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    Chapter 8   
 Pain Modulation and the Transition 
from Acute to Chronic Pain                     

       Mary     M.     Heinricher    

    Abstract     There is now increasing evidence that pathological pain states are at least 
in part driven by changes in the brain itself. Descending modulatory pathways are 
known to mediate top-down regulation of nociceptive processing, transmitting cortical 
and limbic infl uences to the dorsal horn. However, these modulatory pathways are 
also intimately intertwined with ascending transmission pathways through positive 
and negative feedback loops. Models of persistent pain that fail to include descend-
ing modulatory pathways are thus incomplete. Although teasing out individual links 
in a recurrent network is never straightforward, it is imperative that understanding 
of pain modulation be fully integrated into how we think about pain.  

  Keywords     Pain-modulation   •   Descending control   •   Rostral ventromedial medulla   
•   Feedback   •   Plasticity  

8.1       Introduction 

 It has been said that “pain demands attention.” This observation encompasses the 
all-consuming nature of pain and resonates with most people’s personal experience. 
Pain-related goals have high behavioral priority, and terminating or at least reducing 
pain usually takes precedence over other motivated behaviors. The high emotional 
and cognitive load imposed by pain refl ects the fact that tissue damage engages a 
high-priority “automatic” pathway, a sensory pathway suffi ciently strong to resist 
interference or distraction. One can easily imagine how this would be advantageous, 
since an immediate high-priority response to tissue damage would potentially limit 
injury and enhance behaviors that protect and promote healing. 

 Despite the automatic character of nociceptive transmission, the relationship 
between tissue damage and pain is complex, and pain is subject to contextual 
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demands. At one end of the spectrum, pain threshold is somewhat elevated during 
feeding (Casey and Morrow  1989 ,  1988 ; LaGraize et al.  2004 ; Foo and Mason 
 2005 ), and at the extreme, severe stress can result in potent analgesia (Amit and 
Galina  1988 ; Watkins and Mayer  1982 ). Conversely, pain can be facilitated by mild 
or “psychological” stress, during illness, or by enhanced attention (Watkins et al. 
 1994 ; Wagner et al.  2013 ; Imbe et al.  2006 ; Willer et al.  1979 ). Although adjust-
ments in intracortical and thalamocortical circuits undoubtedly have some role in 
how pain varies with behavioral context and task engagement, the key mechanism 
underlying top-down regulation of pain is thought to be  pain-modulating  systems. 
These defi ned brainstem circuits regulate nociceptive transmission and are some-
times referred to as “descending controls” because they are mediated by projections 
from the brainstem to nociceptive circuitry at the level of the spinal and trigeminal 
dorsal horn. This allows modulation of high-priority “automatic” nociceptive process-
ing at the earliest central stages. 

 The critical links in brainstem pain-modulating circuitry have been identifi ed 
as the midbrain periaqueductal gray (PAG) and rostral ventromedial medulla 
(RVM). Anatomically, this system is well positioned to mediate cognitive and 
emotional effects on pain by altering spinal nociceptive processes: the periaque-
ductal gray receives massive inputs from forebrain areas implicated in mood, 
attention and executive control, stress, and arousal and relays this information to 
the RVM, which projects to the dorsal horn of the spinal cord via the dorsolateral 
funiculus as well as to the trigeminal dorsal horn. The RVM also receives direct 
input from some of the same areas, including the central nucleus of the amygdala, 
insula, and hypothalamus. 

 Understanding the physiology and function of this system is more challenging. 
This is due to a number of factors. First, the system exerts bidirectional control and 
can both inhibit and facilitate pain. In addition, neither the PAG nor the RVM is a 
“center,” devoted exclusively to pain modulation. Finally, pain-modulating circuitry 
is closely intertwined with nociceptive transmission pathways, forming a recurrent 
network that can only be fully understood from an integrative perspective. The pres-
ent chapter provides an overview of avenues toward understanding pain modulation 
that address these challenges, with an emphasis on how the system is altered in the 
transition from acute to persistent pain.  

8.2     The PAG and RVM as a Pain-Modulating Circuit 

 The brain’s ability to modulate somatosensory processing at the level of the dorsal 
horn has been recognized for over a century. However, the idea that specifi c brain 
circuits are dedicated to regulating transmission of pain-related sensory signals is 
usually traced back to the demonstration that electrical stimulation of the PAG can 
inhibit behavioral responses to noxious stimuli in rats (Reynolds  1969 ). Subsequent 
adoption of this concept by neurosurgeons for treatment of intractable pain in 
patients, although not without signifi cant limitations and drawbacks, demonstrated 
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that electrical stimulation of the PAG region actually reduces pain and is not simply 
inhibiting motor responses (Barbaro  1988 ). Discovery of the opioid receptor and 
endogenous opioid peptides at about the same time heightened interest in pain- 
modulating circuits, with the ultimate demonstration that the analgesic actions of 
potent opioids acting at the μ-opioid receptor were through engagement of this 
system, with specifi c targets in the PAG and RVM (Heinricher and Ingram  2008 ; 
Heinricher and Fields  2013 ). More recently, imaging studies have confi rmed 
engagement of the PAG-RVM system in pharmacological and behavioral modula-
tion of pain (Lee et al.  2008 ; Tracey  2010 ; Bingel and Tracey  2008 ). 

 Because the dominant behavioral effect of electrical stimulation in either the 
PAG or RVM is analgesia, and because both sites support opioid analgesia, the 
system was initially viewed as an “analgesia” system. It later became clear, 
however, that this is true modulatory system, with the capacity to enhance or inhibit 
pain in different circumstances. This requires a more nuanced view and suggests 
that the system is best conceived as a regulatory node that modulates lower-level 
nociceptive sensory transmission mechanisms in accord with behavioral context. 
Bidirectional control is mediated by two distinct outputs from the RVM, a pain- 
facilitating population referred to as “ON-cells” and a pain-inhibiting population 
referred to as “OFF-cells.” Top-down inputs to this regulatory node can therefore set 
the priority for nociceptive sensory processing. Pain-modulating circuits must also 
monitor the nociceptive transmission system. Indeed, the pain-modulating neurons 
of the RVM are most easily identifi ed by changes in fi ring associated with behav-
ioral responses to noxious stimulation (Heinricher and Fields  2013 ). The fact that 
pain-modulating neurons also “respond” to noxious input has, on occasion, led to 
conceptual and methodological confusion when viewed from a sensory, rather than 
modulatory, perspective. 

 An important question is whether descending pain-modulation systems are 
 relevant to pain as a sensory experience or whether these systems simply modify 
spinal nocifensor refl ex arcs. This issue has been raised because nocifensor 
withdrawal refl exes can sometimes be dissociated from more integrated nociceptive 
behaviors (King et al.  2003 ,  2007 ). It has also been suggested that the RVM output 
has a premotor function, shaping the withdrawal from noxious stimulation (Hellman 
and Mason  2012 ). Indeed, blocking the pronociceptive output from the RVM 
reduces the magnitude of the nocifensor withdrawal (Jinks et al.  2007 ). However, 
the argument for a premotor function is based primarily on correlations between cell 
activity and the dynamics of the motor response, and this correlation is less than 
robust (Devonshire et al.  2015 ). Moreover, lesion or reversible inactivation of the 
RVM does not eliminate motor responses, but rather alters the threshold for evoking 
the behavior (Heinricher and Kaplan  1991 ; Proudfi t  1980 ; Young et al.  1984 ). More 
important, however, pharmacological manipulation presumed to activate the pain- 
facilitating output from the RVM supports conditioned place avoidance, in addition 
to hyperalgesia as measured by withdrawal threshold. Conversely, inactivation of 
the RVM in animals subjected to a nerve injury supports conditioned place 
preference (De Felice et al.  2011 ,  2013 ). These fi ndings using place preference 
and avoidance as a measure of the affective state of the animal (King et al.  2009 ) 
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demonstrate that brainstem pain-modulating systems infl uence not just refl ex arcs, 
but circuits contributing to pain as an aversive sensory experience.  

8.3     Is Pain Modulation a Specifi c Function 
of the PAG-RVM System? 

 One underappreciated aspect of the function of this “pain-modulating” PAG-RVM 
circuit is that these same brain regions also regulate a range of physiological param-
eters, including heart rate, respiration, and body temperature, and contribute to a 
number of coordinated behaviors, including defense, reproduction, and maternal 
behaviors (Lovick  1997 ; McAllen et al.  2010 ; Bandler and Keay  1996 ; Bandler 
et al.  2000a ; Behbehani  1995 ; Morrison  2011 ). Functional responses to stimulation 
in these regions can therefore include, in addition to antinociception, fl ight, jumping, 
gnawing, vocalization, apnea, and immobility (the latter incorrectly interpreted in 
early work as “pure analgesia” (Fardin et al.  1984 , see Walker and Carrive  2003 ; 
Morgan and Carrive  2001  for discussion). For this reason, neither the periaqueduc-
tal gray nor the RVM should be considered as a pain-modulating “center,” devoted 
exclusively to pain modulation. But does this mean that the idea of pain modulation 
as a specifi c brain function is invalid? 

 The long-established fact that pain modulation is invariably integrated with 
autonomic and other behavioral changes when engaged as part of organized 
responses to behavioral and physiologic challenges has led some to conclude that 
modulation of pain from the PAG-RVM system “…[cannot] be divorced from so-
called side effects” (Mason  2011 ). In that view, the putative pain-modulating neu-
rons in the RVM, the ON-cells and OFF-cells, are multifunctional and regulate 
physiological variables in addition to nociceptive processing. Consistent with this 
perspective, the fi ring of ON- and OFF-cells can sometimes be correlated with body 
temperature, respiratory parameters, or micturition (Baez et al.  2005 ; Hellman et al. 
 2007 ; Nason and Mason  2006 ). However, a neuron can fi re in  association  with a 
physiological or behavioral parameter without  controlling  that parameter. Indeed, 
given that pain modulation is integrated with other behavioral and physiological 
parameters as part of a coordinated homeostatic response (Bandler and Shipley 
 1994 ; Bandler et al.  2000b ; Lovick  1997 ; Fanselow  1991 ; Lovick  1993 ), one should 
expect that RVM outputs regulating different parameters, such as nociception, ther-
mogenesis, or heart rate, would act in concert and show correlated activity due to 
shared inputs and/or local interactions. Simply demonstrating that the activity of 
putative pain- modulating neurons can be  correlated  with physiological parameters 
is not therefore an adequate strategy for determining whether these neurons play a 
role in  regulating  those parameters. Instead,  manipulation  of these populations is 
required to support a causal conclusion, and pain-modulating and autonomic func-
tions of the RVM can be dissociated when recruited through endogenous mecha-
nisms. For example, the activation of the dorsomedial hypothalamus, a model of 
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mild stress that can be employed in both awake and anesthetized preparations, gives 
rise to tachycardia, hyperthermia, and behavioral hyperalgesia (DiMicco et al.  2002 , 
 2006 ; Martenson et al.  2009 ). Blocking excitatory amino acid transmission in the 
RVM with kynurenate selectively reduces ON-cell activity and prevents hyperalge-
sia, but not tachycardia or hyperthermia. However, blocking  all  RVM activity using 
the GABA A  receptor agonist muscimol prevents both tachycardia and hyperthermia 
(Martenson et al.  2009 ). This implies that the hyperalgesic and autonomic effects of 
mild stress are mediated by different RVM cell populations. A similar dissociation 
has been seen in a model of conditioned fear in awake animals, where muscimol 
blocks cardiovascular responses, but kynurenate interferes with somatic signs of 
distress such as ultrasonic vocalizations or freezing (Vianna et al.  2008 ). Although 
it has been suggested that ON-cells could modulate respiratory function as well as 
pain (Phillips et al.  2012 ), it is likely that sympathoexcitatory pathways beyond the 
boundaries of the RVM were engaged in those studies (Dampney  2015 ). 

 Findings from studies using an experimental approach rather than relying on 
 correlation therefore support a contrasting view that pain modulation is a specifi c 
function of ON- and OFF-cell classes, with other aspects of RVM function medi-
ated by subsets of other neurons in the region. That is, although there is no question 
that pain modulation and other functions, including autonomic regulation, overlap 
at the level of the RVM  as a region , it does not follow that these functions overlap 
at the level of  single neurons.  Instead, specifi city of function is found at the level of 
individual neurons.  

8.4     Inputs to the PAG-RVM Pain-Modulating System 

 Given a pronociceptive role for ON-cells and an antinociceptive role for OFF-cells, 
clues to the physiology and pathophysiology of nociceptive modulation may be 
derived from the behavioral and environmental conditions under which each class is 
active. ON- and OFF-cells respond to noxious inputs, producing a positive feedback 
signal that enhances behavioral sensitivity to subsequent stimuli delivered to any 
region of the body, including visceral structures (Foo and Mason  2003 ; Ramirez and 
Vanegas  1989 ; Sanoja et al.  2010 ). Excitability of ON- and OFF-cells also varies 
with arousal and behavioral context. In awake, unrestrained rats, RVM neurons that 
resemble ON-cells respond briskly to light touch and to sudden sound as well as to 
noxious inputs (Leung and Mason  1999 ; Oliveras et al.  1990 ). This fi nding suggests 
that such innocuous, but possibly behaviorally signifi cant, environmental stimula-
tion modulates nociceptive processing through the PAG-RVM system. Broadly 
speaking, correlations of ON- and OFF-cell discharge with behavioral state or phys-
iological variables point to a potential role for these neurons in mediating the effects 
of a host of psychological and physiological variables on pain (Heinricher et al. 
 2009 ). 

 The organization of the RVM suggests that neurons of the ON- and OFF-cell 
classes function as a unit that exerts global, rather than topographically discrete, 
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control over pain transmission. Individual RVM neurons vary widely in responsive-
ness (Barbaro et al.  1989 ) but have large, often total body, receptive fi elds and likely 
project diffusely to the trigeminal dorsal horn and to multiple spinal levels (Huisman 
et al.  1981 ). Furthermore, many RVM neurons have axons that collateralize within 
the RVM itself, (Mason and Fields  1989 ) and, at least in anesthetized rats, cells of 
the same physiological class tend to fi re at the same time (Barbaro et al.  1989 ). 
These fl uctuations in ON- and OFF-cell population activity are correlated with 
modest but detectable and potentially behaviorally relevant shifts in nociceptive 
withdrawal threshold (Heinricher et al.  1989 ). Thus, RVM activity can have a broad 
infl uence over the general responsiveness of the organism to peripheral stimulation.  

8.5     RVM Plasticity in Persistent and Chronic Pain 

 The RVM is increasingly recognized as a dynamic system, with altered physiology 
and function in chronic pain models (Terayama et al.  2000 ; Hurley and Hammond 
 2000 ,  2001 ; Schepers et al.  2008 ; Sykes et al.  2007 ; Guan et al.  2002 ,  2003 ,  2004 ; 
Ren and Dubner  2002 ). These changes develop over the course of many hours and 
days and likely refl ect alterations in the intrinsic properties of RVM neurons and 
circuits, as well as altered afferent input. 

 There is evidence that the RVM can both contribute to behavioral hypersensitiv-
ity in chronic pain states and limit that hypersensitivity.  Acute  infl ammation or 
injury is associated with a strong, sustained activation of ON-cells and suppression 
of OFF-cell fi ring (Kincaid et al.  2006 ; Xu et al.  2007 ). This shift in the balance 
between the ON- and OFF-cell outputs mediates secondary hyperalgesia, since 
blocking the activation of the ON-cells interferes with the lowering of behavioral 
threshold (Kincaid et al.  2006 ; Xu et al.  2007 ). At least in the short term, it appears 
that substance P contributes to the enhanced ON-cell output (Brink et al.  2012 ; 
Budai et al.  2007 ; Khasabov et al.  2012 ; Pacharinsak et al.  2008 ). 

 In  chronic  pain, however, the situation is signifi cantly more complex. There is 
clear evidence that an active output from the RVM contributes to hypersensitivity in 
neuropathic pain models (Porreca et al.  2002 ). This output depends on cholecysto-
kinin (Kovelowski et al.  2000 ), and taken together with the evidence that RVM 
ON-cells are activated by low concentrations of cholecystokinin to produce hyper-
algesia (Heinricher and Neubert  2004 ), it is reasonable to think that ON-cells play 
some role in behavioral hypersensitivity in chronic infl ammatory and neuropathic 
pain states. This idea receives further support from the evidence that ON- and OFF- 
cells are “sensitized” in both persistent infl ammation and following nerve injury, 
responding to innocuous tactile stimuli (Carlson et al.  2007 ; Cleary and Heinricher 
 2013 ). 

 However, persistent pain is not a simple continuation of the state seen immedi-
ately after the injury or early in infl ammation. Despite the fact that ON- and OFF- 
cells are sensitized to innocuous stimuli, the  ongoing  fi ring of ON- and OFF-cells is 
normalized (Cleary and Heinricher  2013 ; Carlson et al.  2007 ). Tonic descending 
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inhibition is restored and can limit abnormal nociceptive processing. Persistent pain 
likely represents, at least in part, a failure of this compensatory rebalancing of the 
RVM output (Porreca et al.  2002 ; De Felice et al.  2011 ; Leong et al.  2011 ; Cleary 
and Heinricher  2013 ). Top-down mechanisms, for example from medial prefrontal 
cortex (Millecamps et al.  2007 ), could play a role in the extent to which the system 
can rebalance. At the same time, the ability of innocuous stimuli to cause a state- change 
in RVM, evoking a burst of activity in the ON-cells and causing the OFF- cells to 
cease fi ring, implies that the system is less stable than in uninjured animals.  

8.6     Conclusions 

 There is now increasing evidence that pathological pain states are at least in part 
driven by changes in the brain itself. Descending modulatory pathways are known 
to mediate top-down regulation of nociceptive processing, transmitting cortical and 
limbic infl uences to the dorsal horn. However, these modulatory pathways are also 
intimately intertwined with ascending transmission pathways through positive and 
negative feedback loops. Models of persistent pain that fail to include descending 
modulatory pathways are thus incomplete. Although teasing out individual links in 
a recurrent network is never straightforward, it is imperative that understanding of 
pain modulation be fully integrated into how we think about pain.     
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