual neuron. Traces 

are averages of 8-10 EPSCs. (b) Peak amplitudes of EPSCs recorded during drug 

application were expressed as percentage of predrug control values (set to 100 %). 

Symbols and error bars represent mean ± SE. n.s., P > 0.05 (paired t-test)  
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Figure 41 

KT5720 reverses CGRP-induced vocalizations in normal animals. 
Audible and ultrasonic vocalizations were measured in naïve rats (n = 4). Total duration 

(a) and durations of VDS (b) and VAD (c) were analyzed separately. Duration of 

vocalizations was measured as the arithmetic sum of the duration of each individual 

vocalization event. Vocalizations were evoked by noxious (2000 g/30 mm2) stimulation 

(15 s) of the knee. CGRP (10 μM, concentration in the microdialysis probe; 15-20 min) 

into the CeLC increased vocalizations of normal rats. Co-application of a PKA inhibitor 

(KT5720, 100 μM) reversed the effects of CGRP significantly. Vocalizations during drug 

administration were expressed as percentage of vocalizations of the same animals before 

drug administration (predrug, set to 100 %). Bar histograms and error bars represent 

mean ± SE. * P < 0.05, ** P < 0.01 (paired t-test).  
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CHAPTER 6: DISCUSSION 

SUMMARY OF RESULTS 

This research project determined the role of a non-opioid neuropeptide (CGRP) in 

the amygdala, a brain area that is emerging as an important neuronal substrate for the 

emotional-affective component of pain. Our studies show for the first time that CGRP in 

the nociceptive amygdala (CeLC) contributes critically to pain-related synaptic plasticity 

and consequently to pain behavior. CGRP acts through a postsynaptic mechanism that 

involves PKA, ERK1/2 and NMDA receptors. The integrative approach of in vitro 

electrophysiology and behavioral analysis allowed the assessment of the cellular 

mechanisms of CGRP function and their significance at the systems level.  

The major findings of this study are as follows: (1) Selective CGRP1 receptor 

antagonists (CGRP8-37 and BIBN4096BS) inhibited synaptic plasticity and neuronal 

excitability in CeLC neurons in vitro in a model of arthritis pain induced in vivo. (2) 

Analysis of spontaneous miniature EPSCs (mEPSCs), paired-pulse facilitation (PPF) and 

membrane effects indicates a post- rather than presynaptic function of CGRP1 receptors. 

(3) The occlusion of CGRP8-37 effects by a PKA inhibitor and the direct inhibition of 

NMDA, but not AMPA, receptor activation by CGRP8-37 suggests that CGRP1 receptors 

couple to PKA activation and NMDA receptor function. (4) Chemical inactivation of the 

CeLC by CGRP8-37 inhibited spinally (withdrawal reflexes) and supraspinally 

(vocalizations) organized pain behavior in awake animals. (5) Exogenous CGRP 

facilitated synaptic transmission at the PB-CeLC synapse, mimicking pain-related 

synaptic plasticity. (6) CGRP effects are mediated by a postsynaptic mechanism as 

evidenced by mEPSC and PPF analysis. (7) Exogenous application of CGRP into the 

CeLC increased pain-related vocalizations in awake animals. (8) Selective inhibitors of 

PKA and MEK (ERK1/2), but not PKC, inhibited synaptic plasticity and behavioral 

changes in the arthritis pain model. (9) Inhibitors of PKA and MEK (ERK1/2), but not 

PKC, reversed CGRP-induced synaptic facilitation and behavioral changes.  
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ROLE OF THE AMYGDALA IN PAIN PROCESSING 

The amygdala is well positioned to play an important role in the clinically 

relevant and well-documented reciprocal relationship between pain and emotional-

affective states (Rhudy and Meagher, 2001; Gallagher and Verma, 2004; Rhudy et al., 

2005). The amygdala is critically involved in mechanisms of fear, anxiety and depression 

(Davis, 1998; Davidson et al., 1999; LeDoux, 2000; Rodrigues et al., 2004). More recent 

research has linked the amygdala also to the pain system (see Neugebauer et al., 2004). 

Neuroimaging pain studies using positron emission tomography (PET) and functional 

magnetic resonance imaging (fMRI) have repeatedly identified pain-related signal 

changes in the amygdala in animals and humans (Porro, 2003). The experimental 

conditions included the application of brief noxious heat stimuli to the skin of humans 

(Derbyshire et al., 1997; Becerra et al., 1999; Bingel et al., 2002; Bornhovd et al., 2002), 

vascular pain induced in humans by balloon dilatation of a dorsal foot vein (Schneider et 

al., 2001), noxious colorectal stimulation in patients with irritable bowel syndrome 

(Bonaz et al., 2002; Naliboff et al., 2003; Mayer et al., 2005), and mechanical allodynia 

in neuropathic pain patients (Petrovic et al., 1999) and in a rat model of peripheral 

mononeuropathy (Paulson et al., 2002). In these studies both activation and deactivation 

(“negative activation”) were measured.  

 

Pain modulation by the amygdala 
The central nucleus of the amygdala (CeA), including its latero-capsular division 

(CeLC), forms direct and indirect connections with descending pain-modulating systems 

in the brainstem (Fig. 2). Descending pain control systems centered on the periaqueductal 

gray (PAG) and rostroventral medulla (RVM) network can be inhibitory (anti-

nociceptive) as well as facilitatory (pro-nociceptive) (Heinricher and McGaraughty, 

1999; Gebhart, 2004; Suzuki et al., 2004; Vanegas and Schaible, 2004). Electrical or 

chemical activation of the CeA has been shown to excite some neurons in the PAG and 

inhibit others (Da Costa Gomez and Behbehani, 1995). Activity in the amygdala can be 
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modified by negative and positive emotions, which in turn can reduce (acute stress, fear; 

pleasant music) or enhance (anxiety and depression) pain (Rhudy and Meagher, 2000; 

2001; Neugebauer et al., 2004; Rhudy et al., 2005). The dependence of amygdala activity 

on affective state and the dual coupling of the amygdala to pain inhibition and facilitation 

may be an important mechanism for the differential modulation of sensory experience 

and pain by affective state and disorders.  

Although a substantial number of studies suggested a role of the amygdala in 

various forms of analgesia (Helmstetter, 1992; Helmstetter and Bellgowan, 1993; Fox 

and Sorenson, 1994; Werka, 1997; Watkins et al., 1998; Crown et al., 2000), it has 

become clear that the amygdala can also contribute to the generation and enhancement of 

pain responses (see Neugebauer et al., 2004). Unilateral excitotoxin-induced lesions of 

the CeA significantly inhibited the second, but not the first, phase of formalin-induced 

pain behavior (Manning, 1998), although it should be noted that no significant effect was 

detected in earlier studies (Helmstetter, 1992; Manning and Mayer, 1995). In that study, 

nociceptive scores (flinches) were reduced in rats with ipsilateral CeA lesions compared 

to non-lesioned “sham” rats (Manning, 1998). Conversely, chronic activation of 

glucocorticoid and mineralocorticoid receptors by corticosterone administration into the 

CeA (stereotaxic implants) produced visceral hypersensitivity, which was paralleled by 

increased indices of anxiety (Greenwood-Van Meerveld et al., 2001). Rats with 

corticosterone implants spent significantly less time in the open arm of the plus maze 

assay than control (cholesterol implanted) rats, which is consistent with enhanced 

anxiety-like behavior. The elevated plus maze contains two open and two closed arms, 

which are arranged in the shape of a cross (“plus” sign). Animals have free access to each 

arm but normally prefer the closed arms. Either forced or voluntary passage onto the 

open arms is associated with physiological and behavioral indices of anxiety. The 

tendency to stay in the closed arms can be enhanced by anxiety-provoking compounds. 

Therefore, the time spent in the enclosed rather than the open arms serves as a measure of 

anxiety (Hogg, 1996; Rodgers and Dalvi, 1997). Stimulation of the CeA with 

corticosterone also produced increased visceromotor responses to colorectal distension in 
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normal rats and mimicked the visceral hypersensitivity that followed the sensitization of 

the colon with intracolonic acetic acid. These data suggest an important pro-nociceptive 

role of the amygdala, presumably the CeA, in the development of visceral 

hypersensitivity (Greenwood-Van Meerveld et al., 2001). They are also consistent with 

the hypothesis that the amygdala serves as an interface between pain and negative affect 

such as anxiety.  

Subsequent studies provided evidence to suggest that the amygdala-evoked 

visceral hypersensitivity involves the sensitization of spinal dorsal horn neurons through 

amygdala-dependent descending facilitation. In rats with elevated glucocorticoid levels in 

the CeA, spinal neurons with nociceptive visceral input from the colon or the urinary 

bladder showed greater and longer-lasting excitatory responses to colorectal and urinary 

bladder distension, respectively, compared to control (cholesterol implanted) rats (Qin et 

al., 2003a; 2003b; 2003c). Importantly, the amygdala-evoked sensitization of spinal 

neurons to visceral stimulation did not require altered visceral receptor sensitivity or 

primary afferent sensitization since the visceral tissue was not inflamed or injured in 

these animals. These data add strong support to the concept that the amygdala regulates 

descending facilitatory pathways to increase pain processing and contributes to chronic 

pain through the generation and maintenance of central sensitization in the spinal cord. 

The results of the present research project support such a pain facilitating role of the 

amygdala (see below). 

 

Electrophysiological and synaptic properties of neurons in the CeA 
Relatively few studies have attempted to classify CeA neurons based on their 

electrophysiological properties (Schiess et al., 1993; Schiess et al., 1999; Sah et al., 2003; 

Lopez de Armentia and Sah, 2004). Tow major classes of neurons have been described 

consistently based on their action potential firing pattern (spike accommodation). Non-

accommodating neurons fire continuously throughout a prolonged depolarizing current 

injection (500 ms) without adaptation. Accommodating neurons generate only a few 

action potentials during the initial stage of a prolonged current injection. A third type of 
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neurons (late firing) shows a similar firing pattern as non-accommodating neurons except 

for a noticeable delay before the first action potential. One common finding among those 

studies is the fact that the vast majority of neurons in the CeA show no spike 

accommodation. There is some evidence for at least 2 subgroups of non-accommodating 

neurons based on their resting membrane potential, size of afterdepolarization and 

kinetics of afterhyperpolerization (Zhu and Pan, 2004). These neurons are 

morphologically similar to the peptide-containing neurons that send projections to the 

basal forebrain, midbrain and brainstem nuclei (Schiess et al., 1999). The neurons in the 

present study were non-accommodating (see Fig. 7 and 11). Importantly, at least one 

third of neurons that are targeted by CGRP containing terminals of afferents from the 

parabrachial area (PB) also contain corticotropin-releasing factor (Harrigan et al., 1994). 

Taken together, the neurons described in this project are likely peptidergic projection 

neurons. It is not known, however, if these neurons also contain glutamate or γ-amino 

butyric acid (GABA) and form excitatory or inhibitory connections.  

The different cell types do not appear to have different synaptic properties (Zhu 

and Pan, 2004). Anatomical, neurochemical and electrophysiological evidence (Nose et 

al., 1991; Swanson and Petrovich, 1998; Sah et al., 2003) suggests a dominant 

glutamatergic projections from the BLA to the CeA. The pharmacology of synaptic 

inputs from the PB has not been described before, but immunohistochemical studies 

showed nerve fibers from the PB to the CeA contain CGRP, substance P, neurotensin and 

enkephalin (Yamano et al., 1988; Block et al., 1989; Harrigan et al., 1994). Our previous 

electrophysiological studies showed the PB-CeA synapse is also glutamatergic 

(Neugebauer et al., 2003; Han et al., 2004; Bird et al., 2005). The glutamatergic synaptic 

inputs from the BLA and PB are largely mediated by non-NMDA receptors with little or 

no contribution of NMDA receptors (Zhu and Pan, 2004; Bird et al., 2005). Some studies 

showed also a GABAergic inhibitory postsynaptic current (IPSC) evoked in CeA neurons 

by stimulation of the BLA, possibly through GABAergic cells in the intercalated cell 

mass (Royer et al., 1999; Collins and Pare, 1999). The GABAergic IPSC may require 

high intensity stimulation (Zhu and Pan, 2004) and was not apparent in the present study. 



 

 74 

Other inhibitory inputs presumably come from the bed nucleus of the stria terminalis 

(Dong et al., 2001). This pathway forms somatic synapses that express only GABAA 

receptors (Delaney and Sah, 2001). The subdivisions of the central nucleus also have 

extensive intradivisional connections (Jolkkonen and Pitkanen, 1998). Many of these 

neurons are thought to be GABAergic (Nitecka and Ben-Ari, 1987; McDonald and 

Augustine, 1993). However, the functional importance of these intradivisional 

connections is not well understood. 

 

Mechanisms of pain-related plasticity in the CeLC 
Our previous studies were the first to show neuro-plastic changes in the amygdala 

in persistent pain (Neugebauer and Li, 2003; Neugebauer et al., 2003; Han and 

Neugebauer, 2004; Li and Neugebauer, 2004a; Li and Neugebauer, 2004b; Bird et al., 

2005). Using the arthritis pain model, plasticity was measured as increased synaptic 

transmission in the nociceptive parabrachio-amygdaloid pathway, enhanced processing of 

nociceptive signals (sensitization), and increased neuronal excitability of CeLC neurons, 

which would result in increased output functions of the amygdala.  

Electrophysiological studies of CeLC neurons in anesthetized animals in vivo (Li 

and Neugebauer, 2004a; Li and Neugebauer, 2004b) and in brain slices in vitro 

(Neugebauer et al., 2003; Han et al., 2004; Bird et al., 2005) showed important roles of 

G-protein coupled metabotropic glutamate receptors (mGluRs) and ionotropic glutamate 

receptors of the NMDA-type. Agonists for mGluR1/5 (DHPG) and mGluR5 (CHPG) 

potentiated normal synaptic transmission in vitro and increased responses of CeLC 

neurons to peripheral stimuli in vivo. In slices from arthritic rats (6 h postinduction), the 

effects of DHPG, but not CHPG, increased, suggesting an enhanced function of mGluR1 

rather than mGluR5 in pain-related synaptic plasticity in the CeLC (Neugebauer et al., 

2003). Likewise, DHPG, but not CHPG, increased the responses of sensitized CeLC 

neurons during arthritis more potently than under normal conditions (Li and Neugebauer, 

2004a). Importantly, these agents had no direct effect on membrane properties and 

neuronal excitability but reduced paired-pulse facilitation (PPF), suggesting a pre- rather 
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than post-synaptic site of action (Neugebauer et al., 2003). A selective mGluR1 

antagonist (CPCCOEt) had no effect on normal synaptic transmission in CeLC neurons in 

slices from normal rats but inhibited synaptic plasticity in slices from arthritic rats. A 

selective mGluR5 antagonist (MPEP) inhibited normal synaptic transmission as well as 

synaptic plasticity (Neugebauer et al., 2003). A parallel in vivo study showed more 

pronounced changes of CPCCOEt than MPEP effects in sensitized CeLC neurons in the 

arthritis pain state (Li and Neugebauer, 2004a). Thus, enhanced endogenous activation of 

presynaptic mGluR1 appears to be an important mechanism of pain-related synaptic 

plasticity in the CeLC.  

A group III agonist (LAP4) inhibited synaptic transmission more potently in 

CeLC neurons from arthritic rats than in control neurons from normal animals (Han et al., 

2004). LAP4 had no significant effects on membrane properties but increased paired-

pulse facilitation (PPF), suggesting a presynaptic site of action. The analysis of mEPSC 

further verified a presynaptic action by showing that mEPSC frequency, but not 

amplitude, changed. The inhibitory effects of LAP4 were reversed by a selective group 

III mGluR antagonist (UBP1112). These data suggest that presynaptic group III mGluRs 

can modulate pain-related synaptic plasticity in the CeLC. The role of group II mGluRs 

in the CeLC remains to be determined. Presynaptic modulation of mGluRs can regulate 

the release of glutamate and other transmitters and modulators, including neuropeptides 

such as CGRP (Cartmell and Schoepp, 2000).  

Mechanisms of pain-related synaptic plasticity in the CeLC also involve 

postsynaptic changes of NMDA receptor function in the arthritis pain model (Bird et al., 

2005). Synaptic plasticity in brain slices from arthritic animals, but not normal synaptic 

transmission in control neurons, was inhibited by a selective NMDA receptor antagonist 

(AP5). Electrophysiological recordings in vivo showed that AP5 inhibited the enhanced 

responses of sensitized CeLC neurons to noxious stimulation in the arthritis pain state (Li 

and Neugebauer, 2004b). An NMDA-receptor-mediated synaptic component was 

recorded in CeLC neurons from arthritic animals, but not in control neurons, and was 

blocked by inhibitors of PKA (KT5720) but not PKC (GF109203X). Exogenous NMDA 
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evoked a larger inward current in neurons from arthritic animals than in control neurons, 

indicating enhanced function of postsynaptic receptors. PPF, a measure of presynaptic 

mechanisms, was not affected by AP5. Western blot analysis showed increased levels of 

phosphorylated NMDA-receptor 1 (NR1) subunit protein, but not of total NR1, in the 

CeA of arthritic rats compared to controls. These results suggest that pain-related 

synaptic plasticity and sensitization in the CeLC are accompanied by PKA-mediated 

activation of postsynaptic NMDA-receptor function and increased phosphorylation of 

NR1 subunits (Li and Neugebauer, 2004b; Bird et al., 2005).  

 

Behavioral consequences of pain-related plasticity 
The behavioral consequences of amygdala activity in persistent pain were largely 

unknown until recently. Chemical inactivation of the CeLC by agents that are now known 

to inhibit pain-related sensitization and synaptic plasticity also inhibited spinally and 

supraspinally organized behavioral responses in a model of arthritic pain (Han and 

Neugebauer, 2005). Spinal withdrawal reflexes and supraspinally organized audible and 

ultrasonic vocalizations increased in the arthritis pain state. Audible vocalizations evoked 

by noxious stimuli represent a nocifensive response whereas ultrasonic vocalizations 

reflect affect-related behavior (see discussion in Han et al., 2005; Han and Neugebauer, 

2005). Administration of an antagonist selective for mGluR1 (CPCCOEt) into the CeLC 

inhibited vocalizations during stimulation (VDS), which are organized at the brainstem 

level, and vocalizations that continue after stimulation (VAD; afterdischarges), which are 

organized in the limbic forebrain, particularly the amygdala (Borszcz and Leaton, 2003; 

Han and Neugebauer, 2005). CPCCOEt in the CeLC also increased the threshold of 

spinally mediated hindlimb withdrawal reflexes. Block of mGluR5 in the CeLC with a 

selective antagonist (MPEP) inhibited only VAD but had no effect on VDS and 

withdrawal reflexes. These findings suggest pharmacologically distinct mechanisms in 

the CeLC are involved in the modulation of pain behavior organized at different levels of 

the pain neuraxis (spinal cord, brainstem, limbic forebrain). These data also show that the 



 

 77 

endogenous activation of the CeLC in persistent pain contributes to enhanced nociceptive 

processing and pain behavior.  

The present research project shows that manipulations of another important 

molecule, the non-opioid neuropeptide CGRP and its receptors, can modulate pain-

related behavior. Chemical inactivation of the CeLC by a CGRP1 receptor antagonist 

inhibited nocifensive and affective behaviors organized at supra-spinal and spinal levels, 

further suggesting a descending facilitatory role of the amygdala in pain-related 

plasticity. Chemical activation of the CeLC by exogenous CGRP produced pain behavior, 

mimicking the effect of the arthritis pain state. Although differences in experimental 

conditions, pain models, pain tests, and outcome measures need to be considered in this 

and previous studies, it appears that the amygdala, including the CeLC, has a dual pain-

modulating function, which may play an important role in the reciprocal relationship 

between pain and negative affect (see above). 

 

Contribution of the amygdala to the emotional component of pain 
The amygdala is a key player in emotionality. Emotions are complicated 

collections of chemical, physiological and behavioral responses to changes in the internal 

and external bodily environment (Damasio, 2000; Adolphs, 2002; Craig, 2005). Pain is a 

multi-dimensional experience that includes nociceptive (“pain sensation”) and emotional-

affective (“pain affect”) components  (Damasio, 2000; Meagher et al., 2001; Craig, 

2005). As mentioned earlier, the CeLC is well positioned to serve as an integrative brain 

structure of sensory and affective components of pain. The CeLC receives nociceptive 

subcortical inputs from the brainstem and spinal cord whereas highly processed 

polymodal information comes from the cortex and thalamus through the LA and BLA 

nuclei, which are part of the fear-anxiety circuitry (Fig. 1). Therefore, different 

components of pain-related information merge in the CeLC. 

The CeA is also the common output nucleus of the amygdalar complex. The 

CeLC forms widespread connections with the brainstem, hypothalamus, midline and 

mediodorsal thalamic nuclei, forebrain structures and cortical areas (Fig. 2) (Pitkanen et 
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al., 1997; Price, 2003). Projections to the hypothalamus may be related to the autonomic 

and endocrine responses to emotional stimuli and pain such as changes in blood pressure, 

heart rate, respiratory pattern and corticosteroid release (Davis, 1998; LeDoux, 2000; Sah 

et al., 2003). Projections to the brainstem, including the PAG and RVM, are important for 

the expression of emotional behaviors and can modulate spinal nociceptive processing as 

part of a well documented descending pain control system (Da Costa Gomez and 

Behbehani, 1995; Manning, 1998; Heinricher and McGaraughty, 1999; Gebhart, 2004). 

The CeLC projects extensively to the substantia innominata dorsalis, which forms 

widespread connections with the cholinergic and noradrenergic basal forebrain nuclei, 

orbital and medial prefrontal cortices, agranular insular cortex and bed nucleus of the 

stria terminalis (Bourgeais et al., 2001; Price, 2003). These connections may transmit 

information related to affective states such as fear, anxiety, depression, stress, anger and 

resignation, which are known consequences of persistent pain. Pain-related affective 

content can also alter the level of attention, vigilance and arousal and may gain access to 

memory processes. Conversely, cortical interaction with the amygdala may be a 

mechanism by which negative and positive emotions and emotions with low and high 

arousal can modulate pain and pain behavior (Rhudy and Meagher, 2001; Rhudy et al., 

2005). Therefore, the reciprocal connections with the cortex allow the amygdala to 

contribute to the experience and evaluation of pain and to the conscious and cognitive 

modulation of behavior to avoid pain (Flor et al., 1990; Davidson et al., 1999; LeDoux, 

2000). The prefrontal cortex is known to be important for conscious decision-making 

processes to obtain reward, avoid punishment and implement long-term plans (Rolls, 

2000). This hypothesis is supported by the fact that the CeA is essential for the 

expression of fear conditioned behavior and fear memories, which are often associated 

with noxious stimuli (LeDoux, 2000; Sah et al., 2003).  
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ROLE OF CGRP IN THE AMYGDALA IN PAIN-RELATED PLASTICITY 
AND BEHAVIOR 

CGRP and its receptors 
CGRP is a 37 amino acid peptide derived from the calcitonin (CT)/CGRP gene in 

chromosome 11. Alternative splicing of the primary RNA transcript leads to tissue-

specific translation to two distinct peptides, CGRP and CT (Wimalawansa, 1996). CGRP 

is often colocalized with other substances. Colocalization with substance P in the CNS 

and periphery has been reported frequently (Goodman and Iversen, 1986; Poyner, 1992; 

Ma et al., 2001). Colocalization with vasoactive intestinal peptide, somatostatin and 

neuropeptide Y also has been observed (Ekblad et al., 1988; Kummer and Heym, 1991). 

CGRP containing primary afferent terminals form synapses on spinothalamic tract cells 

in the spinal cord (Carlton et al., 1990). Some glutamatergic primary afferents which 

contain dense-core vesicles coexpress substance P and/or CGRP (De and Rustioni, 1988; 

Merighi et al., 1991). Thus, glutamate and these peptides are presumably co-released in 

the spinal cord (De and Rustioni, 1990). The extensive codistribution with other 

substances has been taken to suggest a role of CGRP as a neuromodulator rather than an 

independent neurotransmitter. The present study shows that CGRP modulates 

glutamatergic transmission. The relatively rapid time course of CGRP effects in this 

study may suggest that CGRP can also act as a transmitter.  

The half-life of CGRP in mammalian plasma is approximately 10 minutes 

(Kraenzlin et al., 1985; Struthers et al., 1986). Many target cells for CGRP contain a cell 

surface enzyme, the neutral endopeptidase (enkephalinase), that can cleave CGRP 

(Katayama et al., 1991; Wimalawansa, 1996; McDowell et al., 1997; Kramer et al., 

2005). The other major substrates for this enzyme include substance P, neurontensin and 

neurokinin-A (Wimalawansa, 1996). The competition for the same degradation pathway 

may be an underlying mechanism by which CGRP potentiates the actions of other 

neuropeptides.  

CGRP activates adenylyl cyclase and PKA through G-protein-coupled receptors, 

including the CGRP1 receptor for which selective antagonists are available (see Chapter 
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1) (Wimalawansa, 1996). Pharmacologically two classes of CGRP receptors have been 

proposed, termed CGRP1 and CGRP2 receptors, respectively, which have no significant 

affinity for calcitonin-like peptides (Poyner, 1996; Wimalawansa, 1996; Oliver et al., 

1998; Hasbak et al., 2003). Antagonists selective for the CGRP1 receptor include the C-

terminal peptide fragment CGRP8-37 and the novel non-peptide compound BIBN4096BS 

(Poyner, 1996; Wimalawansa, 1996; Van Rossum et al., 1997; Doods et al., 2000).  

 

Pain modulation by CGRP 
The role of CGRP in spinal pain mechanisms is well-documented in a variety of 

experimental pain models with histological, electrophysiological and behavioral 

approaches, including inflammatory pain (Sluka et al., 1992; Sluka and Westlund, 1993; 

Neugebauer et al., 1996; Schaible, 1996; Zhang et al., 2001; Sun et al., 2003; Winston et 

al., 2005), neuropathic pain (Carlton and Coggeshall, 1996) and spinal cord injury 

(Christensen and Hulsebosch, 1997; Bennett et al., 2000). Spinal application of CGRP 

induced sensitization of spinal dorsal horn neurons to stimulation of the skin and deep 

tissue, which was reversed by a CGRP1 receptor antagonist (CGRP8-37) (Neugebauer et 

al., 1996; Ebersberger et al., 2000; Sun et al., 2004a). Spinal application of CGRP8-37 

prevented and reversed the central sensitization of dorsal horn neurons induced by 

intradermal capsaicin injection (Sun et al., 2004a). Focal ionophoretic administration of 

CGRP8-37 into the dorsal horn also reduced the responses of sensitized dorsal horn 

neurons to mechanical stimulation of the knee and other deep tissues in the arthritis pain 

model (Neugebauer et al., 1996). In behavioral studies, intrathecal administration of an 

antiserum against CGRP reversed heat and mechanical hyperalgesia induced by 

intraplantar adjuvant or subcutaneous carrageenan (Kawamura et al., 1989). Spinal 

administration of CGRP8-37 by microdialysis reduced secondary mechanical allodynia 

and hyperalgesia induced by intradermal capsaicin injection (Sun et al., 2003).  

Some evidence from immunohistochemical and electrophysiological studies also 

suggests a pronociceptive role of CGRP in primary afferents (dorsal root ganglion cells) 

(Ryu et al., 1988; Galeazza et al., 1995; Kilo et al., 1997; Natura et al., 2005). Still, most 
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information about pain modulation by CGRP has come from studies on spinal pain 

mechanisms. The role of CGRP in the brain is largely unknown, although CGRP and 

CGRP1 receptors are present in the brain with particularly high levels in the CeLC 

(Schwaber et al., 1988; Kruger et al., 1988; Harrigan et al., 1994; de Lacalle and Saper, 

2000). 

 

Role of CGRP in the amygdala 
CGRP and its receptors typically couple to the activation of the cAMP-PKA 

signaling pathway. PKA-dependent enhanced function of postsynaptic NMDA receptors 

plays an important role in pain-related plasticity in the CeLC (Bird et al., 2005). 

Therefore, this research project tested the hypothesis that CGRP serves as a critical 

molecule that links pre- and postsynaptic mechanisms of pain-related plasticity in the 

CeLC and contributes to pain behavior organized at different levels of the pain neuraxis. 

The predominant if not exclusive source of CGRP in the amygdala (CeA) is the lateral 

parabrachial area (Schwaber et al., 1988; Kruger et al., 1988; Harrigan et al., 1994; de 

Lacalle and Saper, 2000), which is part of the spino-parabrachio-amygdaloid pain 

pathway (Bernard and Bandler, 1998). CGRP-immunoreactive terminals target 

specifically the CeLC and innervate CeLC neurons that project to brainstem areas such as 

the PAG (Schwaber et al., 1988; Harrigan et al., 1994; Xu et al., 2003). The central 

nucleus of the amygdala also contains particularly high levels of CGRP binding sites 

(Van Rossum et al., 1997; Oliver et al., 1998) but no CGRP mRNA expressing or CGRP 

immunoreactive neurons (Van Rossum et al., 1997). This mismatch suggests that the 

endogenous activation of CGRP receptors observed in the present study is due to CGRP 

release from the spino-parabrachio-amygdaloid pain pathway but not from intrinsic 

circuits. 

Our electrophysiological data show the critical involvement of CGRP in the 

synaptic transmission of pain-related information in CeLC neurons in the arthritis model 

of persistent pain. Our behavioral studies further suggest that block of CGRP1 receptors 

in the CeLC inhibits spinally and supraspinally organized pain behavior, which is 
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consistent with the inhibition of amygdala-mediated descending pain facilitation 

(Neugebauer et al., 2004; Gebhart, 2004; Vanegas and Schaible, 2004). Accordingly, 

exogenous CGRP administration into the CeLC had pronociceptive effects, increasing 

transmission at the nociceptive PB-CeLC synapse and producing pain behavior.  

Our data further suggest that CGRP1 receptor activation occurs at a post- rather 

than presynaptic site. CGRP8-37 inhibited action potential firing evoked by direct 

depolarizing current injections into the neuron (postsynaptic site) while exogenous CGRP 

enhanced action potential firing. Also, CGRP8-37 inhibited the membrane currents evoked 

by the application of NMDA, but not AMPA. 

Paried pulse facilitation (PPF), a measure of transmitter release probability was 

not affected by either CGRP or CGRP8-37. PPF is directly dependent on the intracellular 

calcium level. A transient increase of the residual calcium level in the presynaptic 

terminal is generally thought to be the mechanism underlying PPF (Katz and Miledi, 

1968; Charlton et al., 1982; Wu and Saggau, 1994). Presynaptic manipulations such as 

decreasing the external [Mg2+]/[Ca2+] ratio, have been shown to decrease PPF (Katz and 

Miledi, 1968; Creager et al., 1980; Kuhnt and Voronin, 1994), while postsynaptic 

manipulations that affect the amplitude of excitatory postsynaptic currents (EPSCs) had 

little influence on PPF (Manabe et al., 1993).  

Amplitude distribution (quantal size), but not frequency, of spontaneous miniature 

EPSCs (mEPSCs) was altered by CGRP and CGRP8-37. The analysis of spontaneous 

miniature synaptic potentials was used to discover the quantal nature of synaptic 

transmission when recordings were made at the neuro-muscular junction (Fatt and Katz, 

1952; Del and Katz, 1954). These studies provided evidence that transmitter is released in 

packets or "quanta," each of them containing thousands of transmitter molecules. Each 

quantum of transmitter produces a postsynaptic potential of fixed size, called quantal 

synaptic potential. The total postsynaptic potential is made up from an integral number of 

quantal responses. According to the quantal transmitter release theory, presynaptic 

changes can be attributable to changes in the number of release sites and/or probability of 

release from those sites. Changes in release probability can be assessed by analysis of 



 

 83 

frequency, while postsynaptic changes modulate the size of the postsynaptic response to 

one vesicle of transmitter, which alters the quantal amplitude (Fatt and Katz, 1952). 

Taken together, these findings suggest a postsynaptic action of CGRP through 

modulation of NMDA receptor channel activity. 

The low nanomolar affinities of CGRP and CGRP8-37 measured in the present 

study are consistent with the binding to the calcitonin receptor-like receptor (CRLR) 

component of the CGRP1 receptor (see Chapter 1; Oliver et al., 1998; Hasbak et al., 

2003). The change in efficacy of CGRP8-37 in the arthritis pain model can be the result of 

increased CGRP release as well as CGRP-receptor component protein (RCP)-mediated 

enhanced coupling of the CGRP1 receptor to second messengers, including PKA 

activation. 

Whereas our studies suggest that endogenous activation of CGRP1 receptors in 

the amygdala produces pain behavior through descending facilitation, one behavioral 

study reported antinociceptive effects of exogenous CGRP administration into the central 

nucleus of the amygdala (Xu et al., 2003). However, these experiments were done in 

normal rats (not in a pain model). Furthermore, drugs were administered into the left 

amygdala. In the present study we targeted the right amygdala because our previous 

electrophysiological in vivo and in vitro studies showed pain-related plasticity in the right 

amygdala (Neugebauer and Li, 2003; Neugebauer et al., 2003) and our behavioral data 

indicated that the right amygdala is coupled to pain facilitation in the arthritis pain model 

(Han and Neugebauer, 2005). This is consistent with a strong contralateral projection of 

the spino-parabrachio-amygdaloid pain pathway (Bernard and Bandler, 1998; 

Neugebauer et al., 2004) (arthritis was induced in the left knee in this and our previous 

studies). It remains to be determined if lateralization or differences between normal 

conditions and persistent pain can account for this difference. 
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SIGNAL TRANSDUCTION MECHANISMS OF CGRP IN THE AMYGDALA  

Role of PKA, PKC and ERK1/2 in pain modulation 
PKA, PKC and ERK1/2 have been shown to be involved in central sensitization 

(Hu and Gereau, 2003; Ji et al., 2003). Spinal application of a PKA activator induced 

allodynia and hyperalgesia in behavioral experiments (Sluka, 1997). Activation of PKA 

also increased the responses of spinothalamic tract cells to mechanical stimuli (Lin et al., 

2002). Enhanced responses of spinothalamic tract neurons were observed with spinal 

microdialysis application of a PKC activator whereas an inhibitor of PKC prevented 

central sensitization (Lin et al., 1996). Similarly, in vitro preparations showed that PKA 

and PKC produce a long-lasting enhancement of excitatory responses of dorsal horn 

neurons (Chen and Huang, 1991; Chen and Huang, 1992; Cerne et al., 1992; Yang et al., 

2004). PKA and PKC can induce NMDA receptor phosphorylation in the spinal cord and 

modulate A-type K+ currents, thus enhancing neuronal excitability (Zou et al., 2002; Hu 

and Gereau, 2003; Hu et al., 2003; Zou et al., 2004). Inhibition of PKA and PKC has 

been shown to block the development of mechanical allodynia and thermal hyperalgesia 

in models of inflammatory pain (Sluka et al., 1997a; Sluka et al., 1997b; Sun et al., 

2004b; Jones and Sorkin, 2005).  

PKA and PKC are also upstream activators of the MAP kinases ERK1/2 (Kolch, 

2000; Hu et al., 2003). ERK1/2 have been shown to mediate changes of neuronal 

excitability and ion channel activity by PKA and PKC (Hu and Gereau, 2003). In the 

nervous system, ERK1 and ERK2 are activated by the upstream kinases MEK1/2 and 

transduce extracellular signals into intracellular functional changes by transcriptional and 

non-transcriptional (phosphorylation) modifications (Cano and Mahadevan, 1995; Impey 

et al., 1999). ERK1/2 play an important role in various forms of synaptic plasticity in the 

central nervous system, including long-term potentiation (LTP) in the hippocampus 

(English and Sweatt, 1996; English and Sweatt, 1997; Atkins et al., 1998; Impey et al., 

1999; Sweatt, 2004). ERK1/2 are also involved in central sensitization in a variety of pain 

models. Intense noxious peripheral stimuli or electrical C-fiber activation induced 
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ERK1/2 activation most predominantly in lamina I and II of the dorsal horn. Conversely, 

inhibition of ERK1/2 phosphorylation by a MEK inhibitor reduced the second phase of 

formalin-induced pain behavior, which reflects central sensitization (Ji et al., 1999). The 

involvement of ERK1/2 activation has been observed in models of neuropathic pain (Ma 

and Quirion, 2002; Kominato et al., 2003) as well as inflammatory pain (Ji et al., 1999; 

Karim et al., 2001; Ji et al., 2002; Adwanikar et al., 2004). These studies suggest an 

important role of ERK1/2 and its upstream activation in nociceptive plasticity.  

Interestingly, activation of ERK1/2 has also been observed in the central nucleus 

of the amygdala by peripheral inflammation (Gereau lab, unpublished observation). Our 

data show that PKA and ERK1/2 activation in the amygdala is necessary for the 

development of pain behavior and synaptic plasticity in the arthritis pain model. 

Inhibition of PKA and MEK in naïve animals did not affect synaptic transmission and 

behavioral responses. However, arthritis-induced synaptic plasticity and behavioral 

changes were reversed by PKA and MEK inhibitors. This observation is consistent with 

in vivo studies in the spinal cord, which showed that a PKA inhibitor increased 

mechanical paw withdrawal thresholds only in the state of CGRP- or capsaicin-induced 

hyperalgesia but not under normal conditions (Sun et al., 2004a; Sun et al., 2004b). 

Therefore, PKA and ERK1/2 do not appear to play major roles under normal conditions 

but undergo plastic changes in central sensitization and contribute to synaptic plasticity 

and behavioral changes in persistent pain states.  

 

Intracellular signaling of CGRP  
Several mechanisms of cellular effects of CGRP have been proposed. CGRP 

enhanced the excitatory effects of substance P (SP) on dorsal horn neurons (Biella et al., 

1991). CGRP application in slice preparations of the spinal dorsal horn and cultured 

dorsal root ganglion (DRG) cells caused enhanced excitability and a slow, dose-

dependent depolarization that was not prevented by blockage of Na+ and K+ currents 

(Ryu et al., 1988). CGRP potentiated both amplitude and duration of Ca2+-spikes in DRG 

neurons, which may be responsible for increased synaptic transmission (Ryu et al., 1988). 



 

 86 

Neuronal plasticity involving changes in activity of ion-channels, cellular excitability and 

synaptic transmission is mediated by various intracellular transduction mechanisms such 

as the PKA and PKC pathways (Evans et al., 2001; Hu et al., 2003; Yang et al., 2004). 

PKA and PKC can serve as upstream regulators of MEK and ERK1/2, resulting in ion 

channel activity changes and/or transcriptional modifications (Kolch, 2000; Hu et al., 

2003). 

The present study shows that CGRP serves as the critical molecule to link pre- 

and postsynaptic mechanisms of pain-related plasticity in the CeLC and contributes to 

pain behavior organized at different levels of the pain neuraxis. In the spinal cord, it has 

been demonstrated that CGRP-induced hyperalgesia and central sensitization are 

attenuated by inhibition of PKA and PKC (Sun et al., 2003; Sun et al., 2004b). Our 

previous (Bird et al., 2005) and present patch-clamp studies in CeLC neurons show that 

PKA is involved in the postsynaptic activation of NMDA receptors, CGRP-induced 

plasticity and behavior and pain-related synaptic plasticity and behavior. Importantly, the 

synaptic component inhibited by block of PKA and/or CGRP1 receptors was comparable 

to that mediated by NMDA receptors in CeLC plasticity shown previously (Bird et al., 

2005), suggesting the selective involvement of PKA and CGRP1 receptors in NMDA-

mediated synaptic plasticity. This conclusion is also supported by the direct inhibitory 

effect of CGRP8-37 on NMDA-, but not AMPA-, evoked membrane currents. Importantly, 

a differential effect of CGRP8-37 on NMDA- versus AMPA-evoked responses has also 

been observed in spinal dorsal horn neurons (Ebersberger et al., 2000).  

Enhanced synaptic transmission and vocalizations evoked by exogenous CGRP 

were reversed by inhibition of PKA and MEK, further supporting the involvement of the 

PKA-MEK1/2-ERK1/2 pathway in the actions of CGRP. Although mechanisms of 

synaptic plasticity mediated through this proposed pathway remain unknown, possible 

consequences of intracellular activation of PKA and ERK1/2 can be the phosphorylation 

of several ligand- or voltage-gated ion channels, including NMDA receptors and A-type 

K+ channels (Hu et al., 2003; Bird et al., 2005). In contrast, inhibition of PKC had no 

significant effect on CGRP- and arthritic pain-induced plasticity and behavior. Lack of 
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effect of PKC inhibition in our study needs further consideration. A recent study 

suggested that both PKA and PKC are involved in CGRP-evoked hyperalgesia and 

increased responses spinal dorsal horn neurons (Sun et al., 2004b). It remains to be 

determined if this discrepancy suggests different mechanisms of CGRP action at different 

levels of the pain neuraxis.  

 

CONCLUSIONS 

The present study shows for the first time that CGRP and CGRP1 receptors in the 

CeLC are critically involved in pain-related plasticity of CeLC neurons via the PKA-

MEK-ERK1/2 pathway. The consequences of the CGRP-activated signal transduction 

cascade are increased nocifensive and affective responses (audible and ultrasonic 

vocalizations, respectively). Therefore, CGRP and intracellular signaling messengers in 

the amygdala may be important therapeutic targets for pain relief. The present study also 

makes a major contribution to the better understanding of the pain-affect relationship by 

providing valuable novel information about mechanisms of plasticity in the nociceptive 

amygdala and their behavioral consequences. Affective disorders such as anxiety and 

depression can increase the duration and intensity of pain (Huyser and Parker, 1999). 

They can also modify activity in the amygdala, particularly the circuitry in the lateral and 

basolateral nuclei (Davidson et al., 1999; Lin et al., 2000). If affective states and 

disorders can mimic pain-related plasticity in the amygdala, they would be able to gain 

access to pain modulation through the nociceptive amygdala. Although this hypothesis 

awaits further exploration, the present study offers possible cellular mechanisms and 

behavioral consequences of the pain-affect interaction in the nociceptive amgydala. Our 

proposed model (Fig. 42) summarizes mechanisms of pain-related plasticity in the CeLC. 



 

Figure 42  
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Figure 42 (continued) 

Proposed pre- and post-synaptic mechanisms of pain-related plasticity in the CeLC.  
Increased nociceptive signals in the spino-parabrachio-amygdaloid pain pathway 

(Neugebauer et al., 2004) lead to enhanced presynaptic release of glutamate (Glu) 

through metabotropic glutamate receptor subtypes mGluR1 and mGluR5 (Neugebauer et 

al., 2003; Li and Neugebauer, 2004a). Glutamate acts postsynaptically to activate N-

methyl-D-aspartate (NMDA) receptors, which are “silent” under normal conditions but 

become functional through receptor phosphorylation (NMDAP) by PKA but not PKC 

(Bird et al., 2005). The present study shows that CGRP is a critical molecule to link pre- 

and postsynaptic mechanisms of pain-related plasticity in the CeLC through the PKA-

ERK1/2 pathway. Endogenous CGRP release activates postsynaptic CGRP1 receptors 

coupled to PKA to increase NMDA, but not AMPA, receptor function through 

phosphorylation (NMDAP), resulting possibly in increased calcium (Ca2+) influx (Li and 

Neugebauer, 2004b; Bird et al., 2005). NMDA receptor function can also be increased by 

ERK1/2 activation through phosphorylation of K+ channels and membrane depolarization 

(Hu et al., 2003). The overall consequences are synaptic plasticity, increased neuronal 

excitability and pain responses.  
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