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Abstract

Pain sensing neurons in the periphery (called nociceptors) and the central neurons that receive
their projections show remarkable plasticity following injury. This plasticity results in
amplification of pain signaling that is now understood to be crucial for the recovery and survival
of organisms following injury. These same plasticity mechanisms may drive a transition to a non-
adaptive chronic pain state if they fail to resolve following the termination of the healing process.
Remarkable advances have been achieved in the past two decades in understanding the molecular
mechanisms that underlie pain plasticity following injury. The mechanisms bear a striking
resemblance to molecular mechanisms involved in learning and memory processes in other brain
regions, including the hippocampus and cerebral cortex. Here those mechanisms, their
commonalities and subtle differences, will be highlighted and their role in causing chronic pain
will be discussed. Arising from these data is the striking argument that chronic pain is a disease of
the nervous system, which distinguishes this phenomena from acute pain that is frequently a
symptom alerting the organism to injury. This argument has important implications for the
development of disease modifying therapeutics.

Introduction: pain plasticity and “pain memory”

A core feature of all nervous systems is an ability to adapt to sensory information. This
adaptive process is referred to as plasticity and the study of neuronal plasticity has led to
some of the most exciting advances in modern biological research. The pain system,
comprised of peripheral neurons responsible for detecting damaging or potentially damaging
peripheral stimuli, called nociceptors, and the neurons of the CNS that receive direct or
indirect inputs from these neurons, rapidly change upon injury. In almost all studied cases
this adaptation results in an amplification of signaling (Woolf and Walters, 1991). This pain
amplification is thought to underlie some important psychophysical aspects of pain such as
an enhanced response to a normally noxious stimulus (hyperalgesia) and a noxious response
to a normally innocuous stimulus (allodynia, (Cervero, 1996)). Plasticity may also lead to
changes in nociceptors or other neurons in the pain pathway that cause them to fire action
potentials without any direct stimulation (ectopic activity) or fire continuously following
stimulation (afterdischarge) both of which likely contribute to what is commonly called
spontaneous pain that is a common feature of chronic neuropathic pain (Lisney and Devor,
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1987; Devor et al., 1994). While all of these states can exist acutely following an injury,
they are also prominent features of chronic pain disorders.

On the most general level, plasticity in the pain system occurs at two locations, the primary
afferent nociceptor (Reichling et al., 2013) and at synapses receiving nociceptive input
throughout the CNS (Ji et al., 2003; Woolf, 2007; Latremoliere and Woolf, 2009).
Preclinical models of acute and chronic inflammatory pain as well as models of neuropathic
pain have revealed a plethora of molecular targets that have advanced our understanding of
how chronic pain develops as well as revealing important potential therapeutic intervention
points. These experimental studies have also revealed a striking similarity in mechanisms
underlying pain amplification and learning and memory in areas of the brain such as
hippocampus and cerebral cortex (Ji et al., 2003; Sandkuhler, 2007; Ruscheweyh et al.,
2011). These findings have given rise to the idea that a “pain memory” is encoded within the
nervous system and that reversing this pain memory may be the key to terminating chronic
pain disorders (Reichling and Levine, 2009; Price and Ghosh, 2013; Reichling et al., 2013).
In other words, reversing plasticity in pain circuits may provide the opportunity to
permanently alleviate chronic pain.

While the term “pain memory” has been used in a variety of forms for decades, the first
specific uses in the scientific literature, to our knowledge, can be attributed to Ronald
Melzack, one of the experimental pioneers widely credited with advancing pain science into
the modern age of neuroscience. In 1979 Dennis and Melzack described a series of
experiments where painful irritation of the rat paw prior to a denervation injury led to an
exacerbation of neuropathic pain (Dennis and Melzack, 1979). They hypothesized that this
pre-irritation led to the generation of a “pain memory” that could not be repressed by
descending pain modulation centers, due to the subsequent nerve injury, and therefore
persisted unabated after the nerve injury. Subsequently, in 1990, Katz and Melzack
presented this same term in the context of phantom limb pain (Katz and Melzack, 1990),
pain arising in a limb that has been amputated. They postulated that this sort of pain occurs
due to the “memory” of pain that was caused by damage to the limb that was subsequently
amputated. Since many amputations occur due to injury to a limb that is irreparable, this
could explain this common clinical finding in amputees. While this idea is now widely
disputed in the pain field (Flor et al., 2006), it remains an area of intense investigation. Very
recently clinical evidence was published indicating that this “pain memory” causing
phantom limb pain is very likely to reside in the peripheral nervous system (Vaso et al.,
2014). These investigators found that local nerve block applied to the dorsal root ganglion
(DRG) innervating the limb with phantom pain led to an immediate resolution of pain in 31
out of 31 patients. Strikingly, this finding is directly paralleled by preclinical (a term used to
describe animal model experiments in the neuroscience area) work from Coderre and
Melzack in 1987 where they concluded that neuropathic “pain memory” almost certainly
resides in the peripheral nervous system (Coderre and Melzack, 1987).

Since the first experiments into “pain memory” in the Melzack lab at McGill University,
many animal models of acute and chronic pain have been developed. For the purposes of the
present chapter we will focus on a particular model developed in the late 1990s and early
2000s by Jon Levine and colleagues called “hyperalgesic priming” (for extensive review see
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(Reichling and Levine, 2009)). This model provides unique insight into plasticity in the
nociceptive system because it allows for molecular dissection of pain states in two distinct
phases. These models involve a priming stimulus, aimed at causing an acute sensitization of
peripheral nociceptors and their central inputs. Next, the initial sensitization is allowed to
resolve and a second, normally sub-threshold, stimulus is delivered. This second stimulus,
which has only a transient effect in naive animals, leads to a prolonged state of nociceptive
hypersensitivity that allows for investigation of molecular mechanisms that define the
primed nociceptor and/or the primed nociceptive system. Here we will describe how models
of hyperalgesic priming give unique insight into how acute pain states lead to reorganization
of molecular machinery throughout the pain system rendering animals, and almost certainly
humans, susceptible to prolonged pain states provoked by insults that would have little
effect in unprimed individuals. This primed state, therefore, represents a kind of “pain
memory”. Hence, our goals in this chapter will be to highlight mechanisms underlying this
“pain memory”. This will include three major themes 1) molecular signaling in the
peripheral nociceptor and their parallels to memory mechanisms (local translation), 2)
mechanisms controlling plasticity of synapses in the spinal dorsal horn and their relation to
memory mechanisms (long-term potentiation) and 3) signaling mechanisms in the spinal
dorsal horn that parallel findings from the learning and memory area (atypical PKCs (aPKC)
and brain derived neurotrophic factor (BDNF)).

The adaptive nature of pain plasticity

Before delving into molecular mechanisms of pain plasticity and pain memory, it is useful to
first consider the evolutionary relevance of nociception and nociceptive plasticity. First,
nearly all organisms with nervous systems have sensory neurons that can be considered
nociceptors. That is, they have sensory detectors that are capable of sensing damaging
chemicals, temperatures or tissue insult and whose action can lead to avoidance of real or
potential damage to the organism. Investigators interested in nociceptor biology have
employed model organisms such as Drosophila melanogaster (fruit flies), Caenorhabditis
elegans (transparent nematodes) and Aplysia californica (sea hares) due to the ease of
manipulation of their genome, their transparency (for imaging purposes), rapid life cycle or
their stereotypic behaviors and large, easily accessible neurons. Some of the most relevant
work has been done using Aplysia. The gill withdrawal reflex in these animals has been
studied in great detail and involves a simple circuit made up of a sensory neuron, an
interneuron and a motor neuron. Plasticity in this circuit has been widely studied as a simple
model for learning and memory (Kandel, 2004) and molecular mechanisms discovered in
these neurons led to the awarding of the Nobel Prize for Physiology or Medicine to Eric
Kandel in 2000 (De Camilli and Carew, 2000). Importantly, the sensory neuron that plays a
critical role in this reflex shares many properties with nociceptors and has been extensively
investigated as a model for nociceptive plasticity (Woolf and Walters, 1991; Clatworthy and
Walters, 1993; Illich and Walters, 1997). Studying the response of this neuron to injury led
to the first demonstration of local translation contributing to the increased excitability of
nociceptors after injury (Weragoda et al., 2004). Hence, there is strong evidence that
nociceptive plasticity is evolutionarily ancient and that the basic mechanisms of this
plasticity are conserved across a broad variety of organisms (Woolf and Walters, 1991;
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Walters and Moroz, 2009). This has profound implications for understanding the crucial
nature of nociceptive plasticity for organisms to survive in their natural environments and
also suggests that mechanisms of neuronal plasticity in general may have first evolved in the
nociceptive system.

Does nociceptive plasticity provide an adaptive advantage to organisms? On the surface, the
answer to this question seems obvious. Of course it does. It is paramount for animals to
protect an injured area until the healing process has run its course. This idea, however, is
difficult to demonstrate experimentally. In an elegant set of experiments, Crook and
colleagues used squid to address this question directly (Crook et al., 2014). When the squid
arm is injured it causes nociceptive neurons that innervate the squid arm to become
sensitized. The sensitization results in reduced thresholds for mechanical stimulation similar
to observations of hyperalgesia in rodents and humans. Local anesthetic applied at the time
of squid arm injury completely blocks nociceptor sensitization and amplified nociceptive
behavioral responses. Hence, it is possible to experimentally injury squid and have two
distinct outcomes: squid with injury and hyperalgesia and squid with identical injury but no
hyperalgesia. When these squid are exposed to a natural predator a remarkable difference in
behavior is observed. Squid with injury and hyperalgesia orient to the predator more quickly
and are able to escape attack. On the other hand, squid with injury and no hyperalgesia fail
to mount this response to the predator resulting in markedly increased predation. Hence,
hyperalgesia, or pain amplification, holds a distinct survival advantage, placing pain
plasticity in a new evolutionary light. Moreover, these findings highlight the evolutionarily
ancient nature of plasticity in peripheral nociceptors as a mechanism to drive persistent pain
(Crook et al., 2014; Price and Dussor, 2014).

The peripheral nociceptor as the locus of “pain memory”, focus on

translation control

In 1982 Steward and Levy published a landmark study describing the preferential
localization of ribosomes at the base of dendritic spines (Steward and Levy, 1982). While
the potential importance of dendritic spines for nervous system function had been postulated
since the time of Santiago Ramon y Cajal, this finding came less than a decade after the
original description of LTP by Bliss and Lomo in 1973 (Bliss and Lomo, 1973). At the time
of the work of Steward and Levy, the mechanisms underlying LTP were still poorly
understood but their finding led to a striking conclusion, the localization of ribosomes at the
base of dendritic spines places the translation machinery at the perfect location to control
local changes that regulate postsynaptic plasticity. What has followed has been a veritable
explosion of work on translation control and its contribution to synaptic plasticity and LTP
(Costa-Mattioli et al., 2009). While other aspects of LTP will be covered in more detail
below, it is now known that LTP decays if local translation is blocked and signaling
molecules that control activity-dependent plasticity are enriched in and around dendritic
spines. Moreover, RNA binding proteins anchor mRNAs at dendritic spines and play critical
roles in brain function, for instance, they are mutated in several neurodevelopmental
disorders (e.g. fragile X mental retardation protein (FMRP) and fragile X syndrome, (Bassell
and Warren, 2008)). Therefore, local, activity-dependent control of gene expression at the
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level of translation is at the very foundation of plasticity in the brain, including the most
widely studied learning and memory mechanism, LTP (Abraham and Williams, 2008b).

Why is local translation control so important for neuronal plasticity? Here it is important to
remember the basic anatomy/organization of neurons in relation to gene expression demands
and the correct sorting of protein localization given this complexity. Individual neurons can
have tens of thousands of synapses and plasticity can occur at any of these individual
synapses depending on afferent input to the neuron. This creates a difficult problem if
changes in gene expression are required for the full expression of plasticity, as is now well
accepted. If new proteins required for this plasticity were all contributed from the cell body,
the neuron would need a mechanism in place to correctly sort all of these plasticity-related
proteins to their correct location. A more parsimonious solution is for the neuron to traffic
mMRNAs to dendritic spines and hold them in a translationally dormant state until an
appropriate signal is received (e.g. strong synaptic input). Changes in gene expression can
then be achieved locally via activity-dependent translation. Overwhelming evidence, from a
broad variety of brain regions, including the dorsal horn of the spinal cord, supports the
preceding statements (Abraham and Williams, 2008b; Costa-Mattioli et al., 2009; Price and
Geranton, 2009; Sacktor, 2011; Price and Ghosh, 2013).

But which mRNAs are trafficked to these distal sites in neurons? This has likewise been an
area of intense investigation. Investigators have focused on finding MRNAs that associate
with mRNA binding proteins, such as FMRP (Brown et al., 2001; Darnell et al., 2001) but
these experiments have been technically demanding and have led to disparate results
depending on the technique. Another approach has been to use multi-chambered devices
where neuronal extensions, be they dendrites or axons, can extend into an isolated chamber
where these neuronal components can be isolated and mRNA can be extracted (Willis et al.,
2005; Willis et al., 2007) (Figure 1). While these approaches have identified important
candidate mRNAs it has only been recently that bioinformatics approaches have led to
insights into the species of mMRNASs that are found at distal sites in neurons and whether
these mMRNAs differ from those that are preferentially translated in the neuronal soma
(Weatheritt et al., 2014). These investigations found several distinguishing factors in the
proteins encoded by these distally localized MRNAs, most prominently an enrichment of
sites for post-translational modification (e.g. phosphorylation) and increased intrinsic
disorder. These protein properties indicate that the protein is highly prone to changes in
conformation upon interaction with other proteins or signaling factors (Tantos et al., 2012).
Consistent with this, proteins encoded by distally localized mRNAs have more protein-
protein interaction partners and a broader interaction network. They also show large changes
in protein expression after cellular stimulation, likely because their mMRNASs are targets for
signaling mechanisms to the translation machinery, and the proteins have shorter half-lives,
consistent with tight temporal control of distally localized signaling processes that are
integrated by translation control (Weatheritt et al., 2014). This study reached several
conclusions yielding important insights into distally localized mRNAs and their localized
translation: 1) local translation of these genes likely minimizes off-target protein-protein
interactions that might otherwise be expected amongst proteins that have wide interaction
networks, 2) it decentralizes protein expression for efficient processing of plasticity-related
signaling, 3) it permits strong amplification of spatially localized signaling, an important
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property of proteins with high intrinsic disorder and 4) it facilitates the organization of
localized assemblies such as the post-synaptic density (Figure 1). Interestingly, these
features share a variety of similarities with mRNAs and proteins that are highly regulated in
cancer and the upstream mechanisms that are thought to regulate these genes are likewise
shared (Boussemart et al., 2014; Wolfe et al., 2014).

Local translation is a key mediator of nociceptor priming

In hyperalgesic priming models, there is now clear evidence that persistent plasticity in
peripheral nociceptors is critical to the initiation and maintenance of the primed state
(Reichling and Levine, 2009). A broad variety of signaling mechanisms are altered in this
state including switches in kinase and G protein coupled receptor (GPCR) signaling
cascades (Dina et al., 2009; Joseph and Levine, 2010; Bogen et al., 2012; Ferrari et al.,
2012; Wang et al., 2013) but a key feature of this form of plasticity is changes in gene
expression regulated at the level of translation. Translation can be controlled, in an activity-
dependent fashion, by extracellular factors signaling via kinase cascades offering rapid,
locally-mediated control of gene expression. Two important kinases for translation control
are the mechanistic target of rapamycin complex 1 (mTORC1) and extracellular signal
regulated kinase (ERK, (Topisirovic and Sonenberg, 2011)). Both of these kinases signal to
proteins that bind to the 5’ cap structure of mMRNAs. In sensory neurons, nerve growth factor
(NGF) and interleukin 6 (IL-6), two factors known to induce priming, induce an increase in
ERK and mTORC1 signaling leading to a local, axonal increase in protein synthesis
(Melemedjian et al., 2010; Melemedjian et al., 2013a). Blockade of these kinases, or
blockade of elFAF complex formation with the elF4F inhibitor compound 4EGI1, inhibits
mechanical hypersensitivity induced by these factors and abrogates precipitation of priming
by a normally subthreshold stimulus (Melemedjian et al., 2010; Asiedu et al., 2011) (Figure
2). Hence, axonal translation is required for the induction of priming.

One mechanism to decrease ERK and mTORC1 signaling is via stimulation of adenosine
monophosphate activated protein kinase (AMPK). AMPK is a widely expressed kinase well
known to inhibit mTORC1 (Inoki et al., 2003; Carling et al., 2012) and ERK signaling
(Jakobsen et al., 2001; Shen et al., 2013) (Figure 3). In sensory neurons AMPK activation
with pharmacological stimulators (for review see (Price and Dussor, 2013)) leads to
decreased ERK and mTORC1 activity (Melemedjian et al., 2011; Tillu et al., 2012),
decreased elFAF complex formation (Melemedjian et al., 2011; Tillu et al., 2012) and
inhibition of axonal protein synthesis (Melemedjian et al., 2013a). AMPK activators also
decrease peripheral nerve injury- and inflammation-induced mechanical hyperalgesia
(Melemedjian et al., 2011; Russe et al., 2013) suggesting an important role for this kinase in
peripheral pain plasticity across pain models. In the context of hyperalgesic priming, AMPK
activation decreases mechanical hypersensitivity caused by incision or IL-6 exposure and
completely blocks the development of priming when given locally around the time of
incision (Tillu et al., 2012).

The regulation of translation via 5’ cap binding proteins (the elFs) and their upstream
kinases clearly comprise an important mechanism for the priming of nociceptors.
Translation is also regulated by RNA binding proteins that bind to either 5" or 3’
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untranslated regions (UTRs) of mRNAs. For instance, The fragile X mental retardation
protein (FMRP) is a key RNA binding protein regulating plasticity in the PNS and CNS
(Bassell and Warren, 2008). As such, FMRP knockout mice fail to sensitize in several
preclinical pain models (Price et al., 2007; Price and Melemedjian, 2012) and these mice
also have deficits in priming induced by NGF and IL-6 (Asiedu et al., 2011). Cytoplasmic
polyadenylation element binding protein (CPEB) binds preferentially to mRNAs containing
a CPE sequence in their 3’ UTR near the polyadenylation sequence. These mMRNASs contain
short poly A tails and CPEB acts to enhance poly A tail length leading to enhanced
translation efficiency in an activity-dependent fashion (Richter, 2007). This process is linked
to LTP in the CNS (Udagawa et al., 2012) and plays a central role in nociceptor priming
(Bogen et al., 2012; Ferrari et al., 2012; Ferrari et al., 2013a) as evidenced by inhibition of
the initiation of priming via CPEB knockdown in the DRG (Bogen et al., 2012). CPEB is
phosphorylated by the aurora family kinases and by Ca?* / calmodulin activated protein
kinase Il a (CaMKlla, (Atkins et al., 2005)). Importantly, in priming induced by peripheral
inflammation, CPEB may act downstream of CaMKIla to initiate and maintain a primed
state (Ferrari et al., 2013a). Since CPEB is thought to have prion-like properties that are
linked to its role in memory maintenance (Si et al., 2003b; Si et al., 2003a), these findings
highlight a potential role for CPEB in creating a permanently primed state in peripheral
nociceptors. This could occur due to the self-perpetuating, prion-like properties of activated
CPEB.

Which mRNAs are locally translated in the setting of hyperalgesic priming? One candidate
is the cyclic AMP response element binding protein (CREB) transcription factor
(Melemedjian et al., 2014). Interestingly, CREB was one of the first memory genes
identified using the aplysia gill reflex model system (Dash et al., 1990; Kaang et al., 1993).
Subsequently, a broad variety of studies have shown a key role for CREB in memory
throughout the brain and spinal cord (Rahn et al., 2013). More recently CREB mRNA was
identified in developing DRG axons where its local translation is regulated by NGF to
control the survival of developing neurons (Cox et al., 2008). In adult DRG axons,
stimulation with IL-6 leads to local, nascent synthesis of CREB that is then retrogradely
transported to the DRG nucleus where it regulates changes in transcription that are crucial
for the establishment of hyperalgesic priming. One gene that is regulated by this retrograde
signaling transcription factor is BDNF (Melemedjian et al., 2014).

While it is clear that translation regulation is required to initiate a primed state in the
periphery, an important question is whether continuous local translation is required to
maintain priming once it has been established. An experimental paradigm to test this
translation dependency is to induce priming with a locally administered stimulus and then
allow the initial mechanical hypersensitivity to resolve. Then, prior to injection of the
stimulus to precipitate the second episode of mechanical hypersensitivity in primed animals,
translation inhibitors can be administered locally to test whether continuous translation is
required to express a primed state (Asiedu et al., 2011; Ferrari et al., 2013a). In this regard,
following injection of IL-6 and resolution of mechanical hypersensitivity in mice, injection
of anisomycin or rapamycin (at doses that block the initiation of priming) fail to reverse a
primed state when given two days prior to PGE, injection (Asiedu et al., 2011). In contrast,
in rats, injection of carrageenan causes priming that is disrupted both at the time of
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carrageenan injection and during the maintenance phase by either the mTORCL inhibitor
rapamycin or the polyadenylation inhibitor cordycepin (Ferrari et al., 2013b). Similar effects
with rapamycin and cordycepin are observed in rats primed with paw injection of CaMKlla.
Since CaMKlla phosphorylates CPEB and CPEB regulates CaMKIla translation this raises
the intriguing possibility that CaMKIla/CPEB signaling could represent a positive feedback
mechanism to maintain pain memory in the peripheral nociceptor (Ferrari et al., 2013a).
Hence, while there are conflicting results in different models, it is possible that brief
disruption of local translation in primed nociceptors is capable of resolving a “pain memory”
stored in the peripheral nociceptor.

“Pain memory” in the spinal dorsal horn

LTP in the spinal dorsal horn, a neurophysiological correlate of pain memory?

LTP has been described at synapses throughout the CNS and is widely believed to be a core
mechanism of plasticity for the nervous system. In the hippocampus LTP occurs during
learning and its persistence is correlated with memory acquisition and consolidation
(Whitlock et al., 2006). Likewise, learning and LTP induce changes in dendritic spines in
the hippocampus and cortex and these changes in spine shape are thought to be critical for
the maintenance of potentiation of postsynaptic responses (De Roo et al., 2008).
Interestingly, changes in spine shape also occur in the spinal dorsal horn after injury
providing a potential structural change associated with pain memory (Tan et al., 2008; Tan
etal., 2009; Tan et al., 2011). Likewise, and similar to memory circuits, LTP can be
observed in synapses activated by C-fiber afferent activity (Sandkuhler, 2007; Ruscheweyh
etal., 2011). Key sites for nociceptor activity-dependent LTP are the outer lamina of the
spinal dorsal horn (Ikeda et al., 2006) where projection neurons expressing the neurokinin
receptor type 1 (NK1, substance P receptor) are found and in the deep dorsal horn where
many wide dynamic range neurons (neurons that receive both Ap- and C-fiber input) reside.
LTP at these synapses shares many molecular and electrophysiological mechanisms with
hippocampal and cortical LTP (Sandkuhler, 2007; Ruscheweyh et al., 2011), with a notable
and very important distinction. Whereas low frequency afferent stimulation causes long term
depression (LTD) at most synapses in the brain, low frequency stimulation of C-fibers,
which largely matches their normal firing frequency, is sufficient to evoke LTP at a subset
of dorsal horn neurons receiving direct C-fiber input (Ikeda et al., 2006).

LTP has been equated with an important term used to describe activity-dependent plasticity
in the dorsal horn: central sensitization. This topic has been covered by recent reviews
(Latremoliere and Woolf, 2009) and editorial comments (Latremoliere and Woolf, 2010;
Sandkuhler, 2010) and it is still controversial as to whether spinal LTP and central
sensitization are parallel processes. What is less controversial is that LTP correlates well
with hyperalgesia and, from a neurophysiological perspective, provides a parsimonious
explanation for this form of pain amplification, at least at lamina | synapses in the dorsal
horn. This is because homosynaptic LTP is observed at these synapses and hyperalgesia, an
enhanced response to a normally noxious stimulus, can be explained by a monosynaptic
amplification of C-fiber input onto projection neurons (Sandkuhler, 2007; Ruscheweyh et
al., 2011). Allodynia, a noxious response to a normally innocuous stimulus, is more difficult
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to explain in terms of LTP because it would require a heterosynaptic form of plasticity. This
is because Ap-fibers that are stimulated by light touch do not have a monosynaptic
connection to lamina | projection neurons. Interestingly, heterosynaptic LTP has been
described at GABAergic synapses in the dorsal horn (Fenselau et al., 2011) but a potential
role for this form of plasticity in allodynia has not been established.

Critically, LTP can be induced by natural stimulation of C-fibers with algogens such as
capsaicin and formalin (Ikeda et al., 2006). This form of LTP is consolidated into late-LTP
and shares mechanisms with hippocampal and cortical LTP (lkeda et al., 2006; Sandkuhler,
2007; Drdla et al., 2009; Ruscheweyh et al., 2011; Drdla-Schutting et al., 2012). Once spinal
dorsal horn LTP reaches the late-phase it does not readily reverse over a several hour time
course. However, hyperalgesia induced by both capsaicin and formalin eventually reverses
after several days. Does this mean that late phase spinal LTP eventually decays? One
possibility is that endogenous analgesic mechanisms mask the hyperalgesic state that would
otherwise be evident as a result of a persistent form of LTP. Hyperalgesic priming models
may be capable of revealing such a mechanism. In this scenario, the precipitation of
hyperalgesia in primed animals would override these endogenous inhibitory mechanisms
leading to the reemergence of a hyperalgesic state revealed by a normally sub-threshold
stimulus. One candidate for endogenous analgesia overriding late-phase LTP and
hyperalgesia is the endogenous opioid system. This system is robust in the dorsal horn with
interneurons capable of releasing peptides that act on 1 opioid receptors (MORs) expressed
throughout the dorsal horn (Ribeiro-da-Silva et al., 1992; Ma et al., 1997), including
presynaptic nociceptor nerve endings (Schroeder et al., 1991; Schroeder and McCleskey,
1993). In support of this idea, infusion of MOR inverse agonists immediately precipitates a
reinstatement of hyperalgesia in animals that have been primed with an inflammatory
stimulus that is known to induce spinal LTP after the resolution of hyperalgesia (Corder et
al., 2013). This effect is absent in sham animals and is analogous to precipitation of
hyperalgesia in primed animals with a sub-threshold peripheral stimulus. What governs this
effect? Peripheral inflammation, and presumably other nociceptive stimuli, induces a change
in spinal MORs such that they now acquire constitutive activity (signaling through G
proteins in the absence of agonist). This MOR constitutive activity then causes a tonic
inhibition of pain signaling that masks a hyperalgesic state that would otherwise persist
following the initial insult (Corder et al., 2013).

These findings have several important implications for understanding central mechanisms
governing hyperalgesic priming. They provide an elegant solution to why initial
hyperalgesia resolves despite the persistence of a primed state and the potential durability of
spinal LTP. This evidence also provides links to priming and late-LTP maintenance that
potentially solve questions stated above. Opioid-dependent mechanisms play an important
role in regulating spinal LTP. While there is evidence that high dose opioids can stimulate
LTP at certain synapses after their abrupt removal (Drdla et al., 2009), there is likewise
evidence that MOR activation can resolve even late-LTP at spinal synapses (Drdla-Schutting
et al., 2012). Based on this, it is possible that the initial priming stimulus, or induction of
LTP, leads to late-L TP consolidation but this is subsequently resolved by endogenous
opioid-mediated mechanisms. Does this mean that the previous establishment of late-LTP at
central synapses causes a drop in threshold for establishment of subsequent LTP? If the
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mechanisms governing the MOR-dependent reversal of spinal late-LTP are constitutively
expressed, as appears to be the case (Corder et al., 2013), then this may lead to a tonic

reversal of late LTP with underlying mechanisms (e.g., aPKC and BDNF/trkB signaling,
discussed below) still in place. While this idea obviously requires experimental testing, it
could represent an important mechanism linking changes in peripheral sensitivity to CNS
plasticity responsible for the maintenance of priming. Reversing these mechanisms could
lead to revolutionary new therapeutics with disease modifying effects on chronic pain.

Atypical PKCs and Brain Derived Neurotropic Factor (BDNF)

Early-LTP requires the activation of CaMKIlla, PKA and conventional PKC leading to the
phosphorylation of AMPA receptors (Huganir and Nicoll, 2013). Early-L TP also leads to
changes in gene expression that occur both at the level of transcription and translation.
These changes in gene expression are needed for the consolidation of early-LTP into late-
LTP (Abraham and Williams, 2008a). Mechanisms involved in the maintenance of late-LTP
have been more difficult to clearly elucidate but are thought to involve an atypical PKC
(aPKC) isoform called PKMC (Sacktor, 2011). Late-L TP can be reversed by inhibition of
aPKCs with a peptide-based, pseudo substrate inhibitor called ZIP (Pastalkova et al., 2006).
Intrathecal injection of ZIP either at the time of priming induction or following the
resolution of the initial hyperalgesia leads to a complete reversal of hyperalgesic priming
(Asiedu et al., 2011; Melemedjian et al., 2013b). ZIP also reverses established pain states
that have become dependent on central plasticity following sustained afferent input
(Laferriere et al., 2011). These findings are consistent with a role for PKM( in the
maintenance of late-LTP, memory retention and the maintenance of a chronic pain state. On
the other hand, recent experiments using genetic models to dissect the role of PKMC in late-
LTP and memory maintenance have called the specificity of ZIP and the role of PKMC( in
these effects into question (Lee et al., 2013; Volk et al., 2013). It remains to be seen if
PKMC plays a specific role in the maintenance of hyperalgesic priming in the dorsal horn of
the spinal cord (for review on this topic see (Price and Ghosh, 2013)).

An important component of the proposed role of PKMC in LTP and memory is the
trafficking of AMPA receptors to synaptic sites leading to a persistent augmentation of
postsynaptic glutamate-mediated signaling (Sacktor, 2011). This trafficking can be disrupted
with a peptide called pep2m that blocks AMPA receptor association with trafficking
molecules (Migues et al., 2010). Similar to experiments in other CNS regions, intrathecal
injection of pep2m disrupts the maintenance of hyperalgesic priming (Asiedu et al., 2011)
suggesting that aPKC-mediated regulation of AMPA receptor trafficking may play a central
role in chronic pain states. This is consistent with a wide variety of experimental findings
indicating that AMPA receptor trafficking plays a central role in mediating pain plasticity
induced by peripheral injury (Tao, 2012) and that an increase in AMPA receptors at the
postsynaptic density is required for LTP consolidation and maintenance.

As mentioned above, while it is clear that ZIP is capable of permanently reversing a primed
state in a variety of experimental models (Asiedu et al., 2011; Laferriere et al., 2011,
Melemedjian et al., 2013b), the molecular mechanisms engaged by ZIP are less clear based
on evidence from transgenic mice (Lee et al., 2013; Volk et al., 2013). One possibility is that
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aPKC isoforms play a redundant role in synaptic plasticity and therefore another aPKC,
PKC)\, may be involved in maintenance mechanisms of hyperalgesic priming (Price and
Ghosh, 2013). This isoform is also inhibited by ZIP (Melemedjian et al., 2013b; Volk et al.,
2013), therefore, this provides an explanation for the discrepancy between pharmacological
effects of ZIP and findings from mice lacking aPKCs derived from the Prckz locus (PKM(
and PKCY). If this were the case, upstream mechanisms that regulate all aPKCs isoforms
would represent alternative targets to reverse hyperalgesic priming. A candidate molecule
fitting this description is BDNF.

BDNF is well recognized as an important mediator of pain plasticity. BDNF is expressed by
DRG neurons and released in the spinal dorsal horn (Balkowiec and Katz, 2000), where it
can act on pre- and post-synaptic trkB receptors to regulate plasticity of pre-synaptic afferent
fibers (Matayoshi et al., 2005) and post-synaptic dorsal horn neurons (Kerr et al., 1999;
Pezet et al., 2002; Garraway et al., 2003). BDNF expression increases following peripheral
injury (Mannion et al., 1999), nociceptor-specific knockout of BDNF leads to a profound
reduction in many forms of injury-induced pain plasticity (Zhao et al., 2006) and microglial
BDNF expression is increased by nerve injury (Trang et al., 2011). BDNF is also a key
factor in LTP. In hippocampus, BDNF is required for the induction of LTP and dendritic-
expressed BDNF is postulated to play an autocrine role in maintenance of late phase LTP
(Lu et al., 2008). Likewise, BDNF is sufficient to induce LTP in dorsal horn neurons (Zhou
et al., 2008) linking BDNF-induced pain plasticity to memory-like mechanisms that may be
involved in the maintenance of hyperalgesic priming. Indeed, intrathecal injection of
compounds that interfere with BDNF action, blocks hyperalgesia induced by priming agents
and prevents the precipitation of a primed state by subsequent stimulation. Significantly,
interruption of BDNF/trkB signaling after the establishment of a primed state leads to a
resolution of priming (Melemedjian et al., 2013b) suggesting a key role of BDNF/trkB
signaling in the maintenance of a primed state. At spinal synapses, BDNF induces
phosphorylation and translation of the two major aPKC isoforms found in the CNS, PKM(
and PKC\ indicating a link between BDNF/trkB and aPKCs (Melemedjian et al., 2013b)
(Figure 4). Therefore, these findings point to BDNF/trkB signaling as a therapeutic target for
the reversal of established chronic pain states. Therapeutics aimed at this signaling axis
could lead to disease modification in chronic pain patients.

Reconsolidation of pain memory

The mechanisms discussed above provide a foundation for understanding spinal
mechanisms that encode a memory trace for pain. These mechanisms primarily tie into the
concept that spinal dorsal horn plasticity shares molecular, neurophysiological and structural
similarities with plasticity in other regions of the brain that are involved in learning and
memory. Do spinal memory traces share other features with hippocampal or cortical
memory mechanisms? An important concept in the learning and memory literature is the
idea of reconsolidation. Reconsolidation is a memory updating mechanism during which a
memory trace can become labile and susceptible to revision with behavioral intervention
and/or pharmacological manipulation (Nader and Hardt, 2009). Classical reconsolidation
experiments involve fear conditioning. Here an animal is trained to fear a neutral stimulus
through pairing with a foot shock. This creates a long-lasting memory that can be revealed
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by freezing induced by presentation of the neutral stimulus that has been paired with shock.
Infusion of a protein synthesis inhibitor at the time of training blocks the acquisition of the
fear memory, however, after the memory has consolidated (e.g. within 6 hours after training)
protein synthesis inhibition no longer alters the memory trace, so long as the protein
synthesis inhibitor is given outside of the training context. However, if the animal is placed
back in the training context and exposed to the neutral stimulus to trigger recall of the
memory, infusion of a protein synthesis inhibitor will again lead to a reversal of fear
conditioning (Nader et al., 2000). Hence, during reconsolidation, a memory trace is made
labile and can be reversed by pharmacological mechanisms that were only effective prior to
consolidation of the long-term memory. Importantly, these pharmacological mechanisms
share strong similarities with early- and late-L TP, as described above (Figure 5A).

Bonin and De Koninck recently showed that a mechanism akin to reconsolidation is engaged
in the spinal dorsal horn. Using capsaicin as a noxious stimulus to induce pain plasticity they
showed that inhibition of spinal protein synthesis paired with either a second capsaicin
injection or optogenetic stimulation of C-fibers led to a reversal of pain plasticity (Bonin and
De Koninck, 2014). In parallel experiments they examined spinal LTP and its dependence
on protein synthesis following the consolidation of late-LTP (Figure 5B). They found that
after late-L TP consolidation spinal LTP was not reversed by protein synthesis inhibition
unless C-fibers were tetanized at the time of protein synthesis inhibitor application. This
crucial experiment parallels reconsolidation of pain memory in a behavioral paradigm
providing a strong link between behavioral manifestations of pain plasticity (hyperalgesia)
and spinal LTP. Similar experiments using the hyperalgesic priming paradigm indicate that
reconsolidation of pain memory can be engaged even at late stages after the initiation of a
pain memory trace (Kim and Price unpublished observations) suggesting that opening of a
reconsolidation window in chronic pain patients may provide an opportunity for reversal of
pain plasticity and a resolution of chronic pain.

Clinical implications of pain memory

In order to fully grasp the importance of the research findings discussed herein, it is
important to reflect on the utility of using experimental models of pain memory to gain
better insight into human pain plasticity. Along these lines it is must be noted that human
experimental models of perceptual LTP, and even LTD, exist and involve afferent
stimulation protocols that are similar if not identical to those used in preclinical studies.
There is also evidence that LTP stimulation protocols in humans can lead to a transition to
late-LTP in certain individuals. Another important point is that the experimental framework
of the hyperalgesic priming model, which is often used to study pain memory, provides
important insight into clinical chronic pain because it captures the recurrent nature of some
of the most common pathological pain conditions (Reichling and Levine, 2009). In 1921,
Wilfred Harris described his clinical experience treating patients with presumed injuries to
peripheral nerves. He described pain in these patients as episodic with pain episodes
provoked by acute exacerbation (Harris, 1921). Hence, from some of the earliest
descriptions of pain as a disease, the notion of priming followed by sub-threshold
provocation of long-lived pain episodes has been apparent.
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Population-based studies in prevalent chronic pain conditions have directly demonstrated the
episodic yet progressive nature of chronic pain. Perhaps the best-known example is
headache and, in the case of migraine, frequency of attacks is the best predictor of a
transition to chronic migraine (Lipton, 2009). In fact, the vast majority of migraineurs move
from a low-frequency episodic headache stage to a high-frequency stage and eventually into
chronic migraine (Bigal and Lipton, 2008). Moreover, migraines can frequently be provoked
by migraine triggers. These are, by definition, sub-threshold stimuli because they fail to
provoke migraines in the non-migraineur population. This situation is not unique to
migraine. Acute episodes of low back pain generally resolve (Bartleson, 2001; Cassidy et
al., 2005) but recurrence rates over 5 years are as high as 70% (Von Korff and Saunders,
1996; Carey et al., 1999; Cassidy et al., 2005; Kolb et al., 2011) and lifetime recurrence is
estimated at 85% (Andersson, 1999; Tamcan et al., 2010). The probability of low back pain
recurrence increases with previous episodes of low back pain (Kolb et al., 2011). A similar
clinical picture has been found for chronic neck pain (Croft et al., 2001; Nolet et al., 2010).
Finally, in the case of surgery and chronic post-surgical pain, there is evidence that pre-
existing pain is a major risk factor for chronic post-incision pain suggesting that a pain
memory trace might already be in place in some patients causing precipitation of a very
long-lasting pain state induced by incision (Althaus et al., 2012; Pinto et al., 2013). Hence,
the “priming” event in the hyperaglesic priming model may be viewed as an induction of a
pain memory with important clinical parallels that help to explain mechanisms of disease
and potential pathways to resolution of plasticity that drives chronicity.

Conclusions

The concept of pain memory, first proposed by Ronald Melzack and colleagues nearly 40
years ago, has inspired remarkable progress into our understanding of mechanisms that
cause pain to become chronic. Here we have described two major potential mechanisms for
pain memory: 1) changes in gene expression in peripheral nociceptors that permanently alter
the phenotype and function of these crucial neurons for pain plasticity and 2) changes in
synaptic strength in the dorsal horn governed by mechanisms that play an active role in
maintaining a chronic pain state. We have highlighted several intervention points that have
potential to lead to disease modifying therapeutics for the permanent reversal of chronic pain
states. While these mechanisms ultimately await testing in human patients, there is little
question that the concept of pain memory will continue to provoke new research questions
and provide novel insight into how plasticity leads to the neurological disorder that is
chronic pain.
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Figure 1. Use of Microfluidic Devicesto elucidate properties of distally localized mRNAs
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1. Minimalization of off target protein/protein interactions

2. Decentralization of gene expression for efficient plasticity

4. Facilitate local assembly of protein interactive networks

The left panel shows a schematic of a microfluidic device while the middle panel shows an
immunocytochemical image of DRG neurons in culture labeled with Bll1-tubulin staining.
DRG somas are found on the bottom side of the chamber and extend axons through the
microfluidic barrier where they then elaborate extensive axonal arobrations on the axonal
side. Properties of distally (e.g. axonal) localized mRNAs vs. those found restricted to cell

bodies are listed on the right.
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Figure 2. Trandlational control pathwaysinvolved in hyperalgesic priming
mTORC1 phosphorylates 4EBPs, negative regulators of elF4F formation. This results in its

dissociation from elF4E, allowing the binding of elF4E to elF4G. Phosphorylation of elF4E
(via ERK/MNK1/2) or elF4G (via mTORC1) enhances the formation of the elF4F complex,
promoting translation. Phosphorylation of CPEB by CamKIlla enhances translation
efficiency by increasing the length of the poly A tail in mMRNAs containing a CPE sequence.
Taken together, elF4F complex formation enhances cap-dependent translation, which is
necessary for the induction of priming via translational control of gene expression in sensory
afferents.
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Figure3. AMPK activation pathway
AMPK activation phosphorylates TSCs at Ser 1227 and 1345 leading to the inhibition of

mMTORCL. This is shown in the figure as an uncoupling of mMTORC1 from Trk signaling via
phosphorylation of TSC1/2 by AMPK. AMPK activation also phosphorylates Braf (Raf) at
Ser 729 leading to inhibition of ERK signaling. Again, this is shown in the figure by an
uncoupling of Raf/Mek signaling to ERK, MNK and elF4E via phosphorylation of Raf at
Ser 729. Finally, AMPK phosphorylates IRS1 at Ser 789 leading to further inhibition of
tyrosine kinase receptor signaling.
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Figure4. Therole of aPK Csand BDNF in hyperalgesic priming initiation and maintenance
Nociceptor activation leads to spinal BDNF release and a postsynaptic mTORC1-dependent

translation of aPKC protein. These newly synthesized aPKCs are then phosphorylated by
PDKZ1. Increased levels and phosphorylation of aPKCs are thought to be involved in
initiating priming. Once priming is established (right panel), increased aPKC protein and
phosphorylation leads to a constitutive increase in AMPAR trafficking to the postsynaptic
membrane. This appears to be regulated by BDNF signaling via trkB with BDNF potentially
being released from postsynaptic dendrites in the maintenance stage of priming. Presynaptic
trkB may also be activated by increased BDNF action in primed animals. Once established,
hyperalgesic priming can be permanently reversed by inhibition of aPKCs with ZIP,
disruption of AMPAR trafficking with pep2M or via inhibition of trkB/BDNF signaling

with ANA-12 or trkB-Fc, respectively.
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Figure 5. Consolidation of late phase LTP (late-L TP) and reconsolidation
A) Following high frequency stimulation of afferent input (3 upward arrows), early-LTP (e-

LTP in the figure) is induced and this consolidates to late-L TP (I-LTP in the figure) over the
course of 30 — 60 minutes. Application of translation control inhibitors, such as anisomycin
(red line), during early-L TP cause a failure of late-LTP consolidation. Likewise, aPKC
inhibition with ZIP (green line) blocks consolidation of late-LTP. Vehicle application (blue
line) has no impact on consolidation of late-LTP B) Once late-LTP is established
administering translation inhibitors (e.g. anisomycin, red line) in the absence of high
frequency stimulation of afferents fails to reverse late-LTP while ZIP application (green
line) does induce late-LTP decay. Restimulation of afferents at high frequency during late-
LTP (upward arrows) opens a reconsolidation window. Application of translation inhibitors
such as anisomycin (red line) during this reconsolidation period leads to late-L TP decay, an
effect that is presumably linked to reversal of a chronic pain state in similar behavioral
pharmacology experiments.
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