
THE ROLE OF GLIAL ACTIVATION IN DESCENDING FACILITATION FROM 
THE ROSTROVENTROMEDIAL MEDULLA (RVM) IN MODELS OF 

PERSISTENT PAIN 
 
 

by 
 

Jill Marie Roberts 
 
 
 
 
 
 
 
 
 

A Dissertation Submitted to the Faculty of the  
 

GRADUATE INTERDISCIPLINARY PROGRAM IN NEUROSCIENCE 
 

In Partial Fulfillment of the Requirements 
For the Degree of  

 
DOCTOR OF PHILOSOPHY 

WITH A MAJOR IN NEUROSCIENCE 
 

In the Graduate College 
 

THE UNIVERSITY OF ARIZONA 
 
 
 
 
 

2009 



2 
 

THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

 
 
As members of the Dissertation Committee, we certify that we have read the 
dissertation prepared by Jill Marie Roberts entitled The Role of Glial Activation in 
Descending Facilitation from the Rostroventromedial Medulla (RVM) in Models of 
Persistent Pain and recommend that it be accepted as fulfilling the dissertation 
requirement for the Degree of Doctor of Philosophy. 
 
 
_____________________________________________Date: April 20, 2009 
Frank Porreca    
 
_____________________________________________Date: April 20, 2009 
Andrew Fuglevand    
    
_____________________________________________Date: April 20, 2009 

Todd W. Vanderah    
 
_____________________________________________Date: April 20, 2009 

Robert Sloviter    
    
_____________________________________________Date: April 20, 2009 

Michael H. Ossipov    
    
 
Final approval and acceptance of this dissertation is contingent upon the 
candidate’s submission of the final copies of the dissertation to the Graduate 
College.   
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 
 
 
_____________________________________________Date: April 20, 2009 

Dissertation Director:  Frank Porreca    
 

 
 
 
 
 



3 
 

STATEMENT BY AUTHOR 
 
 This dissertation has been submitted in partial fulfillment of requirements 
for an advanced degree at the University of Arizona and is deposited in the 
University Library to be made available to borrowers under rules of the Library. 
 
 Brief quotations from this dissertation are allowable without special 
permission, provided that accurate acknowledgment of source is made.  
Requests for permission for extended quotation from or reproduction of this 
manuscript in whole or in part may be granted by the head of the major 
department or the Dean of the Graduate College when in his or her judgment the 
proposed use of the material is in the interests of scholarship.  In all other 
instances, however, permission must be obtained from the author. 
 
 
 
 
                           SIGNED:              Jill Marie Roberts____



4 
 

ACKNOWLEDGEMENTS 
 

 First and foremost, I would like to thank God for helping me through this 
time, providing for me and putting others around me for support and 
encouragement.  Without Him, I would not be the person I am today. 
  
 I would like to thank my advisor, Dr. Frank Porreca, for all of his support.  
The lessons that I have learned from him are truly invaluable and have helped 
shape me into the scientist that I am.  I would also like to thank Dr. Michael 
Ossipov.  He provided me with encouragement, kind words when needed and 
the lesson of independence in thought and action.  Finally, I would like to thank 
my committee members Dr. Andy Fuglevand, Dr. Todd Vanderah and Dr. Bob 
Sloviter for all of their guidance, support and investment of time.  All of these 
professors possess qualities that I hope to take with me and apply in my future 
endeavors.  
  
 Importantly, I would like to express my gratitude to my family and friends.  
My parents, Mike and Jeanette, have given me nothing but love and 
encouragement and have shown great patience.  I know that if I can remember 
and apply the advice they have given me, I will be successful in all that I do.  I 
would not have been able to get though this time in graduate school without my 
friends Becky and Beatriz.  They always made me smile and laugh, lifted me up 
when I was down and always stood by my side.  I appreciate them more than 
they will ever know.  I would like to thank my good friend Louis for always being 
willing to listen to me, answering my questions and for dealing with all of the 
drama that surrounds a lab full of women!  I would never forget to thank both Peg 
and Lisa.  They have made the lab an enjoyable place to work and I have always 
been able to count on them for advice.  They greet everyone with a smile, lots of 
great questions and some very interesting music!  Finally, I would like to thank all 
of the members of the Porreca and Vanderah labs for their friendship and 
support.



5 
 

DEDICATION 
 
 

 

 

 

 

 

To my parents 

Mike and Jeanette 

Thank you for your love, support and faith 



6 
 

TABLE OF CONTENTS 
 
LIST OF FIGURES…………………………………………………………………….8 
 
LIST OF TABLES………………………………………………………………….....10 
 
ABSTRACT…………………………………………………………………………...11 
 
CHAPTER 1:  INTRODUCTION..........................................................................13 
    1.1 Chronic Pain..............................................................................................13 
    1.2 Pain Transmission System........................................................................14 
    1.3 Descending Modulation from the RVM......................................................16 
    1.4 Neuropathic Pain.......................................................................................18 
    1.5 Opioid-induced Paradoxical Pain...............................................................20 
    1.6 Immune Cells.............................................................................................21 
    1.7 Activated Glial Cells in the Spinal Cord.....................................................23 
    1.8 Neuronal-Glial Communication..................................................................28 
    1.9 Hypothesis.................................................................................................31 
 
CHAPTER 2:  MATERIALS AND METHODS....................................................32 
    2.1 Animals......................................................................................................32 
    2.2 Surgery and Injections...............................................................................32 
        2.2.1 RVM Cannulation................................................................................32 
        2.2.2 RVM Microinjections……………………………………………………..33 
        2.2.3 Carrageenan Injections………………………………………………….33 
        2.2.4 Osmotic Pump Implantation……………………………………………..33 
        2.2.5 Spinal Nerve Ligation Model…………………………………………….34     
    2.3 Drugs……………………………………………………………………………34 
    2.4 Behavioral Tests........................................................................................35 
        2.4.1 Thermal Hyperalgesia.........................................................................35 
        2.4.2 Tactile Allodynia..................................................................................35 
    2.5 Immunofluorescent Labeling and Imaging.................................................36 
    2.6 Western Blots.............................................................................................37 
    2.7 Statistical Analysis.....................................................................................38 
 
CHAPTER 3: RESULTS......................................................................................39 
    3.1 RVM Cannula Placement...........................................................................39 
    3.2 Carrageenan-induced Glial Activation in the RVM.....................................39 
    3.3 Carrageenan-induced Hypersensitivity is Reversed by  
          Microglia Inhibitor.......................................................................................40 
    3.4 Fluorocitrate in the RVM Reverses Carrageenan-induced 
          Hypersensitivity..........................................................................................43 
     



7 
 

    TABLE OF CONTENTS - Continued 
 
    3.5 Inhibition of p38 MAPK in the RVM Attenuates Inflammation-induced 
          Hypersensitivity..........................................................................................45 
    3.6 ATP-induced Hypersensitivity and Inhibition of P2X Receptors...............47 
    3.7 Sequestration of BDNF in RVM Attenuates Inflammation-induced 
          Hyperalgesia..............................................................................................49 
    3.8 Inhibition of Microglia in the RVM Attenuates Morphine-induced 
          Hypersensitivity..........................................................................................50 
    3.9 Inhibition of Astrocytes in the RVM Attenuates Nerve Injury-induced 
          Hypersensitivity..........................................................................................52 
 
CHAPTER 4: DISCUSSION................................................................................55 
 
REFERENCES..................................................................................................112 



8 
 

LIST OF FIGURES 

Figure 1    Ascending pain pathways...................................................................73 

Figure 2    Descending pain pathways.................................................................74 

Figure 3    Two populations of neurons in RVM...................................................75 

Figure 4    RVM cannula location.........................................................................76 

Figure 5    Verification of cannula placement.......................................................77 

Figure 6    Carrageenan-induced paw edema.....................................................78 

Figure 7    Carrageenan-induced glial activation in RVM....................................79 

Figure 8    Experimental design...........................................................................80 

Figure 9    Minocycline dose-response................................................................81 

Figure 10  Hypersensitivity attenuated by minocycline........................................82 

Figure 11  Minocycline decreases microglia activation........................................83 

Figure 12  Protein levels of Iba1..........................................................................85 

Figure 13  Hypersensitivity attenuated by fluorocitrate........................................86 

Figure 14  Fluorocitrate decreases astrocyte activation......................................87 

Figure 15  Protein levels of GFAP.......................................................................89 

Figure 16  Immunolabeling of p-p38 MAPK co-localization.................................90 

Figure 17  SB 203580 dose-response.................................................................92 

Figure 18  Hypersensitivity attenuated by SB 203580.........................................93 

Figure 19  SB 203580 decreases microglia activation.........................................94 

Figure 20  Pre-treatment with P2X receptor antagonists.....................................96 

Figure 21  Post-treatment with P2X receptor antagonists...................................97 

Figure 22  Hypersensitivity attenuated with BDNF antiserum..............................98 



9 
 

LIST OF FIGURES - Continued 

Figure 23  Morphine experimental design............................................................99 

Figure 24  Morphine-induced hypersensitivity with glial inhibitors.....................100 

Figure 25  Sustained morphine activates microglia...........................................101 

Figure 26  Protein levels in the RVM with morphine treatment..........................102 

Figure 27  Nerve injury experimental design.....................................................103 

Figure 28  SNL-induced hypersensitivity with minocycline................................104 

Figure 29  SNL-induced hypersensitivity with fluorocitrate................................106 

Figure 30  Nerve injury activates astrocytes......................................................108 

Figure 31  SNL day 3 Western blots..................................................................109 

Figure 32  SNL day 10 Western blots................................................................110 

Figure 33 SNL day 30 Western blots.................................................................111



10 
 

LIST OF TABLES 
 

Table 1    Pain models that lead to glial activation...............................................72 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



11 
 

ABSTRACT 

Substantial evidence shows that activation of glial cells in the spinal cord 

may promote central sensitization and enhancement of pain.  Descending 

facilitation from the rostroventromedial medulla (RVM) is also recognized as a 

critical component in the maintenance of chronic pain states, although the 

precise mechanisms driving this activity are unclear.  Here, we investigated the 

possibility that glial activation in the RVM could promote descending facilitation 

from the RVM in states of enhanced pain.  Peripheral inflammation was induced 

with carrageenan injected into the plantar aspect of the hindpaw of male 

Sprague-Dawley rats and behavioral responses to noxious thermal and light 

tactile stimuli were determined.  Microinjection of the glial inhibitors minocycline 

or fluorocitrate, or of SB 203580, a p38 MAPK inhibitor, produced a significant 

and time-related reversal of behavioral hypersensitivity resulting from hindpaw 

inflammation.  Moreover, carrageenan-induced inflammation appeared to 

produce an increase in immunolabeling for activated microglia and astrocytes in 

the RVM, as well as for phosphorylated p38 MAPK; the latter was localized to 

both microglia and neurons of the RVM.  Microinjection of the glial inhibitors into 

the RVM appeared to diminish immunofluorescent labeling for activated RVM 

microglia and astrocytes.  Carrageenan-induced inflammation also increased 

RVM protein levels of Iba1 and GFAP and administration of minocycline or 

fluorocitrate into the RVM attenuated this effect.  To examine a possible 

mechanism of glial activation, α,β-methylene-ATP was microinjected into the 
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RVM, inducing thermal hyperalgesia, and pre-treatment with the P2X 

antagonists, PPADS and TNP-ATP, delayed the initiation of ATP-induced 

hyperalgesia.  Post-treatment with the antagonists had no effect on established 

ATP-induced or carrageenan-induced hypersensitivity.  The activation of P2X 

receptors initiates a signaling cascade leading to the production and release of 

nociceptive mediators, including BDNF.  The RVM microinjection of an anti-

BDNF antibody reversed carrageenan-induced thermal hyperalgesia.  A model of 

morphine-induced paradoxical pain was also used to examine the role of glial 

activation in the RVM.  Sustained morphine administration induced tactile 

allodynia and RVM microinjection of minocycline, but not fluorocitrate, attenuated 

the behavioral hypersensitivity.  Sustained morphine also induced morphological 

changes in microglia of the RVM, suggesting microglial activation.  A third model 

of enhanced pain used to study medullary glial activation was the spinal nerve 

ligation (SNL) model of neuropathic pain.  The SNL injury induced astrocyte 

activation within the RVM and microinjection of the astrocyte inhibitor fluorocitrate 

attenuated the nerve injury-induced tactile allodynia.  Minocycline administered to 

the RVM did not attenuate the behavioral hypersensitivity, suggesting a role for 

astrocytes, not microglia, in nerve injury-induced enhanced pain.  The data show 

that inflammatory, opioid-induced and neuropathic pain is associated with glial 

activation in the RVM which likely participates in driving descending pain 

facilitation via glial-neuronal communication.  These findings reveal a novel site 

of glial modulation of pain.  
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CHAPTER 1: INTRODUCTION 

1.1 Chronic Pain  

 Pain is one of the largest health problems in the world.  An estimated 75 

million Americans suffer from pain caused by disease, accident or surgery 

(National Pain Survey, 1999) with two-thirds living with this pain for more than 5 

years (Chronic Pain in America, 1999).  The loss of productivity, daily activity and 

direct medical cost from chronic pain in the United States per annum is over 

$150 billion (Tracey and Mantyh, 2007).  Pain also diminishes individual’s 

abilities to concentrate, do their job, exercise, socialize and sleep with untreated 

pain affecting both pain sufferer and family. 

 Pain is a conscious experience, an interpretation of the nociceptive input 

influenced by emotional, pathological, genetic, and cognitive factors.  The 

behavioral response by a subject to a painful event is modified by what is 

appropriate or possible in any particular situation (Tracey and Mantyh, 2007) 

making pain a highly subjective experience.  The International Association for the 

Study of Pain defines pain as “an unpleasant sensory and emotional experience 

associated with actual or potential tissue damage or described in terms of such 

damage.”  By its very nature, pain is difficult to assess, investigate, manage and 

treat, but clearly, many factors influencing pain are centrally mediated.  

Determining the balance between peripheral versus central influences and 

ascertaining which are due to pathological versus emotional or cognitive 

influences will guide treatment (Tracey and Mantyh, 2007). 
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1.2 Pain Transmission System 

 Primary afferent sensory neurons are the gateway by which sensory 

information from peripheral tissues is transmitted to the spinal cord and brain.  

These neurons innervate the skin and almost every organ in the body.  At the 

peripheral level, primary afferent fibers can be classified based on structure, 

diameter and conduction velocity.  The largest afferent fibers have diameters 

ranging from 5-20 µm; they include Aα and Aβ fibers, are heavily myelinated and 

rapidly conducting (30-120 m/sec).  The large Aα fibers are exclusively the axons 

of muscle spindles and Golgi tendon organs.  Both Aα and Aβ fibers are 

activated by innocuous stimuli, transmitting information related to muscle 

stretching, light touch and position.  By contrast, most medium to small diameter 

(1-6 µm) fibers, designated as Aδ and C fibers, are specialized sensory neurons 

known as nociceptors which detect and convert environmental stimuli perceived 

as harmful into electrochemical signals transmitted to the central nervous system 

(CNS) (Abbadie et al., 1997).  The Aδ fibers are poorly myelinated with an 

intermediate conduction velocity (5-30 m/sec), whereas C fibers are 

unmyelinated and poorly conducting (0.5-2 m/sec).  Both Aδ and C fibers have 

the remarkable ability to detect a wide range of stimulus modalities, including 

those of a physical or chemical nature.  To accomplish this, nociceptors express 

a diverse repertoire of receptors and transduction molecules that can sense 

forms of noxious stimulation (thermal, mechanical or chemical) with varying 

degrees of sensitivity.  In addition to conveying information to the CNS, primary 
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afferent fibers uniquely release neurotransmitters peripherally, a process that 

underlies neurogenic inflammation (Snider and McMahon, 1998). 

 All primary afferent neurons that enter the spinal cord have their cell 

bodies in the dorsal root ganglion (DRG).  Dorsal root ganglion neurons are 

pseudounipolar neurons with a central and peripheral branch.  The peripheral 

branch terminates in the skin, muscle or other tissue and the central branch 

enters the spinal cord at the dorsal horn.  Upon entering the spinal cord, Aβ 

fibers ascend within the dorsal columns to the nucleus gracilis or nucleus 

cuneatus in the medulla and also send collateral projections to lamina III and IV 

in the dorsal horn.  In the medulla, Aβ neurons synapse on 2nd order neurons that 

cross the midline and project up to the thalamus via the medial lemniscus.  In 

contrast, Aδ and C fibers enter the spinal cord and synapse on 2nd order neurons 

in the superficial laminae in the dorsal horn.  Axons of the 2nd order neurons 

cross the midline of the spinal cord and ascend via the spinothalamic tract to the 

thalamus where they synapse on 3rd order neurons.  From the thalamus, signals 

from the spinothalamic tract and medial lemniscus reach the somatosensory 

cortex and this is where the perception of pain occurs (Fig. 1). 

 In addition to ascending pain pathways, endogenous descending pain 

pathways exist.  The descending pain modulatory system is a well-characterized 

anatomical network modulating nociceptive processing in various circumstances 

to produce either facilitation (pro-nociception) or inhibition (anti-nociception) 

(Gardell et al., 2002;Julius and Basbaum, 2001;Gebhart, 2004).  One of the 
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major sites in the brainstem known to play a role in the modulation of pain is the 

periaqueductal gray (PAG).  Neurons project from the PAG to a number of areas 

including the rostroventromedial medulla (RVM), an important relay in 

descending pain processing.  From the RVM, neurons project to various laminae 

in the spinal dorsal horn via the dorsolateral funiculus (DLF) (Vanderah et al., 

2001;Ossipov and Porreca, 2005) (Fig. 2). 

1.3 Descending Modulation from the RVM 

Overwhelming evidence shows that the rostroventromedial medulla (RVM) 

is an important relay in the modulation of nociceptive inputs at the level of the 

spinal cord.  The RVM, including the nucleus gigantocellularis pars alpha and the 

nucleus raphe magnus (NRM) (Fields and Heinricher, 1985) is a major source of 

bulbospinal projections that terminate in laminae I, II and V of the spinal dorsal 

horn and these projections are in the dorsolateral funiculus (DLF).  Lesions of the 

DLF block the inhibition of dorsal horn unit responses to noxious stimuli caused 

by electrical stimulation of the RVM (Basbaum and Fields, 1978;Fields and 

Basbaum, 1978), serving as the final relay in the descending inhibition of 

nociception. 

The RVM is now being appreciated for its dual role in the inhibition and 

facilitation of nociception.  These physiologically contradictory functions of the 

RVM are due to different classes of neurons with opposing functions.  Based on 

their electrophysiological responses to noxious heat and correlated to the tail-flick 

reflex in the rat, three classes of neurons have been identified in the RVM: “on”, 
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“off” or “neutral” cells (Fields et al., 1983).  On-cells increase their firing rate 

immediately before the nociceptive reflex occurs while off-cells are tonically 

active and pause in firing just before the animal withdrawals its tail from the 

noxious stimulus (Fig. 3).  Neutral-cells do not show changes with noxious stimuli 

and may play a role in homeostatic functions other than modulation of 

nociception (Fields et al., 1983;Fields and Heinricher, 1985).  Because anti-

nociceptive doses of morphine into the PAG or RVM increase off-cell activity and 

suppress on-cell activity (Fields et al., 1983;Heinricher et al., 1994), it is thought 

that the off-cells provide descending inhibition of nociception.  The RVM has also 

been found to facilitate nociceptive inputs (Gebhart, 2004).  Low intensity 

electrical stimulation facilitated, while high intensity inhibited, dorsal horn unit 

responses (Zhuo and Gebhart, 1992;Zhuo and Gebhart, 1990).  On-cells display 

characteristics consistent with a pro-nociceptive role (Heinricher, 2003).  

Moreover, manipulations that increase responses to noxious stimuli also increase 

on-cell activity (Heinricher, 2003) and lidocaine in the RVM abolished the tail-flick 

reflex (Morgan and Fields, 1994).  It appears that off-cells mediate descending 

inhibition, while on-cells mediate descending facilitation. 

 The facilitatory component of descending modulation has been studied as 

an important mediator in the maintenance of persistent pain states.  Once an 

injury occurs (nerve injury, inflammation), an increase in the excitability of the 

afferent pathways from the site of injury maintains the subsequent pain (Lai et al., 

2003).  However, once the injury resolves, pain often still persists suggesting that 
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other factors must be involved in maintaining the enhanced pain state.  Burgess 

et al. found that descending facilitation from the RVM is important for the 

maintenance, but not initiation, of nerve injury-induced pain as lidocaine in the 

RVM blocked such pain only when given at later time points (Burgess et al., 

2002). 

1.4 Neuropathic Pain 

Neuropathic pain is a severely debilitating, chronic condition caused by 

injury or inflammation of the nervous system.  Symptoms of neuropathic pain 

may include increased sensitivity to painful stimuli (hyperalgesia), the perception 

of innocuous stimuli as painful (allodynia) and spontaneous pain.  A great deal 

has been written on neuropathic pain and its possible causes, but only with the 

development of animal models of pain has some real progress has been made in 

understanding some of the mechanisms involved.  The first widely used animal 

model of neuropathic pain was the chronic constriction injury of the rat sciatic 

nerve (Bennett and Xie, 1988), in which the sciatic nerve is encircled by four 

ligatures of chromic gut suture, leading to behavioral hypersensitivity.  This 

animal model and others have made it clear that a number of mechanisms are 

involved in neuropathic pain with increasing evidence that inflammatory and 

immune mechanisms may play a role.  In fact, pain may develop without any 

injury of sensory axons.  This was shown in rats by placing segments of chromic 

gut suture next to the sciatic nerve, thereby inducing hyperalgesia (Maves et al., 

1993).  Enhanced pain was elicited without damage to sensory axons, implying 
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that sensitization or activation of sensory fibers by inflammatory mediators is 

sufficient to cause exaggerated pain.   

When the primary pathogenic events of a pain state are unknown, the 

control of inflammation is the next best option.  While the number of diseases 

considered “inflammatory” in origin may decline as infectious causes continue to 

be discovered, in several infectious diseases the inflammatory response may 

actually cause more damage than the primary pathogen.  Although the search 

continues for possible infectious causes of multiple sclerosis, rheumatoid 

arthritis, type 1 diabetes mellitus and atherosclerosis, inflammation per se 

remains one of the main therapeutic targets (Nathan, 2002).   

Today, we have animal models of pain in which mechanisms of 

hyperalgesia and allodynia can be analyzed.  The injection of inflammatory 

agents such as carrageenan, complete Freund’s adjuvant (CFA) or zymozan in 

the hindpaw of the rat produces an intense inflammation characterized by 

edema, redness and hyperalgesia (Iadarola et al., 1988;Hargreaves et al., 

1988;Chacur et al., 2004).  The subcutaneous injection of formalin produces a 

biphasic inflammatory behavioral response (paw flinching or face rubbing) with 

an early and short-lasting first phase followed, after a quiescent period, by a 

second and prolonged phase (Dallel et al., 2003).  A widely used model of 

neuropathic pain includes a ligation of the L5 and L6 spinal nerves (SNL) and is 

known to induce thermal and tactile hypersensitivity in rats (Kim and Chung, 
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1992).  These models should help us understand the immune mechanisms in 

inflammatory and neuropathic pain. 

1.5 Opioid-induced Paradoxical Pain 

 Opioid analgesics represent the best option for the treatment of severe 

pain and for the management of chronic pain states.  However, the clinical 

efficacy of these drugs is reduced by the rapid development of analgesic 

tolerance with repeated administration of opioids, such as morphine, requiring 

increased dosage to maintain pain control.  Dose increase is problematic 

because it is associated with increased side effects such as constipation, 

nausea, respiratory depression, and impairment of mental alertness (Raith and 

Hochhaus, 2004).  Tolerance may also be related to a state of hyperalgesia that 

results from the exposure of the opioid itself.  Patients who receive long-term 

opioid therapy sometimes develop unexpected, abnormal pain (De et al., 

1991a;De et al., 1991b;Sjogren et al., 1994b;Sjogren et al., 1994a;Doverty et al., 

2001a;Doverty et al., 2001b).  Furthermore, tolerance often leads to pain 

amplification when opioid administration is discontinued (Mao, 2002;Mao et al., 

2002). 

 Many mechanisms have been proposed to account for opioid tolerance 

and withdrawal-induced pain enhancement.  Some of these mechanisms involve 

adaptation within opioid or opioid receptor-expressing neurons, rendering opioid 

actions less effective.  Such adaptations include internalization and/or 

downregulation of opioid receptors; upregulation of N-methyl-D-aspartate 
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(NMDA) receptor function; and downregulation of glutamate transporters (Raith 

and Hochhaus, 2004;King et al., 2005b).  Other mechanisms activate pain 

facilitatory systems within the brain and spinal cord that actively oppose opioid 

analgesia.  Such counter-regulatory adaptations include the release of 

cholecystokinin (CCK) (Watkins et al., 1984) and dynorphin (Vanderah et al., 

2000).   

 New evidence suggests that immune cells play a pivotal role in morphine 

tolerance and in withdrawal-induced pain enhancement.  Pro-inflammatory 

mediator transcription, translation and protein release are elevated in the spinal 

cord in response to chronic morphine (Raghavendra et al., 2002).  Morphine 

tolerance and withdrawal-induced pain facilitation after chronic morphine are 

attenuated by intrathecal injections of anti-inflammatory mediators (Raghavendra 

et al., 2002;Johnston et al., 2004).  These findings suggest that among its many 

actions, morphine triggers the activation of immune cells and that these in turn 

exert an anti-analgesic, homeostatic response, which not only limits the extent 

and duration of acute morphine analgesia, but also underlies the development of 

morphine tolerance following repeated administration. 

1.6 Immune Cells 

 Inflammation is a complex set of interactions among tissue factors in 

response to a variety of perturbations ranging from infection to tissue trauma 

(Dray, 2005), which lead to destruction of foreign bodies and assisted repair.  If 

these interactions are not properly balanced, inflammation will lead to persistent 
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tissue damage (Nathan, 2002).  Several inflammatory and immune-like glial cells,  

including mast cells, neutrophils, macrophages and T cells in the peripheral 

nervous system and microglia and astrocytes in the central nervous system 

(Moalem and Tracey, 2006a), have been implicated in the pathogenesis of 

neuropathic pain.   

A resident population of mast cells in the peripheral nerve are 

degranulated at the site of injury (Olsson, 1967) with granules containing 

mediators such as histamine, proteases and cytokines (Galli et al., 2005), several 

of which are capable of sensitizing or activating neurons.  The release of these 

mediators may elicit hyperalgesia by a direct action on the nociceptors (Rueff 

and Dray, 1993) or by initiating an inflammatory cascade.  For example, the 

release of histamine may contribute to the recruitment of leukocytes (Gaboury et 

al., 1995;Malaviya and Abraham, 2000).  The question of how mast cells are 

activated, however, remains unanswered.   

 Neutrophils, not observed in normal nerves, are found in significant 

numbers at the site of injury (Perkins and Tracey, 2000;Zuo et al., 2003) 

migrating towards the inflammatory site up a gradient of chemoattractants, where 

they may contribute to inflammatory hyperalgesia (Bennett et al., 1998;Levine et 

al., 1984).  Giorgi et al. have found that neutrophils may also have an anti-

inflammatory and anti-nociceptive role(Giorgi et al., 1998) as neutrophils may 

deactivate macrophages in vitro and suppress inflammatory pain in mice.  This 

evidence for an anti-nociceptive role for neutrophils appears to contradict the pro-
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nociceptive role stated above and may be due to differing models of persistent 

pain. 

 A third player in the inflammatory cascade is the macrophage, which 

phagocytose foreign particles and remove injured or dead tissue.  There is a 

resident population of macrophages in the peripheral nerve and dorsal root 

ganglion and their equivalent in the CNS are the microglia.  Clearance of debris 

is a prerequisite to regeneration (Correale and Villa, 2004;Perry and Brown, 

1992) and defects which delay the recruitment of macrophages have shown a 

delay in Wallerian degeneration (Perry et al., 1992) and hyperalgesia (Myers et 

al., 1996) suggesting that macrophages may contribute to pain resulting from 

injury.  This effect may be due to the release of pro-nociceptive molecules from 

macrophages, such as prostaglandins (Nathan et al., 1997), reactive oxygen 

species and cytokines (Sommer and Schafers, 1998).  Lymphocytes are another 

class of cells that release cytokines modulating pain and can be classified as B 

cells or T cells.  The T cells are divided into CD4+ (helper) and CD8+ (cytotoxic) 

cells, each with further divisions into type 1 and type 2 subsets.  The subsets are 

defined by the cytokines they release; Th1 cells are pro-nociceptive and Th2 

cells are anti-nociceptive with both subsets found to play a role in persistent pain.  

1.7 Activated Glial Cells in the Spinal Cord 

While the modulation of immune cells in the peripheral nervous system is 

important, the role of glial cells in the central nervous system has been gaining 

attention.  Glial cells surround and support neurons in the nervous system at 
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populations 10 to 50 times as numerous as neurons.  In the CNS, glia are 

represented by astrocytes, oligodendrocytes and microglia.  Microglia, a 

population of 5-10% of resident macrophages in the CNS, are normally quiescent 

with a basal function of surveillance for debris and pathogens.  Astrocytes, the 

largest cell population in the CNS, are responsible for the regulation of 

extracellular ion and neurotransmitter concentrations, encapsulate synapses and 

actively participate in synaptic communication as well as other “housekeeping” 

functions.  The influence of oligodendrocytes on neuronal function, apart from 

myelination, is the least understood among glial cells.  In the discussion to follow, 

the term “glia” will be used to refer to both microglia and astrocytes. 

   Literature emerged in the 1970’s documenting that CNS microglia and 

astrocytes become activated following trauma to peripheral nerves (Sjostrand, 

1971), but twenty years passed before work demonstrated that peripheral nerve 

damage that caused exaggerated nociceptive responses also activated spinal 

cord microglia and astrocytes, proposing a link between neuropathic pain and 

glial activation (Garrison et al., 1991;Garrison et al., 1994).  Furthermore, the N-

methyl-D-aspartate (NMDA) antagonist MK801, which blocks neuropathy-

induced allodynia and hyperalgesia, also blocked glial activation.  The term 

‘activation’ refers to an enhanced ability of a cell to perform a function beyond 

that present in a basal state, leading to their involvement in a wide variety of 

functions.  Glial activation is characterized by a specific morphology (retracted 

processes and hypertrophy), proliferation, increased expression of cell-surface 
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markers and/or changes in receptors, and changes in functional activities 

(increased production of pro-inflammatory substances) (Benveniste et al., 

1995a;Benveniste and Benos, 1995;Benveniste et al., 1995b;Pekny, 2001;Perry, 

1994).  The manner in which activation is expressed is dependent on the type 

and intensity of the stimulus, and different patterns and time-courses of 

responses can occur. 

 The work of Garrison et al. was the first to link activation of glia to a 

functional outcome by using immunohistochemical techniques to visualize 

morphological changes in both astrocytes and microglia in the spinal dorsal horn 

after peripheral nerve damage (Garrison et al., 1994).  Once activated, glia 

change from a ramified shape into a hypertrophied, amoeboid shape.  Microglia 

upregulate expression of a variety of cell surface molecules, including 

complement receptor 3 (also known as cluster-determinant (CD) 11b, recognized 

by the antibody OX-42) and ionized calcium binding adaptor molecule 1 (Iba1) 

and astrocytes commonly upregulate expression of glial fibrilary acidic protein 

(GFAP).  It is notable that while immunohistochemically-detected activation 

markers are useful as anatomical indices that glia have been activated, these 

glial activation markers are vastly different than neuronal activation markers such 

as Fos.  Neuronal activation markers are transcription factors which are rapidly 

produced and have direct bearing on intracellular cascades.  In contrast, glial 

activation markers are end products of intracellular cascades that provide 
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general anatomical “footprints” that some type of glial activation occurred 

(Watkins et al., 2001). 

 Whereas many studies have demonstrated an important role for 

astrocytes in neuropathic pain (Watkins and Maier, 2002;Ji et al., 2006;Moalem 

and Tracey, 2006b), by comparison, more literature describes the contribution of 

microglia to pathological pain.  Using immunohistochemical procedures, spinal 

dorsal horn glial activation has been reported to occur in response to a variety of 

procedures known to enhance pain (Table 1).  Immunohistochemical staining of 

the rat spinal cord using OX-42 antibodies and measurement of CD11b mRNA 

showed microglial activation after subcutaneous injection of zymozan or formalin 

into the paw.  Microglial activation paralleled the development and/or 

maintenance of zymozan and formalin-induced mechanical allodynia, 

respectively (Colburn et al., 1997;Fu et al., 1999a;Sweitzer et al., 1999a;Wu et 

al., 2004).  Studies show increases in glial activation in the spinal dorsal horn 

following intraplantar injections of carrageenan and complete Freund’s adjuvant 

(CFA) (Raghavendra et al., 2003b) and there is a consensus that spinal microglia 

show morphological signs of activation after injury to peripheral nerves and the 

spinal cord.  Time of induction and duration of morphological changes vary 

among the models and investigators, but generally these changes have been 

reported to occur 1 hour to 7 weeks after injury. 

These studies show that many pain models activate spinal microglia and 

astrocytes, but also suggest glial activation may be a causal factor in the 
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development of allodynia and hyperalgesia, which is a dramatic change from the 

classical view that exaggerated pain states are created and maintained solely by 

neurons.  The question of whether glia are necessary for hyperalgesia and 

allodynia addresses whether exaggerated nociceptive responses will occur if 

neurons, but not glia, are present.  To pharmacologically “remove” glia by 

disrupting their function, two glial inhibitors have been employed: minocycline 

and fluorocitrate.  Minocycline is a second-generation tetracycline antibiotic with 

numerous immunomodulatory activities.  Minocycline prevents microglial 

activation and is neuroprotective in models of ischemia (Yrjanheikki et al., 

1998;Yrjanheikki et al., 1999), Parkinson’s disease (He et al., 2001;Wu et al., 

2002), Huntington’s disease (Chen et al., 2000), amyotrophic lateral sclerosis 

(Zhu et al., 2002) and experimental autoimmune encephalitis (Brundula et al., 

2002).  Fluorocitrate, a gliotoxin relatively selective for astrocytes (Fonnum et al., 

1997), blocks activity by inhibiting aconitase, an enzyme integral to the 

tricarboxylic acid cycle (Paulsen et al., 1987;Fonnum et al., 1997).  Both 

inhibitors have been found to be effective in the spinal cord, blocking 

hyperalgesia and allodynia in a variety of pain models, such as subcutaneous 

irritants (Guo et al., 2007;Hua et al., 2005;Meller et al., 1994), spinal immune 

activation (Ledeboer et al., 2005;Milligan et al., 2000) and spinal nerve and cord 

trauma (Hains and Waxman, 2006;Peng et al., 2006;Popovich et al., 

1997;Sweitzer et al., 2001). 
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To examine whether glial activation is sufficient for exaggerated pain 

processing, the strategy has been two-pronged.  The first approach administered 

intrathecally the components of pathogens (viral envelope proteins, bacterial cell 

walls) known to bind to specific receptors expressed on glia.  The resultant spinal 

glial activation induced exaggerated pain behaviors (Meller et al., 1994;Milligan 

et al., 2000).  The second approach manipulated fractalkine,  a protein expressed 

on the surface of neurons which breaks free upon strong neural excitation and 

binds to and activates microglia and astrocytes (Chapman et al., 2000).  

Intrathecal fractalkine creates both thermal hyperalgesia and mechanical 

allodynia, and blockade of the fractalkine receptor (CX3CR-1; expressed only on 

glia) blocks the hypersensitivity.  Taken together, these lines of evidence support 

the conclusion that glial activation is necessary and sufficient to create 

exaggerated pain states and identifies a potential neuron-to-glia signal capable of 

driving pathological pain. 

1.8 Neuronal-Glial Communication 

The mechanisms by which glial activation enhances neuronal 

transmission of nociceptive information are only partially understood.  Ultimately, 

activated glia must lead to hyperalgesia and allodynia by releasing substances 

that act on neurons in the pain pathway.  Glia are activated by a variety of pain 

relevant substances released by neurons, such as bradykinin, calcitonin gene-

related peptide (CGRP), cholecystokinin, excitatory amino acids, prostaglandins, 

substance P and adenosine 5’-triphosphate (ATP) (Hide et al., 2000;Muller et al., 
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1997;Takuma et al., 1996).  ATP release from central terminals of nociceptive 

afferents within the spinal cord has been documented (Bardoni et al., 1997), and 

ATP has been proposed to mediate both neuronal and injury-induced microglial 

activation.  Studies by Tsuda et al. indicate that ATP, acting through P2X4 

receptors on spinal microglia, is necessary to induce tactile allodynia associated 

with neuropathic pain while blockade of these receptors with P2X4 antisense 

significantly attenuated the pain behavior (Tsuda et al., 2003). 

Activated glia release reactive oxygen species, nitric oxide, 

prostaglandins, excitatory amino acids, ATP and pro-inflammatory cytokines 

(Kreutzberg, 1996;Ridet et al., 1997) including tumour necrosis factor (TNF), 

interleukin-1 (IL-1) and IL-6.  These cytokines are often sequentially formed in a 

cascade in which TNF is typically made first, causing the induction of IL-1, which 

in turn causes the induction of IL-6.  The synergism of these pro-inflammatory 

cytokines produces more powerful effects than when only one cytokine is present 

(Dinarello, 1999;Watkins and Maier, 2003b).  The injection of pro-inflammatory 

cytokines over the spinal cord has been shown to enhance nociception (DeLeo et 

al., 1996;Falchi et al., 2001;Reeve et al., 2000) while the blockade of pro-

inflammatory cytokine function with the use of antagonists prevents and/or 

reverses allodynia and hyperalgesia in many animal models tested (Milligan et 

al., 2001;Milligan et al., 2003;Sweitzer et al., 2001;Watkins et al., 1997), including 

inflammation and/or injury to peripheral tissues, peripheral nerves, spinal nerves 

and spinal cord. 
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Pro-inflammatory cytokines can be controlled by blocking intracellular 

pathways leading to their production.  Although multiple intracellular signaling 

cascades have been implicated in pro-inflammatory signaling and production, 

p38 MAP kinase is integrally involved in both (Clark et al., 2003).  Recent work 

suggests that activation (phosphorylation) of p38 in dorsal root ganglia and spinal 

cord plays a critical role in inflammation-induced spinal pain processing and 

nerve injury (Ji et al., 2002;Jin et al., 2003;Schafers et al., 2003;Svensson et al., 

2003;Tsuda et al., 2003;Svensson et al., 2005).  Inflammation-induced p38 

activation has also been found in the RVM (Imbe et al., 2007).  Inhibition of p38 

MAPK has disrupted a variety of exaggerated pain states including peripheral 

inflammation (Ji et al., 2002;Mizushima et al., 2005;Obata et al., 2005;Svensson 

et al., 2003), nerve injury (Inoue et al., 2003;Jin et al., 2003;Milligan et al., 

2003;Obata et al., 2004) and intrathecal injection of substance P (Svensson et 

al., 2003).   

Another potential mediator of neuropathic pain is brain-derived 

neurotrophic factor (BDNF).  Intrathecal administration of BDNF induces an 

allodynic-like state in naïve rats and both function-blocking tyrosine kinase 

receptor B (trkB) antibodies and BDNF-sequestering TrkB-Fc fusion proteins 

reversed hypersensitivity induced by peripheral nerve injury (Coull et al., 2005) 

indicating that BDNF signaling is an important component of neuropathic pain.  

While the main focus of research has been on neuronally derived BDNF, new 

evidence shows that BDNF is also derived from microglia where, in vitro, 
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treatment of purified microglial cultures with ATP stimulated the secretion of 

BDNF (Beggs et al., 2009).  The release of BDNF from activated microglia may 

then act on neuronal trkB receptors to modulate neuropathic pain.   

 Activation of the microglia P2X4 receptor via ATP initiates a cascade of 

signaling processes, including the phosphorylation of p38 MAPK leading to 

increased synthesis and secretion of BDNF which then acts on the trkB receptors 

located on neurons.  While many factors play important roles in pain processing, 

this pathway is an example of the neuronal-glial communication which occurs 

during persistent pain states.    

1.9 Hypothesis 

 Evidence suggests that spinal microglia and astrocytes become activated 

in exaggerated pain states and modulation of glial activation can attenuate 

hyperalgesia and allodynia.  Most studies of glial activation and sensitization to 

nociception have focused on the spinal cord.  Microglial activation and 

phosphorylation of neuronal and glial p38 MAPK occurs at supraspinal sites in 

response to diverse stimuli.  The possibility that neuronal-glial interactions may 

contribute to increased activation of descending facilitation from the RVM has not 

previously been examined.  The present investigation was undertaken to 

investigate the hypothesis that peripheral inflammation, sustained morphine 

administration and peripheral nerve injury can result in the activation of glial cells 

within the RVM which in turn promote descending facilitation of nociception. 
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CHAPTER 2:  MATERIALS AND METHODS 

2.1 Animals 

Male Sprague-Dawley rats (250-300 g; Harlan Labs) were housed in a 

climate-controlled room on a 12-h light/dark cycle and allowed food and water ad 

libitum.  All testing was performed under an approved protocol from the 

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

was in accordance with the policies and recommendations of the International 

Association for the Study of Pain. 

2.2 Surgery and Injections 

2.2.1 RVM Cannulation 

Rats were anesthetized with a ketamine HCl/xylazine (80 mg/kg of 

ketamine and 12 mg/kg of xylazine) solution (100 mg/kg, i.p.; Sigma) and placed 

in a stereotaxic apparatus (Stoelting).  A 2 cm incision was made in the scalp and 

the underlying connective tissue was retracted with hemostats to expose the 

skull.  Paired guide cannulae 1.2 mm apart (26GA, #C235G-1.2 mm; Plastics 

One Inc.) were directed towards the RVM (10.8 mm caudal to bregma, 0.6mm to 

each side of the sagital suture and 7.0 mm ventral to the dura mater surface); 

these coordinates were obtained from the rat atlas of Paxinos and Watson 

(1982).  Bone wax was used to plug the hole around the cannula.  The guide 

cannula was secured to the skull using stainless steel screws and dental acrylic.  

A dummy cannula (#C235DC; Plastics One Inc.) was inserted to prevent 

contaminants from entering the RVM guide cannula.  Rats were given an 
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antibiotic injection (Amikacin C, 5 mg/kg, i.m.) and allowed to recover for 5 days.  

At the termination of the experiments, proper cannula placement was confirmed 

by injecting 0.5 µl of India ink and verified histologically using 0.1% cresyl violet 

Nissl stain.  Data from animals with incorrectly placed cannula were discarded. 

2.2.2 RVM Microinjections 

Microinjection of drugs was performed through an injection cannula 

(33GA, #C235G; Plastics One Inc.) that extended 2 mm beyond the tip of the 

guide cannula into fresh brain tissue.  The drug solutions were slowly expelled 

using a 10 µl Hamilton Syringe connected to the injection cannula with Tygon 

tubing (Cole-Parmer Instrument Company).  Microinjections were made in a 

volume of 0.5 µl administered into each guide cannula.  Drug doses are reported 

as the total amount administered bilaterally. 

2.2.3 Carrageenan Injections 

Rats were briefly anesthetized with isofluorane (4% in 95% O2/5%CO2 at 

a flow rate of 2-3 L/min).  Subcutaneous injections of 100 µl of a 3% suspension 

of λ-carrageenan (Sigma) were made into the plantar aspect of the hindpaw.  

Control injections were made as above using 0.9% saline solution.  Paw volumes 

were measured before and 3 hours after carrageenan or saline injections using a 

plethysmomter (Ugo Basile) and expressed in milliliters (ml). 

2.2.4 Osmotic Pump Implantation 

 Osmotic pumps were used for continuous delivery of morphine (1.54 

mg/day) or saline per manufacturer’s instruction (model 2001, Alzet osmotic 



34 
 

pumps, Durect).  The pumps were implanted subcutaneously in the area of the 

lower back.   

 2.2.5 Spinal Nerve Ligation Model 

 Tight ligation of the L5/L6 spinal nerve was performed according to the 

method of Kim and Chung (Kim and Chung, 1992).  The rats were maintained 

under anesthesia with isofluorane (4% in 95% O2/5%CO2 at a flow rate of 2-3 

L/min).  After surgical preparation of the rats and exposure of the dorsal vertebral 

column from L4 to S2, the exposed L5 and L6 spinal nerves were tightly ligated 

with 4-0 silk suture.  The incision was closed, and the animals were allowed to 

recover.  Rats that exhibited motor deficiency or a lack of subsequent increased 

sensitivity to innocuous mechanical stimulation were excluded from additional 

testing.  Sham control rats underwent the same operation and handling as the 

experimental animals, but without SNL. 

2.3 Drugs 

 Minocycline hydrochloride (Sigma) was freshly dissolved daily in dH2O 

and heated briefly in a water bath until completely dissolved into a clear solution.  

Fluorocitrate (DL-Fluorocitric acid barium salt; Sigma) was first dissolved in 1N 

HCl and then diluted in 0.9% sterile, isotonic saline.  Fluorocitrate is a gliotoxin 

and has been shown to cause seizures in rats (Willoughby et al., 2003).  Animals 

that exhibited seizure behavior after RVM microinjection were not used in the 

study.  The following drugs were dissolved with dH2O: the p38 MAPK inhibitor, 

SB 203580 hydrochloride (EMD Biosciences), ATP (α,β-methylene adenosine 5’-
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triphosphate; Sigma), TNP-ATP triethylammonium salt (P2X1-4 antagonist; 

Tocris), PPADS tetrasodium salt (P2X1-3,5,7 antagonist; Tocris), BDNF antisera 

(Anti-Brain Derived Neurotrophic Factor Polyclonal Antibody; Chemicon) and 

morphine (for osmotic pump delivery of 1.54 mg/day, NIDA). 

2.4 Behavioral Tests 

2.4.1 Thermal Hyperalgesia 

Rats were placed on a hot-plate at 52°C and latency to hindpaw lifting, 

stomping or licking was measured.  A significant (p ≤ 0.05) reduction in hot-plate 

latency indicates thermal hyperalgesia. 

2.4.2 Tactile Allodynia 

Rats were placed in elevated Plexiglass boxes (Plastics Plus) with wire-

mesh floors.  The paw withdrawal thresholds were determined by probing the 

hindpaw with a series of 8 von Frey filaments (Stoelting) calibrated in 

logarithmically spaced increments from 0.41 g to 15 g.  Each filament was 

applied perpendicularly to the plantar surface of the hindpaw until it buckled.  

Measurements were taken before (baseline) and after drug administration.  Mean 

paw withdrawal threshold was determined by sequentially increasing and 

decreasing the stimulus strength and analyzed by the Dixon non-parametric test 

(Chaplan et al., 1994;Dixon, 1980).  A significant (p ≤ 0.05) reduction in paw 

withdrawal threshold indicates tactile allodynia. 
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2.5 Immunofluorescent Labeling and Imaging 

 At the termination of the experiment, the rats were sacrificed with CO2 and 

decapitated.  The brainstems were removed and fixed overnight in 10% formalin 

(Sigma).  The tissue was then cryoprotected for 48 hours in sterile 30% sucrose-

tris-buffered saline solution.  Medullary sections 20 µm thick were cut in a -20°C 

cryostat and transferred serially to multi-well tissue culture plates containing 0.1 

M tris-buffered saline (TBS).  Free-floating sections were incubated in TBS 

containing 0.1% Triton X-100 (Sigma) and 8% bovine serum albumin (BSA; 

Sigma) at room temperature for 1 hour.  The following primary antibodies were 

used: CD11b/c (OX-42, mouse monoclonal antibody, 1:500; BMA Biomedicals), 

glial fibrillary acidic protein (GFAP, mouse monoclonal antibody, 1:1000; Sigma), 

neuronal nuclei (NeuN, mouse monoclonal antibody, 1:1000; Chemicon), and 

phosphorylated-p38 MAPK (p-p38 MAPK, rabbit polyclonal antibody, 1:500; Cell 

Signaling Technology).  All incubations with primary antibodies were performed 

in TBS with 3% BSA overnight at room temperature.  Sections were then washed 

with TBS (3 times for 10 min each) and incubated with the secondary antibody 

for 2 hours at room temperature.  Cy3-conjugated donkey anti-rabbit antibody 

(1:1000; Jackson ImmunoResearch) was used as the secondary antibody for p-

p38 MAPK staining.  FITC-conjugated donkey anti-mouse antibody (1:1000; 

Jackson ImmunoResearch) was used as the secondary antibody for OX-42, 

GFAP and NeuN staining.  After incubation with secondary antibody, sections 

were washed (3 times for 10 min each) and mounted onto slides, air-dried and 
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coverslipped using Vectashield Hard Set Mounting Medium (Vector 

Laboratories).  The fluorescent signals were detected using a Nikon E800 

fluorescence microscope and images were acquired with a Hamamatsu C5810 

color CCD camera and its proprietary Image Processor software (Hamamatsu 

Photonic Systems) or with a Zeiss LSM 510-Meta NLO confocal microscope 

(Zeiss). 

2.6 Western Blots 

 At the termination of the experiment, the animals were sacrificed with CO2 

and decapitated.  The brainstem tissue was rapidly removed by hydraulic 

extrusion and immediately frozen in liquid nitrogen and stored at -80°C until 

processing.  The tissue was homogenized and sonicated in cold tris buffer (pH 

7.4) containing 10mM EDTA, 1% Triton X-100, 1% protease inhibitor, and 1% 

phosphatase inhibitor cocktail (Sigma) and centrifuged at 6500 rpm for 15 

minutes at 4°C.  Protein concentrations were determined and samples were 

prepared for electrophoresis.  Proteins were separated using Bis-Tris or Tris-

Acetate gel electrophoresis (4-12% Bis-Tris or 3-8% Tris-Acetate gels; 

Invitrogen), and electrophoretically transferred to polyvinylidene fluoride 

membranes (Invitrogen).  Membranes were blocked with 5% bovine serum 

albumin (BSA Fraction V, Sigma) or non-fat dry milk in Tris-buffered saline 

containing 0.1% Triton X-100 (TBS-T) for at least 3 hours at room temperature, 

and then incubated overnight at 4°C with anti-GFAP (1:2500; Santa Cruz) or anti-

Iba1 (1:1000; Wako).  Membranes were washed in TBS-T and incubated with 
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appropriate secondary antibodies conjugated with horseradish peroxidase (goat 

anti-rabbit or goat anti-mouse, 1:5000; Thermo Scientific) at room temperature 

for 1 hour.  The membranes were washed and immunoreactive proteins were 

detected by enhanced chemiluminesence (Pierce) and visualized by exposure to 

X-ray film.  The membranes were stripped with Restore Western Blot Stripping 

Buffer (Pierce) and re-blotted with anti-α-tubulin (1:10,000; Santa Cruz) to serve 

as a loading control.  For the quantification of Western signals, the densities of 

specific GFAP, Iba1 and α-tubulin bands were measured with a computer-

assisted imaging analysis system (ImageJ; NIH).  Target protein levels were 

normalized against the corresponding loading control levels and the relative 

protein levels were presented as the mean ± SEM. 

2.7 Statistical Analysis 

 All data were expressed as means ± SEM.  Reversal of hyperalgesia or 

allodynia was indicated by significant increases from the post-carrageenan 

means. Changes in means within each group over time were detected by one-

factor ANOVA followed by the Fisher’s least significant difference post-hoc test. 

Significant differences between treatment groups over time were determined by 

two-factor ANOVA.   Significance was set at p ≤ 0.05. 
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CHAPTER 3: RESULTS 

3.1 RVM Cannula Placement 

 Rats were implanted with paired bilateral guide cannulae directed toward 

the rostroventromedial medulla (RVM; Fig. 4).  The microinjection sites in the 

RVM were verified histologically at the termination of behavioral experiments and 

only data from rats with correctly placed injections were included in the analysis.  

Medullary sections were counterstained with Nissl stain and injection sites were 

visualized by the microinjection of 0.5 µl of India ink through injection cannula 

inserted through each of the bilateral guide cannula (Fig. 5).  

3.2 Carrageenan-induced Glial Activation in the RVM 

Peripheral inflammation was induced by injecting 100 µL of 3% 

carrageenan suspension into the plantar aspect of the hindpaw. Control animals 

received saline injections.   Carrageenan injection caused swelling and redness 

of the ipsilateral hindpaw while saline injected hindpaws did not appear different 

from naïve.  Paw volumes were measured using a plethysmomter; saline injected 

animals had paw volumes of 1.03 ± 0.04 mls and carrageenan injected animals 

had paw volumes of 2.29 ± 0.03 mls three hours after injection (Fig. 6).  

Carrageenan injection produced behavioral signs of thermal hyperalgesia and 

tactile allodynia at three hours post-injection, as indicated by significant (p < 0.05) 

reductions in 52°C hot-plate latencies to a mean of 8.4 ± 0.3 sec from a baseline 

value of 16.8 ± 0.4 sec (n=70) and in paw withdrawal thresholds to 4.4 ± 0.4 g 

from a baseline mean of 12.6 ± 0.5 g (n=58) (Fig. 7).  Rats treated with saline 
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showed no significant difference compared to baseline.  The rats were sacrificed 

three hours after carrageenan or saline injection and brainstem tissue was 

prepared for immunodetection of the microglial marker OX-42 or the astrocyte 

marker GFAP.  Carrageenan-induced inflammation produced increased 

immunofluorescent labeling for both OX-42 and GFAP in the RVM, suggesting 

activation of microglia and astrocytes, respectively (Fig. 7). Notably, activated 

microglia and astrocytes exhibited hypertrophied cell bodies and shorter 

processes compared to tissue from rats treated with vehicle.    

3.3 Carrageenan-induced Hypersensitivity is Reversed by Microglia 

Inhibitor 

In order to determine if the observed activation of microglia contributes to 

the development of behavioral signs of enhanced pain produced by inflammation, 

the specific microglia inhibitor, minocycline, was microinjected into the RVM.  

Baseline responses to hot-plate latencies and paw withdrawal thresholds were 

determined and carrageenan or saline was injected in the hindpaw (for 

experimental design, see Fig. 8).  Carrageenan produced behavioral signs of 

thermal hyperalgesia and tactile allodynia within three hours after administration.  

Hot-plate latencies and paw withdrawal thresholds were significantly reduced in 

rats with inflammation of the hindpaw (Fig. 9).  The rats were randomly divided 

into four groups and received RVM microinjections of vehicle or 10 µg, 25 µg or 

50 µg of minocycline and hot-plate latencies were determined at 10 minute 

intervals for 30 minutes (Fig. 9).  Minocycline produced a dose-dependent 
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reversal of thermal hyperalgesia, indicated by significant (p < 0.05) increases in 

hot-plate latencies, and reaching peak reversal 20 minutes after injection.  As 

there was no significant difference in responses to either 25 µg or 50 µg of 

minocycline, the lower dose was employed in all subsequent experiments.  

Interestingly, the administration of minocycline into the RVM did not alter the 

hindpaw edema, indicated by non-significant changes in paw volume compared 

to carrageenan treated rats (Fig. 10C).   

Microinjection of minocycline (25 µg) produced a significant (p < 0.05) 

attenuation of carrageenan-induced thermal hyperalgesia within 15 minutes (14.1 

± 1.2; n=10) and returned to post-carrageenan levels within 60 minutes (7.8 ± 

1.0), indicating a reversible effect of minocycline (Fig. 10A).  Minocycline also 

reversed tactile allodynia in a time-dependent manner, with a peak anti-allodynic 

effect observed 30 minutes after injection and indicated by a mean paw 

withdrawal threshold of 9.8 ± 1.3 g (n=13).  Withdrawal thresholds returned to 

post-carrageenan levels within 60 minutes, indicated by a mean withdrawal 

threshold of 4.9 ± 0.8 g (Fig. 10B).  The administration of minocycline into the 

RVM of rats without hindpaw inflammation did not produce any significant 

changes in behavioral responses relative to baseline values (Fig. 10).  These 

observations indicate that the inhibition of microglia in the RVM can reverse 

inflammation-induced thermal and tactile hypersensitivity. 

To examine whether the reversal of behavioral signs of inflammatory 

hyperesthesia by minocycline was related to inhibition of microglial activation in 
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the RVM, medullary brain sections were obtained from control rats and rats with 

carrageenan-induced inflammation 15 to 30 minutes after microinjection of 

minocycline into the RVM.  The sections were prepared for the immunolabeling 

of the microglia marker OX-42.  Carrageenan-induced inflammation increased 

OX-42 immunofluorescence relative to the control section (Fig. 11B). Importantly, 

tissue obtained from rats treated with RVM minocycline after carrageenan-

induced inflammation show decreased immunofluorescent labeling for OX-42 

indicative of reduced microglial activation (Fig. 11C).   

Activated microglia upregulate a variety of cell surface molecules, 

including OX-42 and Iba1 (Ito et al., 1998;Romero-Sandoval et al., 2008;Salter, 

2005)  and increased protein levels can be used as a measure of activation.  

Western blot analysis identified a 17 kDa band that corresponded to the 

molecular weight of Iba1, which showed increased levels after carrageenan 

administration (Fig. 12).  The RVM microinjection of minocycline prevented an 

increase in Iba1 protein levels in animals treated with carrageenan (Fig. 12), 

indicating a decrease in microglia activation.  These results suggest that 

minocycline diminishes carrageenan-induced microglia activation in the RVM, 

and that a decrease in microglia activation in the RVM correlates with an 

attenuation of inflammation-induced thermal and tactile hypersensitivity. 
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3.4 Fluorocitrate in the RVM Reverses Carrageenan-induced 

Hypersensitivity 

To determine if astrocytes as well as microglia play a role in inflammation-

induced hypersensitivity, the general glial metabolic inhibitor, fluorocitrate, was 

microinjected into the RVM.  Baseline responses to thermal and tactile stimuli 

were determined and carrageenan-induced inflammation was confirmed by 

significant reductions in hot-plate latencies and paw withdrawal thresholds, as 

described above. Either vehicle or fluorocitrate (1 µg) was microinjected into the 

RVM.  The microinjection of fluorocitrate into the RVM blocked carrageenan-

induced thermal hyperalgesia within 60 minutes, indicated by a significant 

increase in hot-plate latency to 15.2 ± 2.3 sec from a post-carrageenan mean of 

8.4 ± 0.3 sec (n=6) (Fig. 13A).  Tactile allodynia was attenuated within 30 min of 

fluorocitrate administration, as indicated by a significant increase in paw 

withdrawal threshold to 9.6 ± 1.7 g from a post-carrageenan mean of 4.4 ± 0.4 g 

(n=10) (Fig. 13B).  Hot-plate latencies and von Frey filament withdrawal 

thresholds returned to post-carrageenan levels within 120 and 180 min, as 

indicated by mean response values of 10.6 ± 0.3 sec and 5.7 ± 0.3 g, 

respectively, indicating reversibility of the effect of fluorocitrate (Fig. 13).  

Fluorocitrate was given to rats with hindpaw injections of vehicle and no 

significant difference compared to baseline was observed (Fig. 13).  There was 

also no change in paw volume after the microinjection of fluorocitrate in the RVM 

(Fig. 13C). 
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 Separate groups of rats received RVM microinjections of fluorocitrate 

three hours after the injection of saline or carrageenan.  At the time of peak effect 

of the inhibitor (60 minutes after microinjection), the rats were sacrificed and 

brainstem tissue was prepared for immunofluorescent detection of the astrocyte 

marker, GFAP.  Carrageenan-induced inflammation produced a visible 

intensification of immunofluorescent labeling for GFAP along with the 

morphologic changes indicative of astrocytic activation (Fig. 14B).  The 

microinjection of fluorocitrate into the RVM resulted in decreased immunolabeling 

for GFAP indicative of a reduction in activated astrocytes (Fig. 14C).  These 

results suggest that carrageenan-induced inflammation causes astrocyte 

activation and that application of fluorocitrate diminishes this activation in the 

RVM.     

Activated astrocytes upregulate GFAP expression (Romero-Sandoval et 

al., 2008), and increased protein levels can be used as a measure of activation.  

Western blot analysis identified a 50 kDa band that corresponded to the 

molecular weight of GFAP, which showed increased levels after carrageenan 

administration (Fig. 15).  The RVM microinjection of fluorocitrate prevented an 

increase in GFAP protein levels in animals treated with carrageenan (Fig. 15), 

indicating a decrease in astrocyte activation.  These results suggest that 

fluorocitrate diminishes carrageenan-induced astrocyte activation in the RVM, 

and that a decrease in astrocyte activation in the RVM correlates with an 

attenuation of inflammation-induced thermal and tactile hypersensitivity. 
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3.5 Inhibition of p38 MAPK in the RVM Attenuates Inflammation-induced 

Hypersensitivity 

 To investigate whether p38 MAPK activation occurs within the RVM 

following inflammatory injury and whether phosphorylated p38 MAPK is located 

in glia and/or neurons of the RVM, tissue of rats treated with saline or 

carrageenan was collected three hours after the hindpaw injection and prepared 

for immunohistochemical analysis.  The sections were labeled with fluorescent 

marker for phosphorylated p38 MAPK (p-p38 MAPK) and co-labeled for OX-42 

(microglial marker), GFAP (astrocytic marker) or NeuN (neuronal marker).  

Immunofluorescent label for p-p38 MAPK was found in labeled microglia and 

neurons of the RVM, but was not present in astrocytes (Fig. 16).  In addition, 

there was an increase in co-labeled microglia after carrageenan-induced 

inflammation, which is consistent with microglial activation in the RVM (Imbe et 

al., 2007).   

Baseline responses to thermal and tactile stimuli were determined and 

carrageenan-induced inflammation was confirmed by significant reductions in 

hot-plate latencies and paw withdrawal thresholds, as described above.  Either 

vehicle or SB 203580, a p38 MAPK inhibitor, was microinjected into the RVM at 

various doses (1 µg, 3 µg, 10 µg) and behavioral responses to a 52°C hot-plate 

were measured every 10 minutes for 30 minutes in order to identify a dose of 

inhibitor that did not produce overt adverse behavioral effects.  RVM SB 203580 

at 10 µg increased hot-plate latencies to 13.8 ± 1.6 sec from a post-carrageenan 
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mean of 7.0 ± 0.3 sec (Fig. 17); this dose of SB 203580 was used for the 

remainder of this study.  

The microinjection of SB 203580 (10 µg) into the RVM blocked 

carrageenan-induced thermal hyperalgesia within 30 minutes, indicated by a 

significant increase in hot-plate latency to 13.0 ± 1.0 sec from a post-

carrageenan mean of 8.4 ± 0.3 sec (n=13) (Fig. 18A).  Thermal responses 

returned to post-carrageenan levels (10.4 ± 0.8 sec) within 90 minutes after 

microinjection (Fig. 18A).  Tactile allodynia was attenuated within 30 minutes of 

SB 203580 administration, as indicated by a significant increase in paw 

withdrawal threshold to 9.2 ± 1.0 g within 15 min of the injection (n=18) (Fig. 

18B).  Paw withdrawal thresholds returned to post-carrageenan levels (5.5 ± 1.4 

g) within 90 minutes of administration (Fig. 18B).   Administration of SB 203580 

to rats with hindpaw injections of saline did not produce any significant changes 

in behavioral responses (Fig. 18).   

 Additional groups of rats received saline or carrageenan injections in the 

hindpaw.  Thermal hyperalgesia was confirmed three hours after carrageenan 

and the rats received either vehicle or 10 µg of SB 203580 in the RVM.  At the 

time of peak behavioral effect following the microinjection of SB 203580 (30 min), 

the rats were sacrificed and medullary sections were obtained and 

immunofluorescently labeled for OX-42 in order to examine changes in microglial 

activation.  Carrageenan-induced inflammation produced increased intensity in 

immunofluorescence for OX-42 relative to the control sections along with 
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morphological features indicative of microglial activation (Fig. 19B).  Tissue 

obtained from rats treated with RVM SB 203580 after carrageenan-induced 

inflammation showed reduced intensity of immunofluorescent labeling for OX-42, 

as well as a reduction in the morphologic signs associated with microglial 

activation (Fig. 19C).  The microinjection of SB 203580 did not appear to diminish 

immunofluorescent labeling for GFAP in tissue from rats treated with 

carrageenan (data not shown). 

3.6 ATP-induced Hypersensitivity and Inhibition of P2X Receptors 

 Studies suggest that ATP-induced activation of P2X receptors in the spinal 

dorsal horn induce behavioral hypersensitivity (Nakagawa et al., 2007;Tsuda et 

al., 2003).  To examine a possible mechanism by which glia become activated in 

the RVM, α,β-methylene-ATP (selective P2X agonist) was microinjected into the 

RVM of naïve rats at a dose of 1 nmol, inducing thermal hyperalgesia within 15 

minutes, indicated by a significant decrease in hot-plate latency to 9.1 ± 1.4 sec 

from a baseline mean of 15.8 ± 1.1 sec (n=8) that lasted for at least one week 

(Fig. 20A).   

We tested the involvement of P2X receptors in the prevention of α,β-

methylene-ATP-induced hyperalgesia with TNP-ATP triethylammonium salt, an 

antagonist of P2X receptor subtypes 1-4.  Baseline responses to thermal stimuli 

were determined and RVM microinjections of TNP-ATP were administered at a 

dose of 1 nmol 10 minutes prior to RVM microinjection of α,β-methylene-ATP.  

Thermal hyperalgesia was not observed until the 30 minute time point, showing a 
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significant decrease in latency to 12.1 ± 1.6 sec (n=7), indicating a short-acting 

prevention of hyperalgesia (Fig. 20B).  Pre-treatment with PPADS tetrasodium 

salt, an antagonist at receptor subtypes 1-3,5,7 but not 4, 10 minutes prior to 

RVM microinjection of α,β-methylene-ATP prevented the development of thermal 

hyperalgesia until the 60 minute time point (latency of 11.1 ± 1.1 sec decreased 

from a baseline value of 15.8 ± 1.1 sec), suggesting blockade of these receptor 

subtypes blocks α,β-methylene-ATP-induced hypersensitivity in a time-

dependent manner (Fig. 20B).  The RVM microinjection of TNP-ATP or PPADS 

only did not produce behavior different from baseline values (Fig. 20). 

We next tested the effects of the two P2X receptor antagonists on the 

attenuation of α,β-methylene-ATP-induced thermal hypersensitivity.  Four days 

after the RVM microinjection of α,β-methylene-ATP, TNP-ATP (1 nmol) or 

PPADS (1 nmol) were microinjected into the RVM and behavioral responses to 

thermal stimuli were measured every 15 minutes for 45 minutes.  There was no 

significant difference between the group that received saline in the RVM and 

those that received the antagonist (Fig. 21A).  Finally, we examined the role of 

P2X receptors in carrageenan-induced inflammation.  Baseline responses to hot-

plate latencies were measured and carrageenan was injected into the plantar 

aspect of the hindpaw.  The development of thermal hyperalgesia was observed 

three hours after the injection of carrageenan and RVM microinjections of TNP-

ATP (1 nmol) or PPADS (1 nmol) did not attenuate the established 

hypersensitivity, indicated by TNP-ATP or PPADS latency values of 8.8 ± 0.5 sec 
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or 8.3 ± 0.7 sec, respectively, from post-carrageenan values of 7.5 ± 0.9 sec (Fig. 

21B).  Taken together, these data suggest α,β-methylene-ATP acts through 

multiple P2X receptors (not only through P2X4) in the RVM to induce 

hyperalgesia and other receptors and pathways become activated to maintain 

the enhanced pain. 

3.7 Sequestration of BDNF in RVM Attenuates Inflammation-induced 

Hyperalgesia 

 The activation of microglia through stimulation with ATP has been shown 

to evoke the release of brain-derived neurotrophic factor (BDNF) (Coull et al., 

2005).  BDNF then acts at trkB receptors located on neurons to induce 

exaggerated pain states.  To determine if BDNF in the RVM plays a role in 

carrageenan-induced hypersensitivity, endogenous BDNF was neutralized by the 

microinjection of an anti-BDNF antibody.  Carrageenan injection produced 

behavioral signs of thermal hyperalgesia within three hours of administration.  

The animals were randomly divided into four groups and received RVM 

microinjections of vehicle or 50 ng, 100 ng, or 200 ng of BDNF antiserum and 

hot-plate latencies were measured at 15 minutes intervals for 2 hours (Fig. 22).  

The BDNF antiserum produced a dose-dependent reversal of thermal 

hyperalgesia, indicated by significant (p < 0.05) increases in hot-plate latencies, 

and reaching peak reversal 30 minutes after injection (Fig. 22).  Hot-plate 

latencies returned to post-carrageenan levels approximately two hours after 

microinjection, indicating this effect is reversible.  Animals with hindpaw injections 
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of saline received RVM microinjections of the BDNF anti-serum and there was no 

difference from baseline latencies (data not shown).  These results suggest 

inflammation-induced activated microglia in the RVM may release BDNF and 

sequestration of endogenous BDNF in the RVM reverses thermal 

hypersensitivity.  

3.8 Inhibition of Microglia in the RVM Attenuates Morphine-induced 

Hypersensitivity 

 Sustained administration of morphine can induce behavioral 

hypersensitivity.  To determine if microglia or astrocytes contribute to the 

development of hypersensitivity, rats were implanted with osmotic pumps to 

continuously infuse morphine (1.54 mg/day) or saline systemically for six days 

(see experimental design Fig. 23) as well as implantation of RVM cannulas.  The 

development of tactile allodynia was observed after six days of morphine 

administration (Fig. 24) and the RVM microinjection of minocycline (25 µg) 

significantly attenuated the allodynia within 15 minutes after administration to a 

value of 15.0 ± 0.0 from a post-morphine value of 4.24 ± 0.49 (Fig. 24A).  

Responses returned to post-morphine values (4.53 ± 1.17) within 60 minutes 

after RVM administration of minocycline.  The RVM microinjection of the 

astrocyte inhibitor, fluorocitrate (1 µg), showed no significant differences from 

post-morphine values at any of the time points tested (Fig. 24B).  Animals that 

received sustained administration of saline did not show behavior different from 

baseline values and saline-treated animals that received minocycline or 
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fluorocitrate in the RVM did not show differences from baseline (Fig. 24).  These 

results suggest that microglial activation plays a role in morphine-induced 

nociception. 

 Additional groups of rats received sustained saline or morphine 

administration and tactile allodynia was confirmed six days after administration.  

The rats were sacrificed and medullary sections were obtained and 

immunofluorescently labeled for OX-42 in order to examine changes in microglial 

activation.  Sustained morphine administration produced increased intensity in 

immunofluorescence for OX-42 relative to the control sections along with 

morphological features indicative of microglial activation (Fig. 25).  The 

administration of morphine did not appear to induce astrocyte activation, as no 

morphological changes were observed (data not shown). 

 To quantify RVM protein levels of Iba1 or GFAP, additional groups of rats 

received chronic saline or morphine and on day six, the rats received RVM 

microinjections of either minocycline (25 µg) or fluorocitrate (1 µg) and at the 

peak effect of the inhibitor, tissue was collected for Western blot analysis.  

Protein levels of Iba1 from animals that received morphine or morphine plus 

minocycline in the RVM were not significantly different than those that received 

saline (Fig. 26A).  There was also no significant difference in GFAP protein levels 

from animals that received morphine or morphine plus fluorocitrate in the RVM in 

comparison to those that received saline (Fig. 26B).  While these results indicate 

there is no increase in Iba1 protein levels in the RVM with sustained 
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administration of morphine, it does not mean there is no microglial activation in 

the RVM, as morphological cell changes were observed and the use of the 

microglial inhibitor attenuated the behavioral hypersensitivity. 

3.9 Inhibition of Astrocytes in the RVM Attenuates Nerve Injury-induced 

Hypersensitivity 

 To examine whether RVM glial activation plays a role in neuropathic pain, 

a spinal nerve ligation (SNL) model of nerve injury was employed.  Animals 

received either sham or SNL injury as well as implantation of an RVM cannula 

(see experimental design Fig. 27) and on day three after injury, behavioral tactile 

allodynia was observed, as there was a significant decrease in paw withdrawal 

threshold (3.2 ± 0.6 g) compared to baseline values (15.0 ± 0.0 g) (Fig. 28A).  

Tactile allodynia was also observed on day 10 (3.0 ± 0.5 g) and day 30 (3.1 ± 0.5 

g) in animals that received SNL injury (Fig. 28B and C).  The RVM microinjection 

of minocycline (25 µg) did not attenuate the behavioral hypersensitivity when 

given on day 3, 10 or 30, indicated by non-significant changes from post-SNL 

values (Fig. 28).  The administration of the astrocyte inhibitor, fluorocitrate (1 µg), 

into the RVM on days 3, 10 and 30 resulted in the attenuation of tactile allodynia 

at all three time points (Fig. 29).  Fluorocitrate attenuated the post-SNL 

hypersensitivity (3.0 ± 0.4) within 15 minutes on day 3 (11.8 ± 2.0, Fig. 29A), day 

10 (9.3 ± 2.0, Fig. 29B) and on day 30 (15.0 ± 0.0, Fig. 29C).  Responses 

returned to post-SNL values within 60 minutes after administration (Fig. 29).  

Animals that received sham injury with saline, minocycline or fluorocitrate in the 
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RVM did not show behavior different from baseline values (Fig. 28, 29).  These 

data indicate that inhibition of astrocytes in the RVM can attenuate nerve injury-

induced tactile allodynia in a time-dependent manner. 

 Additional groups of rats received sham or SNL injury and tactile allodynia 

was confirmed ten days later.  The rats were sacrificed and medullary sections 

were obtained and immunofluorescently labeled for GFAP in order to examine 

changes in astrocyte activation.  SNL injury produced increased intensity in 

immunofluorescence for GFAP relative to the control sections along with 

morphological features indicative of astrocyte activation (Fig. 30).  The nerve 

injury did not appear to induce microglial activation, as no morphological changes 

were observed (data not shown). 

 To quantify the glial activation in the RVM, Western blot analysis was 

performed on tissue from a separate group of animals that received either sham 

or SNL injury.  The tissue was collected at the peak effect of fluorocitrate 

(approximately 30 minutes) administration into the RVM or 15 minutes after the 

microinjection of minocycline on days 3, 10 and 30 after injury.  Protein levels of 

GFAP from animals that received SNL or SNL plus fluorocitrate in the RVM were 

not significantly different than those with sham injury on day 3 (Fig. 31B), day 10 

(Fig. 32B) or day 30 (Fig. 33B).  There was also no significant difference in Iba1 

protein levels from animals that received SNL or SNL plus minocycline in the 

RVM in comparison to those with sham injury on day 3 (Fig. 31A), day 10 (Fig. 

32A) or day 30 (Fig. 33A).  The lack of increase in GFAP protein levels with SNL 
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injury does not mean there is no astrocyte activation in the RVM.  The above 

results indicate a role for astrocyte activation in nerve injury-induced 

hypersensitivity due to morphological changes visualized in the RVM tissue and 

the attenuation of tactile hypersensitivity with the RVM microinjection of 

fluorocitrate. 
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CHAPTER 4: DISCUSSION 

 The present study demonstrated that chronic pain syndromes lead to 

activation of microglia and astrocytes in the RVM.  The administration of the 

selective inhibitor of microglia, minocycline, into the RVM attenuated behavioral 

signs of thermal hyperalgesia and tactile allodynia, and inhibited the activation of 

microglia in the RVM.  Intraplantar injections of carrageenan increased RVM 

protein levels of Iba1 compared to saline treated animals and administration of 

minocycline into the RVM decreased Iba1 levels.  Likewise, fluorocitrate, the 

nonspecific glial inhibitor, reversed the behavioral signs of inflammatory pain and 

attenuated the evidence of activation of astrocytes, as indicated by the decrease 

in RVM immunolabeling and protein levels of GFAP.  Additionally, 

phosphorylation of p38 MAPK mediated, at least in part, behavioral signs of 

inflammatory pain since the microinjection of the p38 MAPK inhibitor, SB 203580, 

into the RVM attenuated both carrageenan-induced thermal hyperalgesia and 

tactile allodynia.  Activation of microglial p38 MAPK may be partly responsible for 

the behavioral expression of hyperesthesia due to inflammation, since the 

administration of SB 203580 into the RVM decreased OX-42 labeling of RVM 

tissue.  To examine the role of P2X receptors in glial activation in the RVM, α,β-

methylene-ATP was microinjected into the RVM, inducing thermal hyperalgesia, 

and pre-treatment with the P2X antagonists, PPADS and TNP-ATP, delayed the 

initiation of ATP-induced hyperalgesia.  Post-treatment with the antagonists had 

no effect on established ATP-induced or carrageenan-induced hypersensitivity.  
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The activation of P2X receptors initiates a signaling cascade leading to the 

production and release of nociceptive mediators, including BDNF (Beggs et al., 

2009).  The present study also indicated that sequestration of BDNF, an 

endogenous modulator of nociception (Coull et al., 2005;Mannion et al., 

1999;Thompson et al., 1999), with an RVM microinjection of an anti-BDNF 

antibody attenuated carrageenan-induced thermal hyperalgesia.  The sustained 

administration of morphine was found to activate microglia within the RVM and 

the microinjection of minocycline into the RVM attenuated the corresponding 

morphine-induced allodynia.  On the flip side, spinal nerve ligation was found to 

activate astrocytes within the RVM and the administration of fluorocitrate 

attenuated the nerve injury-induced allodynia in a time-dependent manner.  The 

results of the present investigation indicate that peripheral inflammation induces 

microglial and astrocyte activation, chronic morphine induces microglial activation 

and nerve injury induces astrocyte activation in the RVM.  Activated glia of the 

RVM may contribute to enhanced pain, likely through glial-neuronal 

communication, leading to descending facilitation from the RVM.  

 Converging lines of evidence indicate the RVM is a central component of 

descending facilitation of nociceptive inputs at the level of the spinal cord 

(Gebhart, 2004;Porreca et al., 2002;Urban and Gebhart, 1999).  Considerable 

evidence has been generated to show that descending facilitatory influences 

from the RVM can contribute to chronic pain states (Fields, 2000;Urban and 

Gebhart, 1999) and such contributions are important for the maintenance of 
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thermal and tactile hypersensitivity.  Administration of lidocaine into the RVM and 

lesions of the dorsolateral funiculus (DLF) have been shown to block behavioral 

signs of neuropathic and inflammatory nociception (Burgess et al., 2002;Xie et 

al., 2005;Pertovaara et al., 1996;Pertovaara et al., 1998).  Microinjection of the 

cytotoxin saporin conjugated to dermorphin selectively destroyed RVM neurons 

expressing µ-opioid receptors, likely facilitation cells (Burgess et al., 

2002;Porreca et al., 2001).  This manipulation prevented or reversed behavioral 

signs of enhanced pain (Burgess et al., 2002;Porreca et al., 2001).  Finally, 

pharmacologic and surgical manipulations that abolish descending facilitation 

from the RVM have also abolished enhanced capsaicin-evoked release of 

excitatory transmitters from primary afferent terminals and the upregulation of 

spinal dynorphin to pathologically elevated pro-nociceptive levels (Burgess et al., 

2002;Porreca et al., 2001).  Whereas activation of descending facilitation has 

been considered to be a neuronal phenomenon, we now present evidence that 

activation of glial cells in the RVM contributes to descending facilitation of 

enhanced pain.  

 Although the neuronal processes that contribute to central sensitization in 

the spinal cord have been examined, the potential contribution of glial cells to this 

process is only recently coming to light.  It is now appreciated that peripheral 

nerve injury as well as inflammation results in the activation of spinal glia 

(Svensson et al., 2005;Sweitzer et al., 1999b;Garrison et al., 1991).  Several 

studies have now shown that sensitization of peripheral nociceptors by 
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subcutaneous injection of irritants, peripheral inflammation or nerve injury, as 

well as intrathecal injection of sensitizing agents such as NMDA all result in the 

activation of microglia and astrocytes in the spinal cord, and that glial activation 

correlates with enhanced nociceptive responses (Tanga et al., 2005;Fu et al., 

1999b;Fu et al., 2000;Raghavendra et al., 2004;Scholz and Woolf, 2007;Sweitzer 

et al., 1999b).  Studies performed with genetically modified mice or by selective 

knockdown of receptors and peptides with antisense oligodeoxynucleotides 

further revealed that activated spinal microglia promote enhanced pain due to 

nerve injury and inflammation (Abbadie et al., 2003;Tanga et al., 2005;Tsuda et 

al., 2003;Tsuda et al., 2005).  Inhibition of spinal microglial or astrocytic activity 

with intrathecal glial inhibitors attenuated behavioral signs of hyperalgesia and 

allodynia induced by formalin, carrageenan-induced inflammation, and spinal 

injection of NMDA (Raghavendra et al., 2003a;Tsuda et al., 2005;Hua et al., 

2005;Ledeboer et al., 2005).  Whereas the preponderance of such studies have 

focused on the role of spinal glia in enhanced pain states, little work exists at 

present that examines changes in glial function at supraspinal sites.  Thus, the 

results of the present investigation extend the role of glial activation to 

supraspinal sites, and specifically to the RVM, which is prominent in descending 

control of nociception.  An earlier study had indicated that CFA-induced 

inflammation caused supraspinal glial activation, indicated by increased 

expression of glial markers in the medulla, pons, midbrain and thalamus 

(Raghavendra et al., 2004).  In that study, markers of microglial activity were 
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elevated in the brainstem and forebrain within 4 hours of CFA-induced 

inflammation and remained elevated up to 14 days afterwards, whereas 

astrocyte activation was not evident until 4 days after CFA administration 

(Raghavendra et al., 2004).  However, there was no attempt to attenuate 

supraspinal microglial or astrocytic activation and to correlate such inhibition of 

glial activation with changes in inflammatory pain in this study (Raghavendra et 

al., 2004).  In the present investigation, we have extended these observations to 

include the RVM and to correlate glial activation with inflammatory pain.   

Carrageenan-induced inflammation led to evidence of activation of 

microglia and astrocytes in the RVM.  Inhibitors of activation of microglia and 

astrocytes administered into the RVM reduced carrageenan-induced activation of 

these glial cells, and abolished tactile allodynia and thermal hyperalgesia.  

Minocycline is a second-generation tetracycline antibiotic that has been shown to 

possess several immunomodulatory functions, including blockade of microglial 

activation.  Intrathecal administration of minocycline blocks spinal microglial 

activation and behavioral signs of enhanced pain induced by inflammation and 

nerve injury (Ledeboer et al., 2003;Milligan et al., 2000;Raghavendra et al., 

2003b;Watkins et al., 1997).  The mechanisms by which minocycline block 

microglial activation remain unclear.  Minocycline has been shown to work on 

both microglia and T cells, resulting in decreased cytokine levels produced in T 

cell-microglia interactions (Giuliani et al., 2005).  Spinal administration of 

minocycline or fluorocitrate, a gliotoxin relatively selective for astrocytes, 
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decrease pro-inflammatory cytokine production and corresponding hyperalgesia 

and allodynia (Hua et al., 2005;Ledeboer et al., 2005;Raghavendra et al., 2004).  

In the present study, inflammation-induced glial activation in the RVM may result 

in increased production of pro-inflammatory cytokines, resulting in the 

sensitization of neurons and facilitation of nociception.   

Evidence suggests that spinal microglial activation precedes that of any 

other immune cell type.  It has been shown in models of enhanced pain that 

microglia activation initiates, while astrocyte activation maintains, hypersensitivity 

(Raghavendra et al., 2004;Watkins and Maier, 2003a).  Interestingly, minocycline 

administration into the RVM attenuated thermal hyperalgesia and tactile allodynia 

approximately 30 minutes after injection, while behavioral effects of fluorocitrate 

administration were not observed until approximately 60 minutes after injection.  

The time course of action of these two inhibitors may be due to an initial 

activation of microglia in the RVM followed by the activation of astrocytes to 

maintain inflammation-induced hypersensitivity.   

Upon activation, microglia and astrocytes are known to upregulate the 

expression of OX-42, Iba1 and GFAP in the CNS (Romero-Sandoval et al., 

2008).  Immunohistochemistry has been used extensively to monitor the 

morphological and biological transformation of activated glia in the spinal cord 

after injury(Guo et al., 2007;Ledeboer et al., 2005;Romero-Sandoval et al., 

2008).  However, in order to quantify microglia and astrocyte activation in the 

RVM, protein levels of markers for these cell types were examined using 
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Western blot.  Carrageenan-induced inflammation increased Iba1 and GFAP 

protein levels, indicating microglia and astrocyte activation, respectively, and the 

microinjection of glial inhibitors into the RVM returned these protein levels to near 

baseline values.  The effects of minocycline and fluorocitrate on glial activation 

and behavioral hypersensitivity are due to direct administration into the RVM and 

not a decrease in peripheral inflammation, as the administration of the glial 

inhibitors had no effect on paw edema.   

Glial activation leads to the phosphorylation of p38 MAP kinase which, in 

turn, promotes the production of inflammatory mediators such as prostaglandin 

E2 and cytokines (Shi and Gaestel, 2002;Takeda and Ichijo, 2002;Obata et al., 

2000).  It has been shown that peripheral inflammation and nerve injury provoke 

phosphorylation (activation) of p38 MAPK in DRG neurons and in both microglia 

and neurons in the dorsal horn of the spinal cord (Kim et al., 2002).  Importantly, 

however, whereas spinal microglia demonstrate phosphorylation of p38 MAPK 

after nerve injury, inflammation, subcutaneous injection of algogenic substances 

or spinal injection of NMDA or substance P, increased phosphorylation of 

neuronal p38 MAPK is inconsistent and is not detected after peripheral injection 

of formalin or intrathecal injection of substance P (Hua et al., 2005;Svensson et 

al., 2007;Tsuda et al., 2005).  It was also found that the p38α isoform of p38 

MAPK is found predominantly in neurons whereas the p38β isoform is found in 

microglia (Svensson et al., 2005).  Antisense experiments that produced 

selective knock-down of either isoform of p38 MAPK showed that the p38β 



62 
 

isoform, and not the p38α isoform, mediates hyperalgesia due to intraplantar 

formalin or spinal substance P (Svensson et al., 2005). These observations 

indicate that, at least in the spinal cord, microglial, but not neuronal, p38 MAPK 

contributes to enhanced sensitivity in chronic pain states.  In the present 

investigation, phosphorylated p38 MAPK was localized in both microglia and 

neurons in the RVM in the resting state, with increased phosphorylation of p38 

MAPK in microglia after carrageenan-induced inflammation.  The relative 

contribution of neuronal p38 MAPK to the expression of enhanced pain requires 

further investigation.   

While inhibitors of p38 MAPK activation do not alter basal responses to 

acute noxious stimuli (Hua et al., 2005), pretreatment with intrathecal injections 

of p38 MAPK inhibitors has been shown to block hyperalgesia induced by 

formalin, capsaicin or carrageenan injected into the hindpaw, peripheral nerve 

injury or intrathecal injections of inflammatory mediators such as IL-6β  

(Svensson et al., 2005;Svensson et al., 2007;Sweitzer et al., 1999b;Mizushima et 

al., 2005).  In addition, p38 MAPK inhibitors blocked substance P-induced 

evoked release of PGE2 into the CSF (Svensson et al., 2005).  One of the most 

commonly used compounds among various p38 MAPK inhibitors is SB 203580.  

We report that microinjection of SB 203580 into the RVM attenuated behavioral 

hyperalgesia and allodynia as well as immunofluorescent evidence of activated 

microglia in the RVM.  Interestingly, the time course of action of both SB 203580 

and minocycline on thermal hyperalgesia and tactile allodynia was approximately 
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30 minutes, suggesting the activation of p38 MAPK correlates with the activation 

of microglia.  Others have reported that peripheral inflammation induced by 

injection of CFA into the hindpaw resulted in phosphorylation of p38 MAPK that 

was predominant in RVM neurons but also present in some microglia of the RVM 

within 30 min of the injection (Imbe et al., 2007).  However, in that study, the 

functional significance of phosphorylated p38 MAPK in non-neuronal cells was 

not investigated (Imbe et al., 2007).  The phosphorylation of p38 MAPK 

diminished within 7 hours, which corresponded with increased activation of ERK, 

which itself might be transcriptionally related to the activation of p38 MAPK (Imbe 

et al., 2007).  In that study, it was also found that approximately 40% of neurons 

expressing phosphorylated p38 MAPK were serotonergic, and it was 

hypothesized that p38 MAPK activation could lead to neuroplastic changes in 

descending pain modulation, in this case, by increasing transcription of 

tryptophan hydroxylase and promoting serotonergic transmission from the 

brainstem (Imbe et al., 2007).  Transcriptional events produced by activated p38 

MAPK could also lead to increased expression of pro-nociceptive mediators in 

the RVM; it is known that p38 MAPK activates basic fibroblast growth factor 

(bFGF)-mediated transcription of cholecystokinin (CCK) (Hansen et al., 1999).  

Previous reports indicate increased CCK in the RVM mediates enhanced 

descending facilitation (Xie et al., 2005). 

A growing body of evidence suggests that neurotrophic factors in the CNS 

can act as algogenic mediators in chronic pain states.  In particular, brain-derived 
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neurotrophic factor (BDNF) has been implicated as a key mediator of central 

nociceptive processes, although the focus of research has been neuronally 

derived BDNF.  Evidence suggests that inflammatory pain is indeed mediated by 

neuronal BDNF (Kerr et al., 1999;Mannion et al., 1999) and investigations of a 

conditional knock-out mouse where BDNF was selectively removed from 

nociceptive sensory neurons showed reduced pain-related behaviors, both at 

basal levels and in response to inflammation (Zhao et al., 2006).  Intrathecal 

administration of BDNF induces allodynia in naïve rats and administration of 

BDNF-sequestering fusion proteins or trkB receptor (BDNF receptor located on 

neurons) antagonists reversed behavioral hypersensitivity induced by nerve 

injury, indicating BDNF-trkB signaling is an important component of enhanced 

pain (Coull et al., 2005).  Recent investigations report that BDNF is released from 

cultured microglia upon stimulation with ATP (Coull et al., 2005) and intrathecal 

administration of microglia induce behavioral hypersensitivity and a shift in the 

anion reversal potential in spinal neurons.  Pretreatment of microglia with siRNA 

directed against BDNF prior to stimulation and spinal administration inhibited the 

effects of these cells on the withdrawal threshold and anion reversal potential 

(Coull et al., 2005).  Increased levels of BDNF and trkB phosphorylation in the 

RVM after inflammation has been reported (Guo et al., 2006), and our present 

investigations show that intra-RVM sequestration of BDNF attenuates 

carrageenan-induced thermal hyperalgesia.  This data indicates that BDNF is an 
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important component of descending facilitation, but the cell type origin of BDNF 

release in the RVM is unclear and requires further investigation.   

An important mediator of both neuronal and glial activation is adenosine 

triphosphate (ATP), which is released from damaged and/or inflamed tissue, from 

central terminals of nociceptive afferents within the spinal cord, and from 

astrocytes during calcium wave propagation (Bardoni et al., 1997).  ATP is an 

endogenous ligand for the P2 purinergic receptor family which can be divided 

into two subgroups: the G-protein-coupled P2Y receptors and the ATP-gated 

cation channels of the P2X receptors.  To date at least seven P2X- and eight 

P2Y-subtypes have been cloned and most are expressed on primary afferent 

neurons or spinal dorsal horn neurons.  Recently, however, P2X and P2Y 

receptor expression has been found on spinal microglia and astrocytes and are 

now known to have an important role in pain processing.  The role of P2Y 

receptors for more than chemotaxis and migration is only now coming to light, as 

the P2Y12 receptor on microglia has been found to be important for the 

pathogenesis of enhanced pain (Kobayashi et al., 2008;Tozaki-Saitoh et al., 

2008).  To this point, investigations have focused on the role of P2X receptors in 

the facilitation of enhanced pain. 

Previous studies had suggested that P2X2 and P2X3 receptors are 

abundantly expressed specifically on nociceptive neurons (Vulchanova et al., 

1997).  However, pharmacological blockade of these two receptors by intrathecal 

injection of a known antagonist, PPADS, had no effect on the established 
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allodynia, whereas treatment with an alternative antagonist, TNP-ATP, produced 

a reversal of nerve injury-induced enhanced pain (Tsuda et al., 2003).  The 

pharmacological profiles of these two antagonists suggested P2X4 receptors 

were being targeted and further examinations revealed an increase in P2X4 

protein in microglia of the spinal dorsal horn (Tsuda et al., 2003).  These findings 

indicate that ATP, acting through P2X4 receptors on microglia, is necessary to 

induce the tactile allodynia associated with nerve injury.  Activation and up-

regulation of P2X4 receptors in microglia has also been implicated in the 

induction of long-term potentiation of C-fiber-evoked field potentials and the 

release of BDNF in the spinal dorsal horn (Gong et al., 2008;Ulmann et al., 

2008). 

In the present investigation, the administration of the P2X-receptor agonist 

α,β-methylene-ATP into the RVM of naïve rats produced long-lasting 

hyperalgesia.  This model is useful to stimulate chronic pain without tissue 

damage or peripheral nerve injury and was used to examine the role of P2X 

receptors in the RVM.  Pre-treatment with PPADS (P2X1-3,5,7 antagonist) or TNP-

ATP (P2X1-4 antagonist) prior to α,β-methylene-ATP administration produced a 

short-acting anti-hyperalgesia, suggesting that ATP acts at multiple receptors.  

McGaraughty et al. found an intrathecal injection of the selective P2X3/P2X2/3-

receptor antagonist, A-317491, produced an anti-hyperalgesic effect in an 

inflammatory model of pain (McGaraughty et al., 2003).  Co-administration of 

ATP and A-317491 was found to prevent tactile allodynia induced by spinal ATP 
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injection, however, post-administration of the antagonist had little or no effect on 

allodynia (Nakagawa et al., 2007).  RVM microinjection of PPADS or TNP-ATP 

four days after the RVM administration of α,β-methylene-ATP did not attenuate 

the established hyperalgesia and, importantly, did not attenuate carrageenan-

induced inflammation.  Taken together, these data suggest α,β-methylene-ATP 

acts through multiple P2X receptors (not only through P2X4) in the RVM to 

induce hyperalgesia, and other receptors (such as P2Y receptors) then become 

activated to maintain the enhanced pain.  Antagonism of supraspinal P2X 

receptors alone after the establishment of the enhanced pain is not enough to 

attenuate the behavioral signs of hypersensitivity.  The use of more selective 

antagonists will need to be used to examine the roles of receptors in a variety of 

cell types within the RVM in future investigations. 

To this point, opioid analgesics represent the best option for the treatment 

of severe pain and for the management of chronic pain states.  However, the 

clinical efficacy of these drugs is reduced by the rapid development of analgesic 

tolerance with repeated administration of opioids, such as morphine.  Patients 

who receive long-term opioid therapy sometimes develop unexpected, abnormal 

pain (De et al., 1991a;De et al., 1991b;Sjogren et al., 1994b;Sjogren et al., 

1994a;Doverty et al., 2001a;Doverty et al., 2001b).  Many mechanisms have 

been proposed to account for the development of this morphine-induced 

paradoxical pain, but the concept that glial activation may play a role is only now 

being examined.  Chronic administration of morphine has been shown to activate 
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glia and upregulate pro-inflammatory cytokines in the spinal cord (Raghavendra 

et al., 2002) and inhibition of glia in the spinal cord attenuated morphine-induced 

hypersensitivity (Song and Zhao, 2001).  The present investigation examines 

glial activation within the RVM after sustained administration of morphine and 

shows that chronic morphine induces morphological changes in microglia in the 

RVM, suggesting microglial activation.  Furthermore, inhibition of microglia with 

the RVM microinjection of minocycline attenuates morphine-induced tactile 

allodynia.  While there was no significant increase in Iba1 protein levels in the 

RVM with sustained morphine administration, this does not mean there is no 

microglial activation.  Increases in pro-inflammatory cytokines within the RVM are 

possible, along with other functional changes not examined here.  Further 

investigation needs to be performed to determine if these changes occur.  

Importantly, the behavioral changes observed with the inhibition of microglia in 

the RVM suggest a role for microglia in morphine-induced hypersensitivity. 

Opioid tolerance and neuropathic pain conditions share features of 

diminished µ-opioid analgesia and abnormal pain (Mayer et al., 1999) and it is 

suggested that the mechanisms of morphine-induced hypersensitivity are 

reminiscent of those associated with inflammatory pain (King et al., 2005a).  

These common features have led to suggestions of common mechanisms 

between these pain syndromes.  Evidence indicates that nerve injury induces 

glial activation in the spinal cord and inhibition of glia attenuates nerve injury-

induced hypersensitivity (Scholz and Woolf, 2007;Garrison et al., 1991;Tanga et 
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al., 2005).  In the present study, spinal nerve ligation (SNL) injury was used as a 

model of nerve injury and glial activation in the RVM induced by this injury was 

examined.  SNL induced tactile allodynia on days 3, 10 and 30 after injury and 

RVM microinjection of the astrocyte inhibitor, fluorocitrate, attenuated SNL-

induced hypersensitivity at all three time points.  Morphological changes in 

astrocytes within the RVM were also observed, and these results indicate a role 

of astrocytes in nerve injury-induced hypersensitivity.  While there was no 

observable increase in GFAP protein levels in the RVM, other pro-inflammatory 

mediators may be upregulated and further investigation will determine if these 

changes take place within the RVM.  A previous study also suggests glial 

activation in the RVM in a nerve injury model (chronic constriction injury) of the 

infraorbital nerve (Wei et al., 2008).  While they found a role of both astrocytes 

and microglia in the RVM in a model of CCI, it is possible that different nerve 

injury conditions may produce different patterns of activation. 

Conclusions 

 In the present investigation, we demonstrated that peripheral inflammation 

induced with carrageenan activated microglia and astrocytes in the RVM as well 

as the phosphorylation of p38 MAPK in RVM neurons and microglia.  

Microinjection of inhibitors of glial activation or of p38 MAPK attenuates both 

carrageenan-induced thermal hyperalgesia and tactile allodynia.  

Immunofluorescent examination of medullary sections shows an intensification in 

labeling for OX-42, GFAP and p-p38 MAPK in tissue obtained from rats treated 
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with carrageenan.  Microinjection of minocycline, fluorocitrate and SB 203580 

decreased the activation of microglia and astrocytes in the RVM.  Activation of 

P2X receptors in the RVM via α,β-methylene-ATP initiates a cascade of signaling 

processes, including the phosphorylation of p38 MAPK, leading to increased 

production and release of BDNF which act on the trkB receptors located on 

neurons.   

 It was also demonstrated that sustained morphine administration induces 

behavioral hypersensitivity and inhibition of microglia in the RVM can attenuate 

this behavior, suggesting an important role for microglia in opioid-induced 

enhanced pain.  Astrocyte activation was found to be important for nerve injury-

induced behavioral hypersensitivity, as fluorocitrate attenuated the tactile 

allodynia induced by SNL.   

 While many factors are important for pain processing, we now show that 

glial activation within the RVM is a crucial player in the descending facilitation of 

nociception.  Within the RVM, three different pain syndromes have been found to 

activate glia, but with varying patterns.  The concept that different pain 

syndromes, such as inflammation, opioid-induced pain and neuropathic pain, can 

activate different cell types is important for our understanding of the mechanisms 

of chronic pain.  Each of these cell types can produce and release a variety of 

mediators that can act on the neurons of the RVM to facilitate pain.  This glial-

neuronal communication within the RVM may lead to a novel mechanism that 
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may represent a novel target for the development efforts aimed at the control of 

chronic pain states.   
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Table 1
Pain-enhancing procedures known to activate* glia in spinal dorsal horn

Model Reference

Subcutaneous irritants Colburn et al. 1997
Fu et al. 1999
Sweitzer et al. 1999
Raghavendra et al. 2004
Hua et al. 2005

Spinal nerve ligation (SNL) Colburn et al. 1997
Zhang et al. 2003
Narita et al. 2006

Partial SNL Clark et al. 2007
SNL + transection Colburn and DeLeo 1999

Tsuda et al. 2004
Chronic constriction injury Colburn et al. 1997

Zhang et al. 2003
Durrenberger et al. 2004

Spinal nerve transection Arruda et al. 2000
Raghavendra et al. 2003
Colburn et al. 1999

Nerve root ligation Hashizume et al. 2000
Spinal cord injury Hains et al. 2006

Peng et al. 2006
Popovich et al. 1997

Bone cancer Schwei et al. 1999

* Activation is based on morphological changes and increased 
expression of glial markers assessed by immunohistochemistry.
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Figure 1:  Ascending pain pathways.  The primary afferent Aβ, Aδ and C fibers 
enter the spinal cord.  The Aβ fibers ascend via the ipsilateral dorsal column (DC) 
to the dorsal column nuclei in the brainstem.  The Aδ and C fibers ascend via the 
contralateral spinothalamic tract (STT).  Fibers continue to the thalamus and then 
to the somatosensory cortex. 
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Figure 2:  Descending pain pathways.  Depicted are some of the major 
structures of the descending pain modulation system.  Neurons from the 
periaqueductal gray (PAG) project to the rostroventromedial medulla (RVM) in 
the brainstem.  Neurons from the RVM project to the dorsal spinal cord via the 
dorsolateral funiculus (DLF). 



75 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  Opposing modulatory actions by two populations of neurons.  
Recording from neurons in the RVM during the application of noxious stimuli 
reveals one class that pauses (off cells) and one that bursts (on cells) just prior to 
withdrawal.  A = amygdala; H = hypothalamus; PAG = periaqueductal gray; R = 
recording electrode; SC = spinal cord.  Image from Fields 2004. 
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Figure 4:  Location of paired guide cannulae directed toward the RVM.  A) Black 
circle indicates placement of cannula (10.8 mm caudal to bregma, 0.6mm to 
each side of the sagital suture and 7.0 mm ventral to the dura mater surface).  B) 
Diagram shows position of guide cannulae (gray bars) in reference to the RVM 
(green shaded area).  Diagram from Paxinos and Watson (1992). 
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Figure 5:  Photomicrograph of medullary section counterstained with Nissl stain. 
The microinjection sites in the RVM were visualized with the microinjection of 
India ink to verify proper cannula placement. Scale bar = 100 µm. 
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Figure 6:  Carrageenan-induced paw edema.  A) Paw volumes (ml) were 
measured three hours after saline or carrageenan intraplantar injection.  * p ≤ 
0.05 compared to saline.  B)  Images of rat hindpaws injected with saline or 
carrageenan.  A pronounced swelling of the rat paw in the animals receiving 
carrageenan was observed compared to the saline group. 
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Figure 7:  Carrageenan in the hindpaw induces thermal hyperalgesia and tactile 
allodynia three hours after injection, as indicated by decreased hot-plate 
latencies and paw withdrawal thresholds.  Medullary sections were obtained from 
rats treated with saline (A,C) or with carrageenan (B,D) and immunolabeling for 
OX-42 (microglia, A,B), and GFAP (astrocytes, C,D) are shown.  Rats with 
inflammation indicate an intensification in labeling for OX-42 (B) and GFAP (D) 
along with changes in morphology indicative of activation of glia.  Scale bar = 100 
µm.  Inset images are individual cells magnified to show morphology.  Scale bar 
= 20 µm.
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Figure 8:  Flow chart depicting the experimental design used for testing the 
effects of drugs microinjected into the RVM on carrageenan-induced 
hypersensitivity. 
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Figure 9:  Minocycline dose-dependent attenuation of carrageenan-induced 
thermal hyperalgesia. Carrageenan in the hindpaw induces decreased latency to 
52°C hot-plate three hours after injection and minocycline microinjected into the 
RVM at 10, 25 and 50 µg reversed the inflammation-induced hypersensitivity in a 
dose- and time-dependent manner.  BL indicates mean baseline responses, 
Carr. indicates the mean post-carrageenan responses.  * indicates significant (p 
≤ 0.05) increases in responses relative to the post-carrageenan values. 
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Figure 10:  Minocycline (25 µg) microinjection produced a time-dependent 
reversal of carrageenan-induced thermal hyperalgesia (A) and tactile allodynia 
(B).  Paw volume (ml) did not change with the administration of minocycline into 
the RVM compared to post-carrageenan values (C).  BL indicates mean baseline 
responses, Carr. indicates the mean post-carrageenan responses.  * indicates 
significant (p ≤ 0.05) increases in responses relative to the post-carrageenan 
values (of those that received carrageenan).  
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Figure 11:  Medullary sections were obtained from rats treated with hindpaw 
injections of saline (A) or carrageenan and receiving microinjections of vehicle 
(B) or 25 µg of minocycline (C) in the RVM and were labeled with OX-42 for 
immunofluorescent visualization of microglia.  Microinjection of the microglial 
inhibitor minocycline into the RVM three hours after hindpaw injection of 
carrageenan produced an apparent reduction in immunofluorescence for OX-42 
along with morphologic changes suggesting reduced microglial activation.   
Scale bar = 100 µm. 
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Figure 12:  Inflammation-induced upregulation of Iba1 in the RVM.  Top blot 
shows examples of the immunoreactive bands against anti-Iba1.  The bottom blot 
shows immunoreactive bands against anti-α-tubulin after stripping and reprobing 
the same membrane.   The bar graph shows the mean levels of Iba1 normalized 
to tubulin.  Carrageenan administration increased the relative Iba1 levels (mean 
± SEM) and RVM microinjection of minocycline decreased Iba1 protein levels.  
* indicates significant (p ≤ 0.05) increases in relative protein levels compared to 
the saline/saline treated group.  
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Figure 13:  Fluorocitrate (1 µg) microinjection produced a time-dependent 
reversal of carrageenan-induced thermal hyperalgesia (A) and tactile allodynia 
(B).  Paw volume (ml) did not change with the administration of fluorocitrate into 
the RVM compared to post-carrageenan values (C).  BL indicates mean baseline 
responses, Carr. indicates the mean post-carrageenan responses.  * indicates 
significant (p ≤ 0.05) increases in responses relative to the post-carrageenan 
values (of those that received carrageenan). 
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Figure 14:  Medullary sections were obtained from rats treated with hindpaw 
injections of saline (A) or carrageenan and receiving microinjections of vehicle (B) 
or 1 µg of fluorocitrate (C) in the RVM and were labeled with GFAP for 
immunofluorescent visualization of astrocytes.  Microinjection of the glial inhibitor 
fluorocitrate into the RVM three hours after hindpaw injection of carrageenan 
produced an apparent reduction in immunofluorescence for GFAP along with 
morphologic changes suggesting reduced astrocyte activation.   
Scale bar = 100 µm. 
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Figure 15:  Inflammation-induced upregulation of GFAP in the RVM.  Top blot 
shows examples of the immunoreactive bands against anti-GFAP.  The bottom 
blot shows immunoreactive bands against anti-α-tubulin after stripping and 
reprobing the same membrane.   The bar graph shows the mean levels of GFAP 
normalized to tubulin.  Carrageenan administration increased the relative GFAP 
levels (mean ± SEM) and RVM microinjection of fluorocitrate decreased GFAP 
protein levels. * indicates significant (p ≤ 0.05) increases in relative protein levels 
compared to the saline/saline treated group. 
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Figure 16:  Medullary sections were obtained from saline-treated control rats 
(A,C,E) and rats with carrageenan-induced inflammation (B,D,F) three hours after 
injection.  Sections were immunolabeled for phosphorylated-p38 MAPK (red) and 
co-labeled (green) with OX-42 (microglia, A,B), GFAP (astrocytes, C,D) and NeuN 
(neurons, E,F).  Label for phosphorylated-p38 MAPK is co-localized with microglia 
and neurons, but not astrocytes.  Additionally, there is a visible increase in 
expression of microglia co-expressing p-p38 MAPK, whereas there is no 
observable change in neurons expressing this marker.  Scale bar = 100 µm.  
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Figure 17:  SB 203580, a p38 MAPK inhibitor, causes a dose-dependent 
attenuation of carrageenan-induced thermal hyperalgesia. Carrageenan in the 
hindpaw induces decreased latency to 52°C hot plate three hours after injection 
and SB 203580 microinjected into the RVM at 1, 3 and 10 µg reverses the 
inflammation-induced hypersensitivity in a dose- and time-dependent manner.  BL 
indicates mean baseline responses, Carr. indicates the mean post-carrageenan 
responses.  * indicates significant (p ≤ 0.05) increases in responses relative to the 
post-carrageenan values.
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Figure 18:  SB 203580 microinjection produced a time-dependent reversal of 
carrageenan-induced thermal hyperalgesia (A) and tactile allodynia (B).  BL 
indicates mean baseline responses, Carr. indicates the mean post-carrageenan 
responses.  * indicates significant (p ≤ 0.05) increases in responses relative to the 
post-carrageenan values (of those that received carrageenan). 
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Figure 19:  Medullary sections were obtained from rats treated with hindpaw 
injections of saline (A) or carrageenan and receiving microinjections of vehicle (B) 
or 10 µg of SB 203580 (C) in the RVM and were labeled with OX-42 for 
immunofluorescent visualization of microglia.  Microinjection of the p38 MAPK 
inhibitor SB 203580 into the RVM three hours after hindpaw injection of 
carrageenan produced an apparent reduction in immunofluorescence for OX-42 
along with morphologic changes suggesting reduced microglia activation.   
Scale bar = 100 µm. 
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Figure 20:  RVM microinjection of α,β-methylene-ATP produced long-lasting 
thermal hyperalgesia and P2X antagonists delayed the onset of behavioral 
hypersensitivity.  A) α,β-methylene-ATP (1 nmol) microinjected into the RVM of 
naïve rats induced thermal hyperalgesia that lasted at least one week.  B)  RVM 
microinjection of TNP-ATP (P2X1-4 antagonist; 1 nmol) 10 minutes prior to α,β-
methylene-ATP (1 nmol) prevented thermal hyperalgesia at the 15 minute time 
point.  RVM microinjection of PPADS (P2X1-3,5,7 antagonist; 1 nmol) 10 minutes 
prior to α,β-methylene-ATP (1 nmol) prevented thermal hyperalgesia at the 15, 30 
and 45 minute time points.  BL indicates mean baseline responses.   
* indicates significant (p ≤ 0.05) decreases in responses relative to the baseline 
values.
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Figure 21:  Post-treatment with P2X antagonists does not attenuate ATP- or 
carrageenan-induced hypersensitivity.  A)  RVM microinjection of TNP-ATP 
(P2X1-4 antagonist; 1 nmol) or PPADS (P2X1-3,5,7 antagonist; 1 nmol) four days 
after RVM administration of α,β-methylene-ATP (1 nmol) does not reverse thermal 
hyperalgesia.  B)  RVM microinjection of TNP-ATP (1 nmol) or PPADS (1 nmol) 
three hours after carrageenan-induced inflammation does not reverse thermal 
hyperalgesia.  BL indicates mean baseline responses, Carr. indicates the mean 
post-carrageenan responses.   
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Figure 22:  BDNF antiserum dose-dependent attenuation of carrageenan-induced 
thermal hyperalgesia. Carrageenan in the hindpaw induces decreased latency to 
52°C hot-plate three hours after injection and anti-BDNF antibody microinjected 
into the RVM at 50, 100 and 200 ng reverse the inflammation-induced 
hypersensitivity in a dose- and time-dependent manner.  BL indicates mean 
baseline responses, Carr. indicates the mean post-carrageenan responses.  * 
indicates significant (p ≤ 0.05) increases in responses relative to the post-
carrageenan values. 
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Figure 23:  Flow chart depicting the experimental design used for testing the 
effects of drugs microinjected into the RVM on morphine-induced hypersensitivity. 
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Figure 24:  Microglial inhibitor in the RVM attenuates morphine-induced 
behavioral hypersensitivity.  A)  Day 6 after saline or morphine sustained systemic 
administration, minocycline (25 µg) microinjected into the RVM attenuated tactile 
allodynia.  B)  Day 6 after saline or morphine sustained systemic administration,  
fluorocitrate (1 µg) microinjected into the RVM did not attenuate the tactile 
allodynia.  BL indicates mean baseline responses.  * indicates significant (p ≤ 
0.05) decreases in responses relative to the baseline values. 
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Figure 25:  Medullary sections were obtained from rats treated with systemic 
saline (A) or morphine (1.54 mg/day) (B) and were labeled with OX-42 for 
immunofluorescent visualization of microglia.  Sustained morphine administered 
for six days induced apparent morphological changes, indicating microglia 
activation.  Scale bar = 100 µm. 
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Figure 26:  Protein levels in the RVM after six days of sustained systemic 
morphine or saline administration.  (A) Minocycline treatment: top blot shows 
examples of the immunoreactive bands against anti-Iba1.  The bottom blot shows 
immunoreactive bands against anti-α-tubulin after stripping and reprobing the 
same membrane.   The bar graph shows the mean levels of Iba1 normalized to 
tubulin. (B) Fluorocitrate treatment: top blot shows examples of the 
immunoreactive bands against anti-GFAP.  The bottom blot shows 
immunoreactive bands against anti-α-tubulin after stripping and reprobing the 
same membrane.   The bar graph shows the mean levels of GFAP normalized to 
tubulin. 
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Figure 27:  Flow chart depicting the experimental design used for testing the 
effects of drugs microinjected into the RVM on nerve injury-induced 
hypersensitivity. 
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Figure 28:  Minocycline RVM microinjection did not produce an attenuation of 
nerve injury-induced tactile allodynia on (A) Day 3, (B) Day 10 or (C) Day 30 after 
injury.  BL indicates mean baseline responses.  * indicates significant (p ≤ 0.05) 
decreases in responses relative to the baseline values. 
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Figure 29:  Fluorocitrate RVM microinjection produced a time-dependent reversal 
of nerve injury-induced tactile allodynia on (A) Day 3, (B) Day 10 and (C) Day 30 
after injury.  BL indicates mean baseline responses.  * indicates significant (p ≤ 
0.05) decreases in responses relative to the baseline values. 
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Figure 30:  Nerve injury-induced astrocyte activation.  Medullary sections were 
obtained from rats with sham (A) or SNL (B) injury and were labeled with GFAP 
for immunofluorescent visualization of astrocytes.  On day 10 after SNL injury, 
there is an apparent morphological change in the astrocytes, indicating astrocyte 
activation.  Scale bar = 100 µm. 
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Figure 31:  Protein levels in the RVM on day 3 after spinal nerve ligation or sham 
injury.  (A) Top blot shows examples of the immunoreactive bands against anti-
Iba1.  The bottom blot shows immunoreactive bands against anti-α-tubulin after 
stripping and reprobing the same membrane.   The bar graph shows the mean 
levels of Iba1 normalized to tubulin. (B) Top blot shows examples of the 
immunoreactive bands against anti-GFAP.  The bottom blot shows 
immunoreactive bands against anti-α-tubulin after stripping and reprobing the 
same membrane.   The bar graph shows the mean levels of GFAP normalized to 
tubulin.  
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Figure 32:  Protein levels in the RVM on day 10 after spinal nerve ligation or 
sham injury.  (A) Top blot shows examples of the immunoreactive bands against 
anti-Iba1.  The bottom blot shows immunoreactive bands against anti-α-tubulin 
after stripping and reprobing the same membrane.   The bar graph shows the 
mean levels of Iba1 normalized to tubulin. (B) Top blot shows examples of the 
immunoreactive bands against anti-GFAP.  The bottom blot shows 
immunoreactive bands against anti-α-tubulin after stripping and reprobing the 
same membrane.   The bar graph shows the mean levels of GFAP normalized to 
tubulin.  
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Figure 33:  Protein levels in the RVM on day 30 after spinal nerve ligation or 
sham injury.  (A) Top blot shows examples of the immunoreactive bands against 
anti-Iba1.  The bottom blot shows immunoreactive bands against anti-α-tubulin 
after stripping and reprobing the same membrane.   The bar graph shows the 
mean levels of Iba1 normalized to tubulin. (B) Top blot shows examples of the 
immunoreactive bands against anti-GFAP.  The bottom blot shows 
immunoreactive bands against anti-α-tubulin after stripping and reprobing the 
same membrane.   The bar graph shows the mean levels of GFAP normalized to 
tubulin.  
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